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 Contamination of ready-to-eat (RTE) foods by a foodborne pathogen L. monocytogenes is a 

serious public health concern, particularly for RTE foods that support growth of this pathogen to 

hazardous levels. Due to the high mortality rate associated with this pathogen among susceptible hosts, 

continued efforts to identify effective control strategies for L. monocytogenes on RTE foods are 

imperative to mitigate the risk of a future recall or an outbreak. 

In these studies, we combined both applied and basic research approaches to identify strategies 

that may improve the safety of smoked seafood. Specifically, the main objectives of the research were to 

(i) determine the effect of curing method and storage condition on subsequent growth of L. 

monocytogenes on cold-smoked salmon, (ii) evaluate combinations of bactericidal and bacteriostatic 

antimicrobials as a cost-effective treatment option to control L. monocytogenes on cold-smoked salmon, 

and (iii) elucidate L. monocytogenes resistance mechanisms against commercially-available food 

antimicrobials.  

Our results indicated that L. monocytogenes grew more extensively on salmon that has undergone 

a freeze-thaw cycle compared to refrigerated storage. On salmon that has been stored frozen (prior to 

inoculation), L. monocytogenes also initiated growth more rapidly on wet-cured salmon during 

refrigerated storage (7
o
C), with the lag phase of less than 24h whereas the lag phase on dry-cured salmon 

ranged from 4 to 11 days. Strain variation was observed with regard to growth potential on salmon, 

highlighting the importance of assessing multiple strains with different genetic backgrounds. The 

evaluation of antimicrobial combinations indicated that nisin is most effective at inactivating L. 



 

 
 

monocytogenes on salmon and when combined with the blend of potassium lactate and sodium diacetate, 

the combined treatment can deliver a considerable initial lethality (2 log CFU/g) as well as prevent 

growth of L. monocytogenes during expected shelf-life of salmon. Further, a L. monocytogenes two-

component system response regulator, VirR, was found to be the key resistance factor against a range of 

cell-envelope targeting food antimicrobials. Specifically, VirR-mediated regulation of dltABCD appears 

to be the major resistance determinant. Thus, novel agents that interfere with these regulatory pathways 

have the potential to further improve the control of this burdensome pathogen in a variety of RTE foods. 
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CHAPTER 1  

INTRODUCTION 

 

Listeria monocytogenes is a Gram-positive facultative anaerobic bacterium that is 

ubiquitous in the environment (e.g., soil, water) including food processing environments. It is 

also a foodborne pathogen that can cause a serious illness listeriosis, which accounts for 1,455 

hospitalizations and 255 deaths annually with a mortality rate of 15.9% (1). Symptoms of 

listeriosis can range from self-limiting gastroenteritis (e.g., nausea, vomiting, and diarrhea) to 

more severe meningoencephalitis, septicemia, and spontaneous abortion in susceptible hosts (e.g., 

elderly, immunocompromised, pregnant women) (2). There are 13 serotypes of L. 

monocytogenes, all of which may cause listeriosis in humans. However, serotypes 1/2a, 1/2b, and 

4b account for more than 90% of human listeriosis cases (3). Nearly all human listeriosis cases 

occur through the consumption of foods contaminated with L. monocytogenes (1, 4). Since the 

infectious dose of L. monocytogenes is generally considered to be high (2) and contamination of 

ready-to-eat (RTE) foods with L. monocytogenes typically occurs at low levels (i.e., < 100 

CFU/g) (5), post-processing contamination followed by subsequent growth of L. monocytogenes 

to hazardous levels during refrigerated storage of a food product is a major public health concern 

(6). It should be noted, however, that the risk for listeriosis also depends on other factors 

including but not limited to L. monocytogenes strains, the host status (e.g., immune-

compromised) (2), and the amount of food consumed. Increasing trend in susceptible populations 

(e.g., aged > 65 years or more) further highlights the importance of constantly re-evaluating and 

enhancing the safety of food products (7), particularly those RTE foods that support growth of L. 

monocytogenes to high numbers. 
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 Smoked seafood belongs to a ‘high-risk’ food category because it (i) has the potential for 

contamination with L. monocytogenes, (ii) supports growth of L. monocytogenes to high numbers, 

(iii) is ready-to-eat, (iv) requires refrigeration, and (v) is stored for an extended period of time (6). 

Various smoked seafood products have been shown to frequently harbor L. monocytogenes 

(typically 10-40% of RTE fish products), which then has the potential to grow during 

refrigerated storage (8, 9). Efforts to understand the contamination sources have identified both 

raw material and processing environments as the source of final product contamination (10-12). 

Further, molecular subtyping of L. monocytogenes isolates from smoked seafood and seafood 

processing plants have indicated that certain plant-specific subtypes of L. monocytogenes can 

persist in seafood processing environments and continue to serve as a possible source of product 

contamination (10-12). Thus, it is imperative to develop and implement an effective strategy to 

inhibit growth of L. monocytogenes.  

A wide range of traditional and novel antimicrobials are commercially-available for 

seafood processors as a strategy to control L. monocytogenes. However, some of these 

antimicrobials have not been tested for their efficacy in smoked seafood, making it difficult for 

the processors to select appropriate antimicrobials. As an effort to provide the seafood processors 

with science-based knowledge of different antimicrobials that can be used to improve the safety 

of smoked seafood, we evaluated commercially-available bactericidal and bacteriostatic 

antimicrobials to identify effective treatment options for L. monocytogenes on cold-smoked 

salmon. Moreover, we also determined the mechanisms of resistance that L. monocytogenes uses 

to overcome the cell envelope-damaging effects of these commercial bactericidal compounds. 

Due to the potential differences in growth behavior of L. monocytogenes on cold-smoked salmon 

based on processing and handling steps, the preliminary phase of the study aimed at 
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understanding the effect of curing method and freeze-thawing on subsequent growth of L. 

monocytogenes on cold-smoked salmon was conducted and provided a justification for the use of 

a particular cold-smoked salmon (i.e., wet-cured and freeze-thawed) in subsequent challenge 

trials. The specific outcomes of the study include practical guidance to seafood processors on 

effective combinations of natural antimicrobials for controlling L. monocytogenes on smoked 

seafood as well as identification of L. monocytogenes resistance mechanisms against food 

antimicrobials that may be useful in development of novel antimicrobial agents that target these 

resistance determinants. 
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CHAPTER 2  

EFFECT OF CURING METHOD AND FREEZE-THAWING ON SUBSEQUENT GROWTH 

OF LISTERIA MONOCYTOGENES ON COLD-SMOKED SALMON 

Published in: Journal of Food Protection 75:1619-1626 

 

ABSTRACT 

The presence of the food-borne pathogen Listeria monocytogenes on cold-smoked 

salmon is a major concern for the seafood industry. Understanding processing and post-

processing handling factors that affect the ability of this pathogen to grow on cold-smoked 

salmon is critical for developing effective control strategies. In this study, we investigated the 

effect of curing method and freeze-thawing of cold-smoked salmon on (i) physicochemical 

properties and (ii) subsequent growth of genetically diverse strains of L. monocytogenes 

(inoculated after freeze-thawing) and endogenous lactic acid bacteria. The majority of the 

measured physicochemical properties were unaffected by freeze-thawing. Overall, wet-cured 

cold-smoked salmon had higher pH, water activity (aw), and moisture, as well as lower fat, 

water-phase salt, and phenolic content, compared to dry-cured cold-smoked salmon. The curing 

method and freeze-thawing did not affect growth of endogenous lactic acid bacteria. Freeze-

thawing cold-smoked salmon prior to inoculation led to pronounced growth of L. monocytogenes 

at 7°C. The increase in cell density between day 0 and day 30 was significantly (p = 0.0078) 

greater for cold-smoked salmon that was frozen and thawed prior to inoculation compared to 

cold-smoked salmon that was not freeze-thawed. On dry-cured, freeze-thawed cold-smoked 

salmon, L. monocytogenes had a lag phase ranging from 3.7 ± 0.1 to 11.2 ± 1.4 days compared to 
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salmon that was wet-cured and freeze-thawed, on which L. monocytogenes began to grow within 

24h. Variation in growth among L. monocytogenes strains was also observed, indicating the 

significance of assessing multiple strains. Further efforts to understand the impact of processing 

and post-processing handling steps of cold-smoked salmon on the growth of genetically diverse 

L. monocytogenes will contribute to improved challenge study designs and data. This, in turn, 

will likely lead to more reliable and unbiased risk assessments and control measures. 
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INTRODUCTION 

Listeria monocytogenes is a bacterial pathogen, which causes a potentially severe food-

borne disease that has the third highest mortality rate among food-borne infections, killing about 

250 people annually in the United States. (1). While L. monocytogenes typically contaminates 

food at low levels that are unlikely to cause human disease, it can grow, to levels that can lead to 

disease, during refrigerated storage of many ready-to-eat (RTE) foods (2). Consequently, U.S. 

regulatory policy specifies ‘zero-tolerance’ (i.e., absence in 25 g) for L. monocytogenes in RTE 

foods, including RTE seafood. Control of L. monocytogenes represents a considerable challenge 

for all food processors, as this pathogen is commonly found in raw materials and in most 

environments (3, 4). Of all the FDA-regulated foods that were recalled due to L. monocytogenes 

contamination from 1986-2006, seafood had the highest proportion of recalls (5). 

L. monocytogenes is of particular concern in cold-smoked fish products (3, 6) because the 

heat applied during processing is not sufficient to inactivate the organism, and the products are 

consumed without further cooking (4). Cold-smoked salmon is produced through a series of 

steps including curing, smoking, trimming, and vacuum-packaging (7). Curing is commonly 

achieved by applying dry salt and sugar to the surface of salmon (dry-cure) or by submerging 

salmon into or injecting salmon with a brine solution (wet-cure) (7). After curing, salmon fillets 

are smoked at 20 to 30°C for 20 to 30h. The final product is typically vacuum packaged, and is 

stored frozen or refrigerated. In the United States, cold-smoked salmon is frequently distributed 

frozen or under refrigeration (8). In contrast, cold-smoked salmon is distributed as frozen 

products in Canada if sealed in package without other means of preservation (9), while chilled 

distribution is the main means of distribution in Europe (10, 11). Among the processing 

procedures, salting, smoking, and freezing are known to influence the survival and growth of L. 
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monocytogenes (12) on cold-smoked salmon. The effect of freezing stress on the growth of L. 

monocytogenes has been assessed in cold-smoked salmon; in all cases, L. monocytogenes was 

inoculated onto cold-smoked salmon prior to freezing (13-16). Aside from the effect of freezing 

on L. monocytogenes, freezing salmon before or after smoking causes structural and chemical 

changes (17, 18). However, there is limited knowledge on the effect of freezing on 

physicochemical properties of cold-smoked salmon and how the freezing-induced changes in 

cold-smoked salmon prior to inoculation affect subsequent growth of L. monocytogenes on cold-

smoked salmon. 

The presence and potential growth of L. monocytogenes on cold-smoked salmon have 

been studied, and a complex interplay of several physicochemical properties including pH, 

water-phase salt, water activity (aw), phenolic content, and storage temperature, as well as the 

interaction between these parameters and growth of lactic acid bacteria (LAB) is known to have 

an impact on the growth of this pathogen in vacuum-packed cold-smoked salmon (19-23). 

However, data on growth characteristics of L. monocytogenes strains representing different 

genetic backgrounds are limited. It has been observed in a number of studies that different 

subtypes of L. monocytogenes may vary in virulence (24, 25), as well as in ability to grow under 

adverse conditions (26-28). Although research has been performed on the growth of different L. 

monocytogenes strains in food matrices such as RTE frankfurters (29) and RTE mayonnaise-

based salads (30), variation of growth characteristics among different subtypes has not been 

well-studied in cold-smoked salmon. 

Understanding the impact of different processing and post-processing handling steps (e.g., 

freeze-thawing) on growth of L. monocytogenes and related structural, chemical, and biological 

changes in cold-smoked salmon will be crucial for more accurate assessment of growth potential 
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of this pathogen on cold-smoked salmon. Moreover, it will also facilitate better design of 

challenge studies and systematic comparison of L. monocytogenes growth data across studies. 

Evaluation of multiple strains that represent genetic diversity will further allow for estimation of 

the range of growth dynamics on cold-smoked salmon. Thus, the objectives of this study were (i) 

to investigate the effect of curing method and freeze-thawing on the physicochemical properties 

of cold-smoked salmon, and (ii) to characterize how curing method and freeze-thawing prior to 

inoculation affect the growth of L. monocytogenes strains as well as endogenous lactic acid 

bacteria on cold-smoked salmon. 

 

MATERIALS AND METHODS 

Dry-cured and wet-cured cold-smoked salmon. Previously frozen Norwegian farm-

raised Atlantic salmon fillets were processed with a wet-curing method and a dry-curing method 

by a commercial smoked seafood company. Briefly, the same lot of raw salmon was divided into 

two groups for dry- and wet-curing processes; 1 part sugar and 3 parts salt crystals were applied 

directly onto the salmon surface for 1 day for dry-curing and salmon fillets were soaked in brine 

containing 5% sugar and 40% salt for 5 days for wet-curing. Both curing methods were carried 

out at refrigeration temperature (<4°C). Salmon from both curing methods were cold-smoked at 

22°C for 26h in a convection smoking oven. No nitrites or other preservatives except salt and 

sugar were incorporated into the curing process. Cold-smoked salmon fillets were vacuum-

packaged and were transported at 4°C to our laboratory. To evaluate the effect of freezing prior 

to inoculation on subsequent growth potential of L. monocytogenes at 7°C, a portion of dry-cured 

and wet-cured cold-smoked salmon fillets was frozen at -20°C while the rest of the cold-smoked 

salmon fillets were stored at 4°C for a maximum of two days prior to inoculation experiments.  
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Physicochemical analysis of cold-smoked salmon. From each batch of dry- and wet-

cured cold-smoked salmon, three samples with a weight of approximately 50 g were used for 

physicochemical analyses. The samples were first homogenized in a 10-speed blender for 45 s 

(Osterizer, Sunbeam Products, Inc., Boca Raton, FL) and analyzed for aw by using an aw meter 

(Aqua Lab Series 3TE, Decagon Devices, Inc., Pullman, WA). For pH measurement, 10 g 

salmon homogenate was mixed with 40 ml deionized water and measured with a pH meter 

(Accumet AR10, Fisher Scientific, Inc., Waltham, MA). The moisture, fat, and total ash contents 

were determined with AOAC International methods 950.46, 960.39, and 923.03, respectively. 

The total phenolic compounds were extracted as described previously (31) with some 

modifications. In brief, 5 g of salmon homogenate was mixed with 30 ml hexane to remove 

lipids. The sample was then extracted twice with 50 ml chilled 80% acetone. The acetone 

fractions were pooled and evaporated at 45°C to < 1 ml. Phenolic compounds were dissolved in 

70% ethanol to a final volume of 10 ml. The extracts were stored at -40°C until further use. The 

total phenolic content of each extract was determined using the method described by Singleton et 

al. (32) with modifications (33). In short, the extracts were oxidized with the Folin-Ciocalteu 

reagent for 6 min, and the reaction was neutralized with sodium carbonate. The absorbance of 

the resulting blue color was measured at 760 nm after 90 min of incubation at room temperature. 

The measurement was compared to a standard curve of gallic acid concentrations and expressed 

as milligrams of gallic acid equivalents (GAE) per 100 g of salmon ± standard deviation for 

triplicate samples. The water-phase salt (WPS) was analyzed by a commercial analytical 

laboratory (Certified Laboratories, Inc., Plainview, NY) with AOAC International method 

937.09 (34).  
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Bacterial strains and inoculum preparation. L. monocytogenes strains were selected 

from lineage I and lineage II to represent genetic diversity (Table 2.1). Stock cultures of L. 

monocytogenes were stored at -80°C in Brain Heart Infusion broth (BHI; Becton Dickinson, 

Sparks, MD) containing 15% glycerol. Strains were streaked onto BHI agar plates and incubated 

at 37°C for 24 h. The subsequent preparation procedure of inocula was designed to simulate the 

likely contamination scenario accompanying the transition of L. monocytogenes from 

nutritionally limited food processing environments to nutrient-rich food matrix (39). Briefly, 5 

ml of BHI broth was inoculated with single colonies of each L. monocytogenes strain separately 

and incubated at 37°C, with shaking (230 rpm) for 18 h. The BHI cultures were transferred to a 

chemically defined minimal medium (40), which was subsequently incubated at 16°C as 

described by Stasiewicz et al. (39). Early stationary L. monocytogenes cultures in defined 

minimal medium were diluted 1,000-fold in 4.65% NaCl to 10
6
 CFU/ml to maintain the bacteria 

under WPS conditions typically found in cold-smoked salmon (39). 

 



 

13 
 

 

 

Table 2.1. Listeria monocytogenes strains used in this study 

 

 

Strain 
Common 

name 
Ribotype Lineage Serotype Source Reference 

FSL F2-237  1062D II 1/2a RTE salmon (35) 

FSL F6-366 H7858 1044A I 4b RTE meat (36) 

FSL L3-051  1042C I 1/2b RTE salmon (37) 

FSL X1-001 10403S 1030A II 1/2a Human skin lesion (38) 
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Inoculation of cold-smoked salmon. Non-frozen cold-smoked salmon fillets were used 

directly after 2 days of storage at 4°C, while the frozen fillets were thawed at 4°C overnight. 

Wet-cured and dry-cured cold-smoked salmon fillets were aseptically cut into 25 ± 0.5g slices 

and kept at 4°C for 2 h prior to inoculation with L. monocytogenes. Cold-smoked salmon slices 

were inoculated with L. monocytogenes at a final concentration of 10
4
 CFU/g and the inoculum 

was spread with sterile hockey-stick cell spreaders. Uninoculated salmon slices served as 

controls to confirm the absence of Listeria contaminants and to enumerate lactic acid bacteria 

present in cold-smoked salmon as native microflora. Inoculated salmon slices were air-dried in a 

biosafety cabinet for 30 min, transferred into bags (oxygen permeability of 38.1 to 40.5cc/ m
2 

at 

23°C, dry for 24 h), and vacuum sealed with a commercial vacuum machine (no. V2244, 

FoodSaver, Rye, NJ). All samples were stored at 7°C and the temperature profile was monitored 

with a thermal recorder (TR-71W, T&D Corp., Nagano, Japan) throughout the duration of the 

experiment, which averaged 7.0±0.5°C. 

Enumeration of L. monocytogenes and lactic acid bacteria. Enumeration of L. 

monocytogenes and lactic acid bacteria was performed on day 0, 1, 2, 3, 5, 10, 15, 20, 25, and 30. 

Vacuum-packaged salmon samples were aseptically opened and 100 ml of phosphate buffered 

saline (PBS) was transferred into each bag. All sample bags were stomached for 30 s at high 

speed setting (Stomacher 400, Seward, West Sussex, UK). Salmon homogenates were further 

diluted in PBS, when appropriate, and spiral-plated on Oxford agar (Cat. no. 222530, BD; Cat. 

no. SR0140, Oxoid, Ltd., Hampshire, UK) using an Autoplate 4000 (Spiral Biotech, Inc., 

Norwood, MA). Un-inoculated salmon homogenates were spiral-plated on Oxford and nitrite-

actidione-polymyxin agar (NAP) (41) to confirm the absence of L. monocytogenes and to 

enumerate lactic acid bacteria populations, respectively. Oxford plates were incubated at 30°C 
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for 2 days while NAP agar plates were placed in an anaerobic container with GasPak EZ 

Anaerobe Container System Sachets (BD) and incubated at 30°C for 5 days. L. monocytogenes 

and lactic acid bacteria colonies were counted using the Q-count Colony Counter (Spiral Biotech, 

Inc.). 

Statistical analysis. Variation among the physicochemical values was analyzed with 

analysis of variance (ANOVA) and compared with the Tukey Kramer Honestly Significant 

Difference method for multiple comparisons. The linear model used for the one-way ANOVA 

included treatment (curing method and freezing process) and replicate as the effects, and 

physicochemical properties as the response.  

The two-way ANOVA model was used to evaluate the effects of strain, storage method, 

curing method, storage method х curing method, and replicate on the growth of L. 

monocytogenes. The difference in log CFU per gram between initial and final sampling point 

served as the response. A similar ANOVA analysis was performed to assess the effects of 

storage method, curing method, storage method x curing method, and replicate on the growth of 

lactic acid bacteria. 

For further assessment of L. monocytogenes growth on cold-smoked salmon that had 

been frozen prior to inoculation, a non-linear regression model described by Baranyi and Roberts 

(42) was used to estimate lag phase (λ), maximum growth rate (µmax), initial cell density (N0), 

and maximum cell density (Nmax) using the R package (version 2.13.0) nlstools (version 0.0-11; 

R Foundation for Statistical Computing, Vienna, Austria). ANOVA models using each of these 

parameters as the response were carried out to evaluate the contributions of strain, curing method, 

strain x curing method, and replicate. ANOVA analysis was performed with JMP 9 statistical 

software (SAS Institute, Inc., Cary, NC). 
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RESULTS 

Curing method and freeze-thawing affect the physicochemical properties of cold-

smoked salmon. Cold-smoked salmon undergoing different curing (dry / wet) and storage 

(freezing / non-freezing) treatments were analyzed for pH, water activity (aw), moisture content, 

fat content, and ash content. Additionally, the frozen and thawed samples were analyzed for 

water-phase salt (WPS) content and phenolic content (Table 2.2). Wet-cured, frozen cold-

smoked salmon had the highest pH (6.18 ± 0.02) among all samples and dry-cured non-frozen 

cold-smoked salmon had the lowest pH (6.07 ± 0.02) (p < 0.05) (Table 2). The aw of dry-cured, 

non-frozen cold-smoked salmon was significantly lower compared to wet-cured non-frozen cold-

smoked salmon (p < 0.05). Wet-cured, non-frozen cold-smoked salmon had a significantly 

higher moisture content compared to other cold-smoked salmon, and dry-cured non-frozen cold-

smoked salmon had significantly lower moisture content (p < 0.05). The ash content of dry-cured, 

non-frozen cold-smoked salmon was significantly higher than the ash content of the others (p < 

0.05). Overall, wet-cured cold-smoked salmon had higher pH, aw, and moisture content as well 

as lower fat content, WPS content, and phenolic content compared to dry-cured cold-smoked 

salmon. Frozen and thawed cold-smoked salmon had higher pH values compared with non-

frozen cold-smoked salmon. 
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Table 2.2. Physicochemical characteristics of the cold-smoked salmon
a 

 pH
b
 

Water 

Activity
b 

Moisture 

content (%)
b 

Fat 

content 

(%)
b 

Ash 

content 

(%)
b 

WPS 

content (%) 

Total phenolics 

(mg of GAE
 d
 

/100 g of 

salmon)
 

Wet-cured frozen 6.18±0.02
A
 0.964±0.006

A
 63.58±0.71

A
 8.87±1.49

A
 3.01±0.07

A
 4.87±1.22 184.21±21.75 

Wet-cured non-

frozen 
6.14±0.03

B
 0.962±0.003

A
 66.49±0.77

B
 6.34±0.39

A
 2.94±0.09

A
 ND

c
 ND 

Dry-cured frozen 6.13±0.02
BC

 0.948±0.001
AB

 61.90±0.35
A
 9.52±2.03

A
 3.03±0.08

A
 5.80±0.12 228.27±16.92 

Dry-cured non-

frozen 
6.07±0.02

C
 0.931±0.015

B
 59.34±1.39

C
 8.02±1.18

A
 6.72±1.09

B
 ND ND 

a 
Results are summarized by mean ± standard deviation for samples tested in triplicate, except that the samples tested for WPS contents were in 

duplicate. 
b
 Means within a given column with the same letter are not statistically different from each other (overall α = 0.05, Tukey Kramer HSD). 

c 
Values not determined. 

d 
Gallic acid equivalents 
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Freezing and thawing of cold-smoked salmon prior to inoculation significantly 

affects subsequent growth of L. monocytogenes. Differences in cell density between days 0 

and 30 were calculated and compared with two-way ANOVA to determine if freeze-thawing and 

curing method led to significant differences in growth of L. monocytogenes. Cold-smoked 

salmon that was frozen and thawed prior to inoculation led to significantly greater growth 

(average log increase in cell density over 30 days of 1.03 ± 0.69) of L. monocytogenes compared 

with cold-smoked salmon that was not frozen prior to inoculation (average log increase in cell 

density over 30 days of 0.40 ± 0.66) (p < 0.05) (Table 3; Figure 2.1).  
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Table 2.3. Differences in Listeria monocytogenes counts between days 0 and day 30 on cold-

smoked salmon
a
  

   Freeze-thaw  No freeze-thaw 

Strain   Wet-cured  Dry-cured  Wet-cured  Dry-cured 

FSL F2-237  1.22 ± 0.20  1.24 ± 0.94  0.56 ± 0.48  0.07 ± 0.86 

FSL F6-366  1.46 ± 0.29  1.12 ± 1.30  0.45 ± 0.51  1.33 ± 0.41 

FSL L3-051  1.01 ± 0.23  1.67 ± 0.60  0.39 ± 0.25  0.52 ± 1.21 

FSL X1-001  0.34 ± 0.39  0.16 ± 0.30  -0.04 ± 0.20  -0.11 ± 0.40 

a
 Values are means ± standard deviations in log CFU per gram. 
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For cold-smoked salmon that was not frozen and thawed, the increase in cell density over 

30 days was not significantly different between wet-cured (0.34 ± 0.46) and dry-cured (0.45 ± 

0.85) cold-smoked salmon. For cold-smoked salmon that was frozen and thawed, the increase in 

cell density over 30 days was also not significantly different between wet-cured (1.01 ± 0.50) 

and dry-cured (1.05 ± 0.88) cold-smoked salmon. In general, growth of L. monocytogenes was 

negligible or minimal on cold-smoked salmon that had not been frozen after smoking the salmon, 

regardless of the curing method (Figure 2.1). Significant differences in growth among L. 

monocytogenes strains were also observed (p = 0.01). There was no appreciable growth of strain 

FSL X1-001 on cold-smoked salmon, regardless of curing method or storage condition (Table 3). 

The three other strains had similar levels of growth on wet-cured and dry-cured cold-smoked 

salmon that was frozen and thawed. On dry-cured non-frozen cold-smoked salmon, strain FSL 

F6-366 showed significantly greater growth compared with other strains. 
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Figure 2.1. Cell density of L. monocytogenes strains over time on cold-smoked salmon.  

Each point represents mean and standard deviation for 3 strains (FSL F2-237, FSL F6-366, and 

FSL L3-051). Strain FSL X1-001 was excluded as it did not grow. 
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Curing method and freeze-thawing of salmon do not affect subsequent growth of 

lactic acid bacteria. While growth of L. monocytogenes was affected by freezing and thawing of 

cold-smoked salmon, growth of lactic acid bacteria on cold-smoked salmon was not altered by 

the conditions of the salmon tested. Specifically, the difference in counts in log CFU per gram of 

lactic acid bacteria between days 0 and 30 was similar across curing method, and between frozen 

and non-frozen cold-smoked salmon (p > 0.05). The initial (day 0) log CFU per gram for lactic 

acid bacteria were 4.07 ± 1.03 and 3.24 ± 0.24 for frozen wet-cured and dry-cured cold-smoked 

salmon, respectively, and 4.37 ± 1.11 and 1.89 ± 0.84 for non-frozen, wet-cured and dry-cured 

cold-smoked salmon, respectively (Figure 2.2). The final (day 30) log CFU per gram for lactic 

acid bacteria were 8.64 ± 0.06 and 7.80 ± 0.11 for frozen, wet-cured and dry-cured cold-smoked 

salmon, respectively, while the counts on non-frozen, wet-cured and dry-cured cold-smoked 

salmon were 8.57 ± 0.28 and 5.98 ± 2.81, respectively (Figure 2.2). 
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Figure 2.2. Cell density of lactic acid bacteria over time on cold-smoked salmon. 

Each point represents mean and standard deviation. 

 

 



 

24 
 

When cold-smoked salmon is frozen and thawed prior to inoculation, curing method 

plays a critical role in the early stage of L. monocytogenes growth. For frozen and thawed 

cold-smoked salmon, the overall increase in L. monocytogenes cell density over 30 days was 

similar between wet-cured and dry-cured salmon, but the patterns of growth were different 

(Figure 2.1). To identify differences in growth kinetics, growth parameters for wet-cured and 

dry-cured frozen salmon were determined and compared (Table 4). As strain FSL X1-001 did 

not grow in any of the conditions tested in the study; the non-linear regression fitting was 

performed on the three strains that exhibited growth (Table 4). There was no significant (p > 0.05) 

difference in the initial cell density among strains. Additionally, the growth rates (µmax) were not 

significantly (p > 0.05) different across strains, or between wet-cured and dry-cured frozen cold-

smoked salmon. The maximum cell density parameter was difficult to estimate accurately as 

some samples did not reach stationary phase by the end of the experiment. There was a striking 

contrast in the length of lag phase for strains on dry-cured and wet-cured salmon. L. 

monocytogenes on dry-cured samples displayed a prolonged lag phase ranging from 3.69 ± 0.13 

to 11.19 ± 1.44 days depending on the strain. In contrast, none of the wet-cured samples 

exhibited any discernable lag phase as all strains began to grow within 24 h after inoculation. 

Because of the rapid onset of L. monocytogenes growth on wet-cured cold-smoked salmon that 

had been frozen and thawed, the prediction of the precise lag phase was not possible for wet-

cured salmon. However, a marked difference in the duration of the lag phase between wet-cured 

and dry-cured salmon highlights a tendency for earlier onset of growth of L. monocytogenes on 

wet-cured cold-smoked salmon compared with dry-cured cold-smoked salmon that has been 

frozen and thawed prior to inoculation. 
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Table 2.4. Growth parameters of L. monocytogenes on salmon that was frozen and thawed 

Strain Curing method Lag (days) µmax [log(CFU/g)/day]
b 

N0 [log(CFU/g)]
b 

Nmax [log(CFU/g)]
b 

F2-237 Wet ND
a
 0.28±0.005 4.61±0.03 6.14±0.20 

F2-237 Dry 11.19±1.44 0.26±0.0.05 4.73±0.04 6.10±0.59 

F6-366 Wet ND 0.24±0.02 4.53±0.06 6.11±0.04 

F6-366 Dry 3.69±0.13 0.23±0.19 4.59±0.06 6.42 

L3-051 Wet ND 0.26±0.09 4.49±0.09 5.76±0.08 

L3-051 Dry 7.34±0.28 0.12±0.02 4.53±0.03 ND 

a
 Some parameters are not estimated due to absence of reliable data points to predict the parameters 

b
 The log CFU/g values for these parameters represent Baranyi and Roberts growth model-fitted data 
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Discussion 

In the present study, the effect of freeze-thawing and curing method on physicochemical 

properties of cold-smoked salmon, as well as subsequent growth of L. monocytogenes and 

endogenous lactic acid bacteria at refrigeration temperature (7°C), was investigated. L. 

monocytogenes strains belonging to different lineages were selected to survey growth differences 

potentially arising from genetic diversity. Freezing and thawing of cold-smoked salmon prior to 

inoculation led to significantly greater growth of L. monocytogenes compared to non-frozen 

salmon. For cold-smoked salmon that was frozen and thawed prior to inoculation, L. 

monocytogenes had a longer lag phase on dry-cured compared to wet-cured cold-smoked salmon. 

Growth of lactic acid bacteria was not significantly affected by curing method or freeze-thawing.  

Freezing and thawing of cold-smoked salmon prior to inoculation resulted in significantly 

greater increases in cell density of L. monocytogenes at 7°C over 30 days compared to non-

frozen cold-smoked salmon. One possible explanation is that muscle structural damage on 

freezing could release membrane-bound intracellular macronutrients that could facilitate growth 

(17). Other freezing-related changes in microstructure of fish muscles such as increase in 

extracellular space and shrunken muscle fibers may lead to an increased surface area, which 

provides for more physical space and better access to nutrients (17). Several studies have been 

conducted to determine the effect of freezing stress on growth of L. monocytogenes on various 

food products including cold-smoked salmon, fresh salmon, chilled cooked shrimp, and 

frankfurters (13-16). However, the information regarding the impact of processing and post-

processing handling of food products on growth of L. monocytogenes is limited. Inoculation of 

fillets after freezing and subsequent thawing (rather than before the freeze-thaw cycle) allowed 

us to specifically evaluate the effect of freezing on physicochemical properties that would affect 
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L. monocytogenes growth, whereas inoculation before freezing would have made it impossible to 

separate the effects for freezing on L. monocytogenes from the effects of freezing on the smoked 

salmon’s physicochemical properties. As seen in this study, freezing of the actual food matrix 

can have a profound effect on subsequent growth of L. monocytogenes on cold-smoked salmon; 

therefore, knowing the processing and post-processing handling profile of cold-smoked salmon 

can provide a means of standardization when designing or comparing challenge studies.  

Freezing and thawing cold-smoked salmon did not affect the growth of lactic acid 

bacteria. Most physicochemical properties were similar between treatments except for pH which 

was slightly higher for frozen and thawed cold-smoked salmon. Lactic acid bacteria are known 

to be the dominant microflora in cold-smoked salmon and constitute a natural form of 

antimicrobial control via competition for particular nutrients or production of organic acids, 

hydrogen peroxide, and bacteriocins (43, 44). In a previous study, a high level (10
6
 cfu/g) of 

background microflora resulted in significantly reduced growth of L. monocytogenes on cold-

smoked salmon at 5°C compared to a low level (10
2
 cfu/g) of background microflora (45). 

Similar lactic acid bacteria counts across salmon exposed to different initial storage methods 

(frozen versus non-frozen), therefore, suggest that the difference in L. monocytogenes growth is 

probably not because of reduced lactic acid bacteria activity or growth in a previously frozen 

smoked salmon. It is important to note, however, that lactic acid bacteria levels were measured 

for uninoculated salmon samples only in this study; future studies should include collection of 

data on lactic acid bacteria growth in both L. monocytogenes-inoculated and uninoculated 

samples to allow for better evaluation of possible interactions between lactic acid bacteria and L. 

monocytogenes and their effect on L. monocytogenes growth on cold-smoked salmon (23). 
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Cold-smoked salmon can be produced by wet-curing or dry-curing and it is largely 

unknown how the different curing methods could affect the growth of L. monocytogenes and 

lactic acid bacteria, as well as physicochemical properties of the cold-smoked salmon. In this 

study, wet-curing led to higher pH, aw, and moisture content, while fat, WPS, and phenolic 

content were lower. Lactic acid bacteria did not appear to differ in growth on wet-cured and dry-

cured cold-smoked salmon, suggesting that observed differences in L. monocytogenes growth are 

likely to be attributed to curing method. The extended lag phase for L. monocytogenes on dry-

cured cold-smoked salmon that had been frozen and thawed prior to inoculation may be 

associated with the observed physicochemical values for dry-cured salmon, which reflect more 

adverse conditions for bacterial growth (i.e., reduced aw, increased WPS) compared to wet-cured 

salmon. 

Growth of L. monocytogenes has been evaluated on commercially prepared cold-smoked 

salmon in several studies (20, 46-49). Not all of the physicochemical characteristics described in 

this study have been evaluated in these previous studies. Cold-smoked salmon used in previous 

studies had pH values of 5.8 to 6.5, aw of 0.93 to 0.97, 2.7 to 8.9% WPS, 5.6% fat, 53.1 to 68.7% 

water, 1.0 to 20.6 μg of phenols per gram of salmon. The physicochemical measurements we 

report here fall within the range reported in previous studies, except for the higher phenolic 

content, which could be attributed to differences in the methods used to determine phenolic 

content. It should also be noted that, although not measured in this study, naturally-occurring 

lactic acid is also known to be an important environmental factor that can affect growth of L. 

monocytogenes on various food products, including cold-smoked salmon (49). In most studies, 

the cold-smoked salmon products were received frozen and then thawed later (20, 46). Both wet-

cured (47) and dry-cured (20, 46) salmon have also been used. The effect of curing method and 
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freeze-thawing prior to inoculation on subsequent growth of L. monocytogenes we report here 

clearly demonstrates that it is imperative to understand the different growth behaviors of L. 

monocytogenes on cold-smoked salmon that has undergone different post-processing and 

handling for the purpose of better challenge study designs, validation, and comparisons. Without 

this knowledge, challenge studies could be biased and inadvertently lead to conflicting results. 

Efforts in future research designs to include aforementioned factors with possibly a few 

additional parameters (i.e., naturally-occurring lactic acid) will promote more reliable and 

thorough comparisons of challenge experiments across studies. 

There is limited information on the strain variation in growth of L. monocytogenes on 

cold-smoked salmon. L. monocytogenes inocula for challenge studies on cold-smoked salmon 

are typically prepared as a multi-strain cocktail or tested with a single strain (50-53). Individual 

strains of L. monocytogenes in a food matrix will display a unique growth pattern, and using a 

single strain may lead to inappropriate generalizations regarding growth of L. monocytogenes on 

cold-smoked salmon. As a step toward reducing strain bias, strains from different lineages were 

selected and tested individually. The observed variability in growth on cold-smoked salmon 

among the strains used in this study, and in particular, the fact that one lab strain, FSL X1-001 

(10403S), showed no growth, indicates the importance of considering the genetic diversity in 

assessing and validating growth patterns of L. monocytogenes in a food system. Alternatively, 

Neetoo et al. tested a set of strains individually for resistance to potential antimicrobials in a 

minimum inhibitory concentration assay and selected the most resistant strains for the strain 

cocktail in subsequent challenge studies (54). Initial screening of strains representing genetic 

diversity against a chosen treatment therefore can allow for more informed decisions on strain 

selection and provide less biased assessments of the behavior of L. monocytogenes. It becomes 
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especially important when developing risk assessment strategies and control measures, as 

including a genetically diverse set of strains would be conducive to the population-based 

estimate of L. monocytogenes growth pattern that is most representative of the real-world 

scenario. 
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CHAPTER 3  

OPTIMIZATION OF COMBINATIONS OF BACTERICIDAL AND BACTERIOSTATIC 

TREATMENTS TO CONTROL LISTERIA MONOCYTOGENES ON COLD-SMOKED 

SALMON 

Published in: International Journal of Food Microbiology 179: 1-9 

 

ABSTRACT 

Contamination of cold-smoked salmon by Listeria monocytogenes is a major concern for the 

seafood industry. The objectives of this study were to (i) determine the most effective 

bactericidal treatment for L. monocytogenes on salmon and (ii) optimize bactericidal and 

bacteriostatic treatment combinations to identify cost-effective treatments against L. 

monocytogenes on salmon. L. monocytogenes challenge trials were conducted in brain heart 

infusion (BHI) and on salmon discs that were supplemented with bactericidal compounds nisin 

(NIS), lauric arginate (LAE), ε-polylysine (EPL), and chitosan (CHIT). Subsequently, the most 

effective bactericidal compound was further tested by concurrent application of a blend of 

organic acid salts containing potassium lactate and sodium diacetate (PLSDA). L. 

monocytogenes populations were measured at 7°C over 60 days, and initial cell density (N0), 

maximum initial log reduction (Nr), lag phase (λ), maximum growth rate (µmax), and maximum 

cell density (Nmax) over 60 days storage were estimated. Time to recover to initial cell density 

(Tinitial) was also compared for combinations of bactericidal and bacteriostatic treatments. 

Varying degrees of antimicrobial effects were observed with bactericidal compounds in BHI. 

However, when tested on salmon, only NIS significantly decreased initial L. monocytogenes 
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populations by approximately 2 log CFU/g, and reduced Nmax by approximately 1.5 log CFU/g 

compared to untreated control (CTRL). Nr achieved by the combined treatment of NIS and 

PLSDA was approximately 2 log CFU/g regardless of the presence of PLSDA, and a dose-

dependent increase in Nr was observed with increasing NIS concentrations. PLSDA alone or in 

combination with 20 ppm NIS was most effective at delaying growth of L. monocytogenes. The 

greatest reduction in Nmax was observed with the combination of 20 ppm NIS and PLSDA; Nmax 

was 3.1 log CFU/g lower compared to CTRL. Comparison of Tinitial indicated that PLSDA with 

NIS can effectively retard growth of L. monocytogenes to its initial level (following initial 

reduction) and offers a cost benefit over using high concentrations of NIS alone. In summary, the 

combined application of NIS (for bactericidal effect) and PLSDA (for bacteriostatic effect) 

proved to be an effective treatment option to reduce initial levels as well as minimize subsequent 

growth of L. monocytogenes throughout the expected shelf-life of cold-smoked salmon. 
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Introduction 

Reducing the occurrence of the foodborne pathogen Listeria monocytogenes in ready-to-eat 

(RTE) foods is an important food safety goal, particularly due to the relatively high mortality rate 

associated with listeriosis (1). Smoked seafoods including cold-smoked salmon have been 

designated as a ‘high risk’ product per serving, as food products in this category have been 

reported as frequently contaminated with L. monocytogenes, support growth of the organism, and 

are stored under refrigeration for an extended period of time (2, 3). The heat applied during cold-

smoking process (20-30
o
C) is inadequate to ensure complete elimination of L. monocytogenes 

from the smoked fish (4). Further, typical intrinsic factors associated with cold-smoked salmon 

(e.g., pH, aw) are insufficient to inhibit growth of L. monocytogenes (5-7). It is thus critical to 

develop and implement strategies to reduce initial contamination levels as well as prevent growth 

of L. monocytogenes on cold-smoked salmon. 

The use of growth inhibitors to control L. monocytogenes growth has been suggested as an 

effective Listeria control strategy (8). Particularly, the antilisterial effect of the organic acid salts 

lactate and diacetate is well-documented for cold-smoked salmon (9-12) as well as RTE meats 

(12-18). The inhibitory mechanism of organic acids occurs via diffusion of undissociated acids 

across the membrane barrier and subsequent dissociation in the cytoplasm which causes a 

number of physiological disruptions such as reduced intracellular pH (19). While lactate and 

diacetate are effective means to prevent growth of L. monocytogenes in RTE foods, their 

inhibitory mechanism is primarily limited to bacteriostasis, thus the use of a bactericidal 

treatment to deliver initial lethality would further strengthen the overall antilisterial capability of 

the antimicrobial treatment. From the processor’s standpoint, the implementation of an effective 

bactericidal hurdle bears a practical implication as the U.S. regulatory agencies adopt a ‘zero 
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tolerance’ policy for L. monocytogenes in RTE foods (i.e., <1 CFU/25g) including cold-smoked 

salmon. 

A number of commercially available bactericidal compounds have been evaluated for their 

ability to reduce L. monocytogenes on smoked salmon and other RTE foods. Lauric arginate 

(LAE) is a cationic preservative derived from lauric acid and arginine. The antimicrobial action 

of LAE is attributed to membrane disruption and subsequent disturbance of vital cellular 

functions (e.g., potassium flux) (20). Application of LAE to reduce initial L. monocytogenes 

levels has been demonstrated in many RTE foods including queso fresco cheese (21), cured ham 

(17), and frankfurters (18). 

Chitosan (CHIT; poly-β-(1 → 4)-N-acetyl-D-glucosamine) is a natural biopolymer derived from 

deacetylation of chitin, which is a major structural component of exoskeleton of crustaceans. The 

exact antimicrobial mechanism of CHIT is still unclear but is thought to primarily involve cell 

membrane disruption, resulting from the association between the positively charged amino 

groups of chitosan and the negatively charged anions on the bacterial surface (22). CHIT 

coatings and films have been evaluated on smoked salmon (23, 24), RTE minced tuna and 

salmon roe (25), roasted turkey (26), ham steaks (27), and RTE roast beef (28).  

Epsilon polylysine (EPL) is a homopolymer of L-lysine residues naturally produced by 

Streptomyces albulus and its antimicrobial mechanism is believed to be due to its electrostatic 

adsorption to the cell membrane and subsequent disruption of physiological functions such as 

cell wall biosynthesis and respiration (29). EPL has been shown to reduce L. monocytogenes 

numbers in roast beef slurry (30), RTE minced tuna and salmon roe (25), and various food 

extracts (31).  
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Nisin (NIS) is a bacteriocin produced naturally by Lactococcus lactis and is known to exhibit 

antimicrobial activity against a wide range of Gram positive bacteria (32). Antimicrobial action 

of NIS occurs through its binding to the lipid II in the membrane as the docking molecule and 

formation of transient pores in the cytoplasmic membrane, resulting in leakage of intracellular 

macromolecules and dissipation of the proton motive force (33-36). Application of NIS can yield 

a significant reduction of L. monocytogenes on cold-smoked salmon (24, 37, 38) as well as other 

RTE foods including vacuum-packed shrimp (39), RTE turkey ham (40), and ham steaks (27).  

Despite numerous studies demonstrating efficacy of these bactericidal compounds to reduce L. 

monocytogenes in a variety of RTE foods, efficacy of LAE and EPL against L. monocytogenes 

has not been assessed on smoked salmon, and a direct comparison of these compounds for 

reducing L. monocytogenes in RTE seafood is limited, making it difficult for seafood processors 

to select appropriate bactericidal compounds for use on RTE seafood such as cold-smoked 

salmon. Further, while PLSDA in combination with a lethality treatment has been successfully 

applied in RTE meats (17, 18, 21), this has not been investigated extensively for smoked salmon. 

Hence, the aims of this study were to (i) directly compare bactericidal compounds to identify the 

most efficacious treatment for reducing L. monocytogenes on cold-smoked salmon and (ii) 

optimize the bactericidal treatment in combination with bacteriostatic agents (i.e., PLSDA) to 

suggest cost-effective treatment options to control L. monocytogenes on salmon. This 

information could provide a standard of comparison for further development of effective 

antimicrobial combinations as well as allow seafood processors to use science-based rationale for 

choosing appropriate food preservatives that can enhance food safety. 
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Material and methods 

Bacterial strains and inoculum preparations 

L. monocytogenes isolates of serotypes 1/2a, 1/2b, and 4b from smoked fish and human 

listeriosis cases were selected for use in this study as these serotypes account for more than 90% 

of human listeriosis cases (41-44) (Table 1). These strains were maintained at -80°C in 15% 

glycerol and streaked onto BHI agar, followed by incubation at 37°C for 24 h, prior to each 

experiment. The subsequent preparation of inocula was designed to simulate the transition of L. 

monocytogenes from a nutritionally deprived physiological state in food processing plants to a 

nutrient-rich food matrix (49). Briefly, single colonies of each strain (n = 8 strains for BHI; n = 4 

strains for salmon) were inoculated into 5 ml BHI (in 16-mm tubes) and incubated at 37°C for 18 

h with shaking (230 rpm). Following 18 h incubation, 50 µl of BHI cultures was inoculated into 

5 ml of chemically defined medium (DM) (50) and incubated statically at 16°C until log phase 

(OD600 = 0.4). Log phase cultures in DM (50µl) were inoculated into another 5 ml of DM and 

incubated at 16°C statically until stationary phase, as previously described (49). 
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Table 3.1. L. monocytogenes strains used in this study 

Strain Lineage
a 

Serotype
a
 Ribotype

a
 MLSA

b 
Source

a
 References 

FSL F2-0693 I 1/2b 1042B 29 Human, sporadic (45) 

FSL L3-0051
c 

I 1/2b 1042C 30 RTE salmon (45) 

FSL J1-0126 I 4b 1042B 5 Human, epidemic (46) 

FSL F6-0366
c 

I 4b 1044A 6 RTE meat, outbreak (47) 

FSL F2-0039 II 1/2a 1030B 39 Human, sporadic (48) 

FSL C1-0111
c 

II 1/2a 1039E 48 Human, sporadic (48) 

FSL F2-0032 II 1/2a 1045B 45 RTE smoked 

whitefish 

(45) 

FSL F2-0237
c 

II 1/2a 1062D 47 RTE smoked salmon (45) 
a
 Subtyping and source information can be found in Food Microbe Tracker, available at: 

http://www.foodmicrobetracker.com. 
b 

MLSA (multi-locus sequence analysis) data was collected using the methods described by den 

Bakker et al. (2010). 
c 
L. monocytogenes strains used for salmon challenge trials 

 

http://www.foodmicrobetracker.com/


 

46 
 

Preparation of antimicrobial stocks 

A commercial preparation of NIS (Nisaplin, contains approximately 2.5% nisin) was obtained 

from Danisco (Danisco, Copenhagen, Denmark). Mirenet-TT containing 15% active LAE in 

propylene glycol was obtained from Vedeqsa (Vedeqsa Inc., New York, NY). PuraQ
TM

 Xtend 

FX25 containing 25% EPL as well as PURASAL HiPure P Plus containing 78% potassium 

lactate were provided by Purac (Purac America Inc., Lincolnshire, IL). Both low molecular 

weight (LMW) and medium molecular weight (MMW) CHIT powders were purchased from 

Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO). Sodium diacetate was purchased from Macco 

Organiques (Macco Organiques, Inc., Valleyfield, Quebec, Canada). CHIT solutions were 

prepared by dissolving appropriate amount in 1% (v/v) acetic acid. Working solutions of other 

antimicrobial compounds were prepared in sterile H2O and filter-sterilized through a 0.45 µm 

filter unit (Corning Inc., Corning, NY). Stocks of each antimicrobial were prepared and stored at 

4°C for 1 d prior to each experiment. 

Evaluation of bactericidal compounds against L. monocytogenes in BHI 

BHI containing 4.65% water-phase (w.p.) NaCl and pH 6.1 was used as the base medium to 

mimic typical product characteristics found in commercially processed cold-smoked salmon (49). 

For each treatment and strain combination, 72 ml of base medium was transferred into a sterile 

300-ml Erlenmeyer flask with metal caps (Bellco Glass Co., Vineland, NJ) and chilled to 7°C for 

30 min. For each strain, antimicrobial solutions were added to each flask to contain (i) sterile 

H2O (CTRL), (ii) 10 ppm NIS, (iii) 10 ppm LAE, (iv) 250 ppm EPL, (v) 200 ppm LMW, and (vi) 

200 ppm MMW CHIT. Flasks containing antimicrobial solutions were inoculated with single L. 

monocytogenes cultures at a target concentration of 10
6
 CFU/ml and incubated at 7°C. Growth of 
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L. monocytogenes was monitored daily by plating a portion of each sample in BHI until increases 

in cell density were observed, after which samples were taken every 2 d until cells reached 

stationary phase. For each sampling point, 100 µl from each treatment flask was diluted in 0.1% 

peptone H2O and spiral-plated onto BHI agar using an Autoplate 4000 (Spiral Biotech, 

Inc.,Norwood, MA). BHI agar plates were incubated at 37°C for 24 h and colonies were counted 

with the Q-count (Spiral Biotech, Inc.). 

Evaluation of bactericidal compounds against L. monocytogenes on cold-smoked salmon 

Norwegian farm-raised Atlantic salmon fillets were wet-cured and cold-smoked by a commercial 

smoked seafood company, as previously described (51). Smoked salmon fillets were stored at -

20°C and thawed at 4°C overnight prior to each experiment. Freeze-thawed wet-cured salmon 

fillets were used in this challenge study as this type of salmon has previously been shown to 

represent a more permissive growth environment for L. monocytogenes (51). Salmon fillets were 

aseptically sliced into 10 g discs (10 ± 0.5 g) and transferred into sterile petri plates. 

Antimicrobial solutions (300 µl each) were applied to the surface of each salmon disc, spread 

with cell spreaders, and stored in a biosafety cabinet for 15 min to allow adsorption of 

antimicrobials to the salmon surface. The target concentration of bactericidal compounds 

remained the same as in the broth experiment except for LAE which was tested at 200 ppm 

(maximum legal limit) as 10 ppm LAE provided no evidence of antilisterial activity compared to 

CTRL when initially tested on smoked salmon (data not shown). Following 15 min treatment 

adsorption, stationary phase L. monocytogenes cultures were diluted in 0.1% peptone and 100 µl 

of diluted cell cultures was used to inoculate each salmon disc at a target concentration of 10
6
 

CFU/g (12). Inoculated salmon discs were stored in a biosafety cabinet for another 15 min to 

allow the attachment of cells onto salmon surfaces, transferred into vacuum bags (oxygen 
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permeability of 38.10 to 40.50 cc/m
2
 /24 h at 23°C, 0% relative humidity), and vacuum-packed 

with a commercial vacuum sealer (FoodSaver model V2244, Rye, NJ). All samples were stored 

at 7°C and L. monocytogenes cells were enumerated on days 0, 1, 2, 3, 5, 7, 10, 15, 20, 25, 30, 35, 

and 40. For each sampling point, salmon discs in vacuum bags were immersed in 40 ml of 0.1% 

peptone H2O prior to stomaching for 30 s at high-speed setting (Stomacher 400, Seward, West 

Sussex, UK). Salmon homogenates were further diluted in 0.1% peptone H2O, when necessary, 

and spiral-plated onto Oxford agar (cat. no. 222530, BD; cat. no. SR0140, Oxoid, Ltd., 

Hampshire, UK) using an Autoplate 4000. Oxford agar plates were incubated at 30°C for 48 h 

and colonies with black halos were counted with the Q-count. 

Assessing efficacy of NIS and PLSDA combinations against L. monocytogenes on cold-

smoked salmon 

The same batch of smoked salmon (See section 2.4) was sliced into 10 g discs (10 ± 0.5 g) and 

transferred into sterile petri plates. Stock antimicrobial solutions (300 µl total) were applied to 

the surface of each salmon disc to deliver (i) sterile H2O (CTRL), (ii) 5 ppm NIS, (iii) 10 ppm 

NIS, (iv) 20 ppm NIS, (v) PLSDA (2% PL and 0.14% SDA), (vi) 5 ppm NIS + PLSDA, (vii) 10 

ppm NIS + PLSDA, and (viii) 20 ppm NIS+ PLSDA. Salmon discs with treatments and 

inoculation were processed as previously described and stored at 7°C. Samples treated with 

CTRL or NIS alone were numerated on days 0, 1, 3, 5, 7, 10, 15, 20, 25, 30, and 40 while all 

other samples were also enumerated on days 50 and 60. For each sampling point, L. 

monocytogenes cells were enumerated as described in section 2.4. 
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Growth model and statistical analysis 

The log CFU/ml of L. monocytogenes counts generated in BHI were fitted to the three-phase 

linear Buchanan model (52), which was modified to incorporate a nonlinear bacterial 

inactivation (Weibull) model (53). The growth parameters minimum cell density (Nmin, 

[log(CFU/ml)]), initial cell density (N0, [log(CFU/ml)]), lag phase (λ, [day]), maximum growth 

rate (µmax, [log((CFU/ml)/day)]), and maximum cell density (Nmax, [log(CFU/ml)]) were 

calculated for each strain/treatment combination using the NLStools package (v 0.0-11) in R v 

2.12.2. λ in BHI experiment included initial days of death as well as days until growth of L. 

monocytogenes resumed. Maximum initial log reduction (Nr, [log(CFU/ml)]) was determined by 

subtracting Nmin from N0. 

The log CFU/g of L. monocytogenes counts generated from the salmon challenge trials were 

fitted to the Buchanan model to estimate the growth parameters initial cell density (N0, 

[log(CFU/g)]), lag phase (λ, [day]), maximum growth rate (µmax, [log((CFU/g)/day)]), and 

maximum cell density (Nmax, [log(CFU/g)]). Maximum initial log reduction (Nr, [log(CFU/g)]) 

was determined as the difference between N0 of CTRL and N0 of each antimicrobial. Additional 

parameter Tinitial was determined for combinations of NIS and PLSDA to describe the time lapsed 

until recovering to N0 (i.e., initial inoculum concentration). Tinitial was calculated as follows: 

Tinitial = λ + (N0 of CTRL - N0 of treatment)/µmax of treatment. In the absence of appreciable 

bactericidal effect, this parameter was numerically similar to λ.  

One-way analysis of variance (ANOVA) was used to analyze the effect of treatment on each 

growth parameter and significant differences between antimicrobials were identified by Tukey’s 

HSD method (α = 0.05). The linear model used for the ANOVA was: 
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Y (growth parameter) = treatment + strain (random effect) + E (error) 

To assess whether the presence of NIS can potentiate the effect of PLSDA in a synergistic 

manner, a separate two-way analysis of variance (ANOVA) was carried out using NIS and 

PLSDA as fixed effects and the interaction term between these two. The linear model used for 

the ANOVA was: 

Y (growth parameter) = NIS | PLSDA + strain (random) + E (error)  

where “|” indicates a full factorial model of the tested parameters with the factor NIS having 4 

levels (0, 5, 10, 20 ppm) and the factor PLSDA having 2 levels (presence or absence). In all 

ANOVA models, strain was treated as random effect (8 strains = BHI broth; 4 strains = salmon). 

ANOVA models and multiple comparisons were performed with JMP statistical software 

(JMP10, SAS Institute, Inc., Cary, NC). 

Results 

On cold-smoked salmon, NIS yielded the greatest reduction in initial cell density and 

maximum cell density among bactericidal compounds 

The initial assessment of bactericidal compounds in BHI indicated that NIS and LAE were the 

most effective bactericidal treatments, yielding Nr of 5.1 ± 0.3 log CFU/ml and 3.7 ± 1.5 log 

CFU/ml, respectively (adj. P < 0.05; Table 2).  
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Table 3.2. Comparison of growth parameters of L. monocytogenes as affected by bactericidal compounds in BHI and salmon 

following incubation at 7
o
C for 40 days

a 

            
Treatment

b Nr [log(CFU/ml or g)]   λ (days) 

 
µmax [log(CFU/ml or g)/day]   Nmax [log(CFU/ml or g)] 

BHI Salmon   BHI Salmon   BHI Salmon   BHI Salmon 

CTRL 0.0 ± 0.0 C 0.0 ± 0.0 B 

 

3.5 ± 1.7   C 3.2 ± 1.6 A 

 
0.42 ± 0.16 A 0.18 ± 0.11 A 

 

8.7 ± 0.3 A 8.6 ± 0.2 A 

NIS 5.1 ± 0.3 A 2.1 ± 0.4 A 

 

7.6 ± 5.1   C 7.0 ± 3.4 A 

 
0.25 ± 0.05 AB 0.33 ± 0.21 A 

 

7.3 ± 1.6 BC 7.1 ± 0.6 B 

LAE 3.7 ± 1.5 A 0.2 ± 0.1 B 

 

22.2 ± 3.2 A 2.5 ± 1.7 A 

 
0.13 ± 0.04 B 0.19 ± 0.14 A 

 

6.4 ± 0.9 C 8.4 ± 0.2 A 

EPL 1.3 ± 0.8 B 0.1 ± 0.1 B 

 

5.7 ± 2.3   C 3.0 ± 1.4 A 

 
0.38 ± 0.14 A 0.31 ± 0.23 A 

 

8.2 ± 0.2 A 7.9 ± 0.6 AB 

CHIT (LMW) 1.8 ± 0.4 B 0.2 ± 0.0 B 

 

16.5 ± 4.8 B 3.7 ± 2.8 A 

 
0.39 ± 0.18 A 0.20 ± 0.15 A 

 

7.6 ± 0.5 AB 8.2 ± 0.3 A 

CHIT (MMW) 1.7 ± 0.4 B ND
c 

  15.2 ± 3.8 B ND
c   0.30 ± 0.11 AB ND

c 
  7.5 ± 0.4 AB ND

c 

a 
Results are summarized by means ± standard deviations (n = 8 for BHI; n = 4 for salmon); Means within a given column with the 

same letter are not statistically different from each other (overall α = 0.05, Tukey’s correction). 
b 

Treatment concentrations used were 10 ppm NIS, 10 ppm LAE (BHI) or 200 ppm LAE (salmon), 250 ppm EPL, and 200 ppm CHIT 
c 
Not determined

  

 



 

52 
 

Since the effects of both CHIT forms (LMW and MMW) on growth parameters were not 

significantly different from each other (adj. P > 0.05), only LMW CHIT was tested in the salmon 

challenge trials. When the bactericidal compounds were tested on salmon, LAE did not 

demonstrate bactericidal activity at 200 ppm (maximum legal limit) (Table 2). The bactericidal 

effect of EPL and CHIT was also negligible. On salmon, only NIS retained substantial 

bactericidal activity (Nr = 2.1 ± 0.4 log CFU/g; adj. P < 0.05), albeit its efficacy was also less on 

salmon compared to BHI (Table 2).  

The comparison of Nmax in BHI indicated that LAE and NIS significantly lowered Nmax (adj. 

P < 0.05) while EPL and CHIT did not have a significant effect on Nmax compared to CTRL (adj. 

P > 0.05) (Table 2). In contrast, the result from salmon indicated that NIS significantly reduced 

Nmax by 1.5 log CFU/g compared to CTRL (adj. P < 0.05) while L. monocytogenes treated with 

other compounds grew to similar Nmax as CTRL (adj. P > 0.05) (Table 2). 

On cold-smoked salmon, bactericidal compounds did not extend the lag phase or reduce 

the maximum growth rate of L. monocytogenes 

The initial comparison of λ and µmax in BHI indicated that LAE significantly extended λ (22.2 ± 

3.2 [d]) and significantly reduced µmax (0.13 ± 0.04 [log10 (CFU/ml)/day]) compared to CTRL (λ 

= 3.5 ± 1.7 [d] and µmax = 0.42 ± 0.16 [log10 (CFU/ml)/day] (adj. P < 0.05; Table 2). In BHI, 

CHIT also significantly increased λ (adj. P < 0.05) but had no significant effect on µmax 

compared to CTRL (adj. P > 0.05). In contrast to the results in BHI, comparison of bactericidal 

compounds on salmon indicated that none of the compounds had a significant effect on λ or µmax 

when compared to CTRL (adj. P > 0.05), suggesting that these bactericidal compounds are 
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insufficient to inhibit growth of L. monocytogenes on cold-smoked salmon at the concentrations 

tested (Table 2). 

 

NIS reduced initial cell density and maximum cell density in a concentration-dependent 

manner  

To determine whether higher NIS concentrations can yield greater Nr as well as potentiate the 

effect of PLSDA, we tested 3 levels of NIS alone and in combination with PLSDA. Reduction in 

L. monocytogenes numbers increased with increasing concentration of NIS, albeit a minor 

increase in the overall reduction: Nr was significantly different between NIS at 5 ppm and 20 

ppm, achieving reductions of 1.8 ± 0.3 and 2.4 ± 0.6 log CFU/g, respectively (adj. P < 0.05) 

(Figure 3.1A).  
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Figure 3.1. The effect of the combination of NIS and PLSDA on (A) maximum initial log 

reduction, (B) maximum cell density, (C) lag phase, and (D) maximum growth rate of L. 

monocytogenes on cold-smoked salmon stored at 7°C for 60 days.  

Results are summarized by means ± standard deviations for L. monocytogenes strains (n = 4) for 

each treatment. Within each panel, treatments with the same letter are not statistically different 

from each other (overall α = 0.05, Tukey’s correction). Black circles represent no PLSDA 

treatment and white circles represent PLSDA treatment.  
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Nmax appeared to be inversely related with the concentration of NIS: lower Nmax was achieved 

with increasing concentrations of NIS though not statistically different (Figure 3.1B). Consistent 

with initial data comparing bactericidal compounds on smoked salmon, NIS did not cause a 

significant increase in λ compared to CTRL regardless of the concentrations tested (adj. P > 0.05) 

(Figure 3.1C). Likewise, µmax observed by NIS were similar across concentrations tested and 

were not significantly different from CTRL (adj.P > 0.05) (Figure 3.1D). Taken together, the 

results suggested that while λ and µmax are unaffected, NIS is highly effective in reducing initial 

cell density (Nr) as well as Nmax and effects on these parameters occur in a concentration-

dependent manner. 

PLSDA significantly extended the lag phase and decreased the maximum cell density 

As expected from previous studies suggesting that PLSDA primarily exerts bacteriostatic effect 

(12, 54), no significant Nr was observed when L. monocytogenes was treated with PLSDA alone 

on smoked salmon compared to CTRL (adj. P > 0.05; Figure 3.1A). Also consistent with 

previous findings, PLSDA significantly extended λ of L. monocytogenes on smoked salmon to 

23.4 ± 9.8 d compared to λ of CTRL, which was 2.0 ± 2.2 d (adj. P < 0.05; Figure 3.1C). 

Although µmax observed for PLSDA alone appeared to be the lowest (0.10 ± 0.02 [log10 

(CFU/g)/day]), it was not significantly different from CTRL (adj. P > 0.05; Figure 3.1D). Similar 

to NIS, PLSDA was effective in reducing Nmax, which was 1.3 log CFU/g lower compared to 

CTRL (adj. P < 0.05; Figure 3.1B). Taken together, growth parameters attained from PLSDA 

suggested that this combination of organic acids is highly effective in inhibiting growth of L. 

monocytogenes on smoked salmon while no initial inactivation is to be expected.  
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Treatment with NIS in combination with PLSDA significantly reduced the initial cell 

density and lowered the maximum cell density 

Since NIS was effective as an initial lethality treatment for L .monocytogenes and PLSDA had a 

robust bacteriostatic effect, NIS at each concentration (0, 5, 10, and 20 ppm) was tested in the 

presence of PLSDA to determine the type of interaction between the bactericidal and 

bacteriostatic treatment on each of the growth parameter measured. The presence of PLSDA at 

each NIS concentration did not cause additional inactivation of L. monocytogenes cells as the log 

reduction achieved in the presence or absence of PLSDA was similar for all NIS concentrations 

tested (adj. P > 0.05) (Figure 3.1A). For example, Nr observed for NIS 20 ppm treatment in the 

absence and presence of PLSDA were 2.4 ± 0.6 log CFU/g and 2.8 ± 0.4 log CFU/g, respectively 

(adj. P > 0.05). Insignificant interaction effect from the two-way ANOVA model which 

evaluated the effect of NIS on Nr in the presence or absence of PLSDA further confirmed that the 

combination of NIS and PLSDA had an additive effect on reducing initial cell density (P > 0.05).  

Interestingly, analysis of λ values indicated that the presence of NIS antagonized λ achieved by 

PLSDA alone as the observed λ of PLSDA in the presence of either 5 or 10 ppm NIS was 

shortened by 15.3 d and 14.1 d, respectively, compared to PLSDA alone (adj. P < 0.05) (Figure 

3.1C). The two-way ANOVA model also indicated an overall significant antagonistic interaction 

between NIS and PLSDA on λ (P < 0.05). Nevertheless, a higher concentration of NIS (i.e., 20 

ppm) appeared to alleviate the antagonistic effect on λ as the observed λ of PLSDA in 

combination with 20 ppm NIS was 17.9 ± 7.9 d which was not significantly different from that 

observed from PLSDA alone (adj. P > 0.05). Thus, the combination of PLSDA with a higher 

NIS concentration is necessary to effectively extend λ of L. monocytogenes on smoked salmon.  
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Most treatments displayed a considerable variation in µmax and the estimated µmax from the 

combination of PLSDA at each concentration of NIS were not significantly different compared 

to CTRL as well as all other treatments (adj. P > 0.05) (Figure 3.1D).  

The presence of PLSDA at each concentration of NIS yielded a consistent decrease in Nmax. The 

combined treatment of NIS at 5, 10, and 20 ppm with PLSDA decreased Nmax to 6.1 ± 1.2, 6.1 ± 

0.4, and 5.3 ± 0.6 log CFU/g, respectively, which were significantly lower than CTRL as well as 

their respective NIS alone treatments (adj. P < 0.05; Figure 3.1B). Notably, the combination of 

20 ppm NIS with PLSDA led to the lowest Nmax which was approximately 3 log CFU/g lower 

compared to CTRL. The two-way ANOVA model for the interaction effect between NIS and 

PLSDA confirmed an additive interaction (i.e., the interaction term was not significantly 

different from 0) between these antimicrobials with respect to the reduction of Nmax (P > 0.05)  

Taken together, the results from the combination treatment of NIS and PLSDA demonstrated that 

these bactericidal and bacteriostatic agents could be used together on smoked salmon as an 

effective treatment to control L. monocytogenes on cold-smoked salmon because of a 

considerable initial pathogen lethality as well as subsequent prevention of listerial growth to high 

levels during refrigerated (i.e., 7°C) storage of up to 60 days or longer. 

 

The combination of NIS and PLSDA significantly delayed predicted time for L. 

monocytogenes to recover to initial cell density 

To evaluate cost-effectiveness of different treatment options, the time for L. monocytogenes to 

recover to the initial cell density, Tinitial, was compared with the cost of using each treatment per 

kg of the finished product (Table 3). The Tinitial parameter combines Nr, λ, and µmax to assess the 
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overall efficacy of each treatment (bactericidal, bacteriostatic, and combinations) on suppressing 

L. monocytogenes growth. The comparison of Tinitial indicated that using higher NIS 

concentrations provided marginal increases in predicted Tinitial, which were not significantly 

different from each other (adj. P > 0.05) (Table 3).  
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Table 3.3. Comparison of Tinitial and estimated cost for NIS and PLSDA alone or in combination 

     

Treatment 

Nisin  

(ppm) lactate-diacetate 

Inhibitor cost 

($ per kg of 

finished product)
c 

Tinitial
a,b 

CTRL 0 None 0.000 2.0 ± 2.2     C 

NIS5 5 None 0.020 10.9 ± 2.0   C 

NIS10 10 None 0.040 12.9 ± 2.3   C 

NIS20 20 None 0.080 14.9 ± 3.4   C 

PLSDA 0 
Lactate (2%) 0.052 

23.6 ± 9.0   BC 
Diacetate (0.14%) 0.001 

NIS5PLSDA 5 Lactate-diacetate 0.073 46.0 ± 22.4 AB 

NIS10PLSDA 10 Lactate-diacetate 0.093 49.8 ± 20.3 A 

NIS20PLSDA 20 Lactate-diacetate 0.133 60 A
d 

a 
Results are summarized by means ± standard deviations; Means within a given column with the 

same letter are not statistically different from each other (overall α = 0.05, Tukey’s correction). 
b 

The estimated time for L. monocytogenes to recover to N0 following initial reduction and 

calculated as Tinitial = λ + (N0 of CTRL - N0 of treatment)/µmax of treatment 
c 
Cost values are for industrial volumes of the specific inhibitor inputs used in this study. Input 

costs may vary depending on manufacturer, specific product lines, or quantity. Additional use 

costs will be determined by delivery system. The specific cost values used in this study were as 

follows: $100/lb of Nisaplin (2.5% nisin), $2.02/lb of PURASAL HiPure P Plus (78% potassium 

lactate), $1/lb of sodium diacetate (98%). 
d 

No L. monocytogenes strains grew to the initial cell density over 60 d storage period. 
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Higher costs associated with using 20 ppm NIS therefore were not justified compared to 5 ppm 

NIS with regard to reducing the risk of listeriosis. Tinitial by PLSDA was generally greater than 

NIS alone treatments, though they were not significantly different (adj. P > 0.05) (Table 3). 

Since the cost of using PLSDA is lower than using 20 ppm NIS and slightly higher than using 10 

ppm NIS, PLSDA may be a more cost-effective treatment option than using higher NIS 

concentrations. The combination of NIS and PLSDA significantly increased Tinitial compared to 

all NIS alone treatments (adj. P < 0.05). Further, Tinitial achieved by 10 ppm and 20 ppm NIS in 

conjunction with PLSDA was significantly higher than Tinitial predicted by PLSDA alone (adj. P 

< 0.05), suggesting that the concurrent administration of NIS and PLSDA can effectively impede 

growth of L. monocytogenes on cold-smoked salmon following initial reductions. 

Discussion 

Nisin is the most effective bactericidal treatment against L. monocytogenes on smoked 

salmon among evaluated bactericidal compounds 

In the initial assessment of bactericidal compounds, NIS, LAE, EPL, and CHIT were compared 

for their antimicrobial effects on L. monocytogenes in BHI and salmon. In the absence of 

antimicrobial treatment, L. monocytogenes growth was observed on salmon following 3.2 ± 1.6 d 

of λ, reaching levels as high as 8.6 ± 0.2 log CFU/g. While other challenge studies have reported 

growth of L. monocytogenes to similarly high numbers on smoked salmon during refrigerated 

storage (6, 10-12, 51, 55), it is worth noting that growth to such high levels may be the result of a 

high artificial contamination level used in the  study as the observed growth of L. monocytogenes 

on naturally contaminated cold-smoked salmon has been shown to be limited (56-58). 
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While NIS proved to be an effective lethality treatment for L. monocytogenes on salmon, the 

antimicrobial activity of other compounds (LAE, EPL, CHIT) was not evident when tested on 

salmon. Higher concentrations of antimicrobials are typically required in food matrices 

compared to laboratory media as food systems are compositionally more complex with various 

constituents that can interact with a specific antimicrobial (59). For example, much higher 

concentrations of LAE were required to observe antimicrobial effect in 2% reduced fat milk 

compared to tryptic soy broth (60) which may be attributed to the partitioning of LAE molecules 

into the lipid phase, resulting in considerably less LAE molecules available for a direct contact 

with L. monocytogenes (60, 61). Consistent with this observation, adverse effects of milk fat and 

soybean oil on antibotulinal activity of monolaurin (monoglyceride of lauric acid) have been 

demonstrated previously (59). The loss of activity of EPL on smoked salmon may be attributed 

to the presence of high amounts of protein. In a previous study, greater bactericidal effects of 

EPL were observed on food extracts with relatively low protein levels (i.e., rice and vegetables) 

than foods with higher protein content (i.e., milk, beef, and bologna extracts) (31) due to possible 

proteolytic degradation of EPL (62). In the same study, there was no difference in antimicrobial 

activity of EPL between fat-free and whole fat milk, suggesting that the fat content does not 

significantly influence the antimicrobial activity of EPL. Similarly, in roast beef slurry, 0.1% 

EPL (compared to 0.025% EPL used in this study) resulted in a minor (0.68 log CFU/g) 

reduction in L. monocytogenes numbers after 7 d incubation at 4°C (30). The antimicrobial 

activity of CHIT has also been shown to be negatively affected by food constituents such as 

starch, NaCl, and protein, while fat (sunflower oil) had no influence on the CHIT activity (63), 

suggesting that neutralization of CHIT by multiple components of salmon matrix could have 

contributed to the diminished antimicrobial activity of CHIT against L. monocytogenes on 
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smoked salmon. In support of this, 2% LMW CHIT films have previously been shown to have 

no inhibitory effect on growth of L. monocytogenes on cold-smoked salmon (24). The activity of 

NIS as well as other bacteriocin has been shown to be affected by food constituents, primarily 

due to adsorption of bacteriocin to macromolecules (i.e., proteins and fats) and proteolytic 

degradation (59, 64, 65), consistent with reduced NIS activity observed here on salmon as 

compared to BHI.  

In addition to interference by food constituents, it is also possible that background microbiota 

present on salmon could have provided potential sites for antimicrobials, thereby reducing the 

overall concentration of the compounds available to interact with L. monocytogenes. Further, 

maximal contact between an antimicrobial and the target microorganism essential to exert 

antimicrobial activity may have been precluded or limited in a solid matrix (i.e., salmon) 

compared to a more homogeneous aqueous solution (i.e., laboratory medium), which would 

decrease the potential antimicrobial effect (27).  

Despite reduced efficacy of NIS on smoked salmon, initial reduction of 2.1 ± 0.4 log CFU/g 

achieved by the NIS treatment makes it a suitable treatment for delivering a post-process 

lethality against L. monocytogenes on smoked salmon and potentially other RTE seafood. 

The combined application of NIS and PLSDA provides an effective hurdle for reducing 

initial L. monocytogenes levels as well as retarding listerial growth on smoked salmon 

Since NIS was the only antimicrobial that retained bactericidal activity on smoked salmon, NIS 

was further optimized at different concentrations in combination with PLSDA. This particular 

combination of organic acid salts has been shown in previous studies to effectively inhibit 

growth of L. monocytogenes in many RTE foods (9-18, 66). Using mechanistic understanding of 
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antimicrobials, it was reasoned that the pore-forming action of NIS (33-36) could potentiate 

antimicrobial action of organic acids (67, 68) by facilitating increased diffusion of organic acids 

into the cytoplasmic space. The experimental design focused on varying NIS concentrations 

while PLSDA remained at a fixed concentration as the relatively high cost of NIS can provide 

more economic benefit through optimization. Further, incorporating higher concentrations of 

organic acids  can pose a technical difficulty as Vogel et al. (11) have reported that achieving 

potassium lactate  concentrations of higher than 2% was not possible while maintaining 3% 

water-phase NaCl in the finished product.  

Consistent with previous studies, our results showed that NIS led to an immediate 

inactivation of initial L. monocytogenes populations followed by subsequent growth of surviving 

L. monocytogenes populations during refrigerated storage (12, 54, 66). In contrast, treatment 

with PLSDA alone did not result in initial reduction of L. monocytogenes while subsequent 

growth of L. monocytogenes was effectively prevented for an extended period of time as 

previously reported (10-12, 54, 66). Using a broth dilution assay, Brandt et al. (69) have 

identified a synergistic interaction between nisin and acidic calcium sulfate which was 

speculated to be due to the membrane destabilizing action of NIS which could facilitate 

enhanced diffusion of acidic calcium sulfate through the cell membrane. In the study reported 

here, the concurrent application of PLSDA and NIS did not further enhance bactericidal 

capability of NIS, indicating that the presence of PLSDA does not inflict a lethal damage to the 

cell beyond that afforded by NIS alone. Interestingly, low concentrations of NIS appeared to 

antagonize the effects of PLSDA as λ in the presence of PLSDA alone was shortened in the 

presence of 5 or 10 ppm NIS though this antagonistic interaction was less pronounced at 20 ppm 

NIS concentration. A possible explanation for this phenomenon could be that the exposure to 
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NIS may have affected the permeability of the cytoplasmic membrane. NIS resistance phenotype 

in L. monocytogenes has been associated with alterations in the cytoplasmic memebrane fatty 

acids and phospholipid compositions that lead to increased rigidity of the cytoplasmic membrane 

(70, 71). Similar alterations of the cytoplasmic membranes that reduce the membrane fluidity 

have been observed in the presence of weak acid preservatives (72). Since organic acids need to 

penetrate the membrane barrier to exert antimicrobial effects (19), NIS may have selected for L. 

monocytogenes populations with decreased permeability of the membrane, which could have 

provided protection against PLSDA. Further optimization of bactericidal treatments to avoid 

potential antagonistic interaction with PLSDA may be crucial to enhance the overall 

antimicrobial effects.  

The combined application of PLSDA and NIS led to a consistent decrease in Nmax (over 

60 d) as previously reported for the combination of NIS and potassium lactate (12). This has a 

considerable implication in potentially reducing risk of listeriosis due to consumption of smoked 

salmon as the L. monocytogenes risk assessments have highlighted that lower numbers of L. 

monocytogenes in a RTE food represents lower risk for listeriosis and efforts to reduce 

foodborne listeriosis should focus on reducing numbers of L. monocytogenes to the lowest 

possible throughout shelf-life of a product (2, 3). Treating salmon with PLSDA and NIS thus 

would limit the maximum number of L. monocytogenes cells at consumption to a lower level, 

providing protective effects against potential listeriosis cases. In addition to the antimicrobial 

efficacy, the economic aspect of antimicrobial application is an important practical consideration 

during the process of developing and implementing appropriate antimicrobial scheme for a 

specific food product. In this study, PLSDA alone or in combination with NIS considerably 

increased Tinitial compared to using NIS alone. Particularly, the combination of 5 ppm NIS and 
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PLSDA extended Tinitial to a greater degree than using 20 ppm alone. Nevertheless, the estimated 

cost of using 20 ppm NIS is higher than 5 ppm NIS with PLSDA, thus suggesting that PLSDA 

with a low amount of NIS is more cost-effective than using higher concentrations of NIS alone. 

The present study used an inoculum level of 10
6
 CFU/g to characterize the extent of bactericidal 

and bacteriostatic activity of antimicrobial combinations. Considering practical contamination 

levels of < 100 CFU/g typically found in many RTE foods (5, 73), the combination of NIS and 

PLSDA can be expected to be a reliable control option for L. monocytogenes in various RTE 

foods that have a long shelf-life though it will need to be validated in each food matrix. Further, 

in the context of multiple hurdle concept, the endogenous microflora of salmon, particularly 

lactic acid bacteria may have provided an additional hurdle for growth inhibition of L. 

monocytogenes (74-76) as PLSDA treatment likely has no substantial impact on growth of lactic 

acid bacteria (11, 54). 

Conclusion 

The data presented here demonstrate the robustness of combined application of NIS and PLSDA 

with respect to delivering an immediate reduction in initial L. monocytogenes levels followed by 

effective inhibition of subsequent listerial growth during extended storage under refrigeration 

(7°C). Moreover, cost-effectiveness of NIS with PLSDA compared to higher NIS concentration 

treatment alone further justifies the utility of this application. This specific combination therefore 

could provide a cost-effective treatment option for the seafood industry to enhance safety of 

seafood commodity including cold-smoked salmon. Additionally, future studies could be 

conducted in parallel with this combination to further optimize the antimicrobial combinations 

within a specific food matrix. 
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CHAPTER 4  

VirR-MEDIATED RESISTANCE AGAINST FOOD ANTIMICROBIALS AND CROSS-

PROTECTION INDUCED BY EXPOSURE TO ORGANIC ACIDS 

 

ABSTRACT 

Formulation of ready-to-eat (RTE) foods with antimicrobial compounds constitutes an important 

safety hurdle against foodborne pathogens such as Listeria monocytogenes. While the efficacy of 

many commercially-available antimicrobial compounds has been demonstrated in a variety of 

foods, current understanding of the resistance mechanisms employed by L. monocytogenes to 

counteract these stresses is limited. In this study, we screened in-frame deletion mutants of two-

component system response regulators associated with cell envelope stress response for 

increased sensitivity to commercially-available antimicrobial compounds (nisin, lauric arginate, 

ε-polylysine, and chitosan). A virR deletion mutant showed increased sensitivity to all 

antimicrobials and significantly greater loss of membrane integrity when exposed to nisin, lauric 

arginate, and ε-polylysine (p < 0.05). The VirR-regulated operon, dltABCD, was shown to be the 

key contributor to resistance against these antimicrobial compounds, whereas another VirR-

regulated gene mprF displayed antimicrobial-specific contribution to resistance. GUS reporter 

fusion with the dlt promoter indicated that nisin does not specifically induce VirR-dependent 

upregulation of dltABCD. Lastly, prior exposure of L. monocytogenes parent strain H7858 and 

ΔvirR to 2% potassium lactate enhanced subsequent resistance against nisin and ε-polylysine (p 

< 0.05). These data demonstrate that VirRS-mediated regulation of dltABCD is the major 
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resistance mechanism used by L. monocytogenes against cell envelope-damaging food 

antimicrobials. Further, the potential for cross-protection induced by other food-related stresses 

(e.g., organic acids) needs to be considered when applying these novel food antimicrobials as 

hurdle strategy in RTE foods. 
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INTRODUCTION 

Control of Listeria monocytogenes in ready-to-eat (RTE) foods is an important food safety goal 

due to the high mortality rate associated with listeriosis, particularly in susceptible populations 

such as pregnant women, the elderly, and those with a compromised immune system (1). L. 

monocytogenes is of particular concern for those RTE foods that support growth of this pathogen 

to high levels, during refrigerated storage, that can potentially cause a life-threatening disease. L. 

monocytogenes harbors a variety of stress-coping mechanisms that allow it to survive in 

suboptimal environmental conditions associated with foods (e.g., acidic, osmotic, temperature 

stress) (2). The ability of L. monocytogenes to tolerate and grow under such a wide range of 

adverse conditions elevates the likelihood of foodborne transmission to a human host. Thus, a 

multi-pronged approach (e.g., prevention of post-processing contamination and reformulation of 

RTE foods with antimicrobials) to limit the number of L. monocytogenes in foods along the 

farm-to-fork continuum is critical to reduce the potential for foodborne illnesses (3). 

Natural antimicrobials are commonly applied to RTE foods to control foodborne pathogens such 

as L. monocytogenes (4). Nisin (NIS) is one of the most widely used antimicrobials, which is a 

bacteriocin naturally produced by Lactococcus lactis. Other antimicrobials that have been used 

to control L. monocytogenes growth more recently include lauric arginate (LAE; derived from 

lauric acid, L-arginine, and ethanol), ε-polylysine (EPL; produced by Streptomyces albulus), and 

chitosan (CHI; derived from crustacean exoskeletons). The primary mode of action for NIS is 

due to the binding to Lipid II (membrane-anchored cell-wall precursor) as a ‘docking molecule’ 

and subsequent aggregation of nisin molecules to induce pore formation in the bacterial 

membrane (5, 6). Likewise, the proposed mechanism of action for LAE (7, 8), EPL (9-12), and 

CHI (13, 14) employ the common theme of cell envelope disruption followed by concomitant 
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disturbances in membrane-related cellular functions, albeit exact molecular mechanism of action 

remains to be further elucidated. From a bacterial perspective, the cell envelope not only 

provides structure to the cell, but also functions as the primary barrier to exogenous aggressions 

as well as virulence modulator at the pathogen-host interface (15). Thus, constant monitoring of 

the integrity and function of the cell envelope under fluctuating environmental conditions is 

critical for ensuring bacterial survival and transmission. 

Sensing and managing of a cell envelope stress is typically facilitated through alternative sigma 

factors and/or two-component systems (TCSs) (16). In the case of TCSs, sensing of a specific 

input signal initiates autophosphorylation of a conserved histidine residue on a sensor histidine 

kinase. The phosphoryl group is then transferred to an aspartic acid residue of the cognate 

response regulator, which causes conformational change in the structure of the response 

regulator, allowing it to function as a transcriptional activator (17). L. monocytogenes harbors 15 

two-component systems and an orphan response regulator (RR) (Glaser 2001). Of these, 4 TCSs 

(LiaRS, LisRK, CesRK, and VirRS) have been reported to play a central role in modulating cell 

envelope stress response (18). A number of genetic determinants previously implicated in L. 

monocytogenes nisin resistance are also TCSs such as LiaRS (19-21), LisRK (22), VirRS (23, 

24), as well as genes that are part of TCS regulons including, TelA (25), MprF (26), AnrAB (23), 

DltABCD (27), and lmo2229 (20, 21). As an abundance of evidence indicate that TCSs play a 

central role in the cell envelope stress response and are induced by cationic antimicrobial 

peptides (CAMPs) and other cell wall-acting antibiotics (16, 18, 28), we sought to determine 

whether these TCSs also have a role in resistance against antimicrobials that may be used in 

foods to control L. monocytogenes. Better understanding of resistance mechanisms used by L. 

monocytogenes against these membrane-damaging agents may provide further insight on 
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effective hurdle strategy as well as development of inhibitors targeting these TCSs to improve 

pathogen control in foods.  

MATERIALS AND METHODS 

Bacterial strains, mutant construction, antimicrobials, and growth conditions. All L. 

monocytogenes strains used in this study are listed in Table 1. Non-polar deletion mutants were 

constructed from the parent strain H7858 using the splicing-by-overlap-extension (SOE) method 

(29). All deletions mutants were confirmed by PCR and subsequent sequencing of the 

chromosomal copy of the deletion allele. All antimicrobial stocks used in this study were 

prepared as previously described (30) and stored at 4
o
C prior to each experiment. 

L. monocytogenes strains were maintained in Brain Heart Infusion (BHI) broth at -80
o
C with 15% 

glycerol. Prior to each experiment, strains were streaked onto BHI agar and incubated at 37
o
C for 

24h. A single colony was used to inoculate 5ml BHI, followed by incubation at 37
o
C for 16h 

with shaking (230 rpm). Overnight cultures were transferred into 10 ml BHI (1:100) and 

incubated until log phase (OD600 = 0.2-0.3) at 7
o
C. 
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Table 4.1. Strains and plasmids used in this study 

Strain / Plasmid Strain Alias / Relevant Genotype Reference 

Strains 

     FSL F6-0366 H7858; parent strain; serotype 4b (64) 

   FSL B2-0315 H7858 ΔliaR (65) 

   FSL B2-0377 H7858 ΔlisR This work 

   FSL B2-0379 H7858 ΔvirR This work 

   FSL B2-0380 H7858 ΔcesR This work 

   FSL K5-0022 H7858 ΔvirS This work 

   FSL K5-0024 Pdlt-GUS FSL F6-0366 This work 

   FSL K5-0025 Pdlt-GUS FSL B2-0379 (ΔvirR) This work 

   FSL K5-0026 Pdlt-GUS FSL K5-0022 (ΔvirS) This work 

   FSL K5-0027 H7858 ΔdltA This work 

   FSL K5-0028 H7858 ΔmprF This work 

   FSL K5-0029 H7858 ΔanrAB This work 

Plasmids 

     pJK1 Pdlt-uidA(GUS) on pPL2 This work 

   pPL2 Integrative shuttle vector (Cm
r
) (66) 
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Minimum Inhibitory Concentration (MIC) determination. On the day of the 

experiment, antimicrobial stock solutions were diluted in sterile H2O and 100µl was loaded into 

a sterile 96-well flat-bottom polystyrene microtiter plate (Corning Inc., Corning, NY). Log phase 

cultures of L. monocytogenes H7858 and its isogenic response regulator mutants grown at 7
o
C 

were diluted 1:10 in double strength (2X) BHI and 100µl was loaded into corresponding wells 

using a multi-channel pipette. The microtiter plate was covered with an adhesive film (Breathe-

Easy
®

, Diversified Biotech, Dedham, MA) to prevent contamination and the optical density 

(OD600) was measured immediately with the Synergy H1 microplate reader (BioTek, Winooski, 

VT). The microplate was stored at 7
o
C for 7d and the OD600 was measured again. The MICs 

were defined as the lowest concentration that completely inhibited growth (OD600 increase ≤ 0.05) 

after 7d incubation at 7
o
C (31, 32). MIC determination was based on 3 biological replicates for 

all strains.  

 

Membrane integrity assay. Log phase cultures of L. monocytogenes H7858 and ΔvirR 

grown at 7
o
C were aliquoted into 1.5ml tubes and stock solutions of NIS, LAE, EPL, and CHI 

were transferred 1:1 (500µl antimicrobial into 500µl cells) into tubes at previously determined 

MIC concentration of ΔvirR except for NIS which was tested at 0.5µg/ml. Following incubation 

at 7
o
C for 24h, cells (1ml each) were harvested by centrifugation (6,800 X g for 5 min) and 

resuspended in 1ml 0.85% NaCl as recommended by the manufacturer (Live/Dead BacLight 

Bacterial Viability kit, Molecular Probes, Inc., Eugene, OR). Washed cells (100 µl) were loaded 

into a 96-well flat-bottom polystyrene microtiter plate (Corning Inc.), mixed with 100µl 2X 

staining solution, and incubated at room temperature for 15 min in the dark. The fluorescence 

intensity of each well was measured with a Synergy H1 microplate reader (BioTek) according to 
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the manufacturer’s protocol; SYTO9 intensity was measured with the excitation wavelength of 

485nm and emission wavelength of 530nm while propidium iodide intensity was measured with 

the excitation wavelength of 485nm and emission wavelength of 630nm. The raw fluorescence 

readings were used to quantify the relative dye ratios for each treatment. The relative dye ratios 

were calculated as the ratio of Green fluorescence (SYTO 9) to Red fluorescence (propidium 

iodide) and divided by the fluorescence ratio of the untreated parent strain (for the parent strain 

relative dye ratio) or by the fluorescence ratio of untreated ΔvirR (for ΔvirR relative dye ratio). 

The membrane integrity assay was replicated three times for all strain and treatment 

combinations. 

 

Survival of H7858, ∆virR, ∆dltA, ∆mprF, and ∆anrAB exposed to NIS, LAE, EPL, 

and CHI. Cultures of L. monocytogenes parent strain H7858 and in-frame deletion mutants of 

virR and VirR-regulated genes dltA, mprF, and anrAB were grown to log phase at 7
o
C as 

described above. These cultures were diluted in phosphate-buffered saline (PBS) and enumerated 

on BHI agar plates using a spiral plater (Autoplate 4000, Spiral Biotech, Inc., Norwood, MA) to 

obtain the initial cell counts (T0). The antimicrobial solutions (100µl each) were directly added 

to cultures to achieve the final concentration of 0.5µg/ml NIS, 20µg/ml LAE, 500µg/ml EPL, 

and 50µg/ml CHI. Cells treated with antimicrobials were incubated at 7
o
C for 24h and viable 

cells were enumerated on BHI agar plates. The BHI agar plates were incubated at 37
o
C overnight 

and colonies were counted using the Q-count colony counter (Spiral Biotech, Inc.). Viable cell 

counts were transformed to log10CFU/ml and the log reduction in cell counts was determined as 

the difference in log10CFU/ml between T24 and T0 for each strain. The survival experiment was 

replicated three times for all strain and treatment combinations. 
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Cytochrome c binding assay. Cytochrome c binding assay was performed as previously 

described (33-35). Briefly, cells grown to log phase at 7
o
C were collected by centrifugation at 

4,000 rpm and washed twice with 20 mM MOPS buffer (pH 7). The washed cells were adjusted 

to a concentration of 10
8
 CFU/ml in the same buffer and cytochrome c (Sigma-Aldrich, St. Louis, 

MO) was added to a final concentration of 50µg/ml. After 10 min incubation at room 

temperature, the cell suspension was centrifuged at 13,000 rpm for 5 min and the supernatant 

absorbance was measured at 410nm. The absorbance of cytochrome c in the absence of cells was 

compared to the absorbance of cytochrome c with cells (i.e., maximum unbound cytochrome c) 

as a measure of relative cytochrome c binding using the following equation: 

% cytochrome 𝑐 bound =  100 −  (
OD410,cells 

OD410,no cells
 × 100) 

GUS activity assay. The quantitative determination of GUS activity directed from VirR-

dependent dlt promoter was conducted as previously described (36). Cells were grown to log 

phase at 7
o
C in BHI and were then exposed to a sublethal concentration (100ng/ml) of NIS or 

sterile H2O for 12h at 7
o
C. Cells (1ml) were harvested prior to NIS exposure and following 12h 

incubation by centrifugation and washed with 1ml ABlight buffer (60mM K2HPO4, 40mM 

KH2PO4, 0.1M NaCl), followed by resuspension in 1ml ABlight buffer. Aliquots (100µl) were 

taken from each sample and enumerated on BHI agar plates supplemented with 10µg/ml 

chloramphenicol. The remaining cells were frozen at -80
o
C. Prior to GUS measurements, frozen 

cells were thawed and 135µl of CellLytic B reagent (Sigma-Aldrich) was added to lyse cells for 

10 min at room temperature. Lysed cells were loaded into 96-well flat-bottomed black 

polystyrene plates (Corning Inc.) in duplicate and 20µl of MUG (Sigma-Aldrich) was added for 



 

86 
 

a final concentration of 0.4mg/ml. For a parallel set of cells, the same volume of H2O was added 

instead of MUG to measure the background fluorescence from the cells in the absence of the 

substrate. The enzymatic fluorescent byproduct 4-methylumbelliferone (MU; Sigma-Aldrich) 

was used to generate a standard curve from which respective GUS activity was inferred. The 

enzymatic reaction was stopped after 30 min by the addition of the Stop solution (1M Na2CO3). 

The fluorescence was measured in the Synergy H1 plate reader (BioTek) with the excitation 

wavelength of 365nm and the emission wavelength of 460nm. The background fluorescence 

from the cells without MUG was subtracted from the corresponding wells and the MU standard 

curve was used to calculate GUS activity, reported as nM MU/log CFU/min. 

 

Organic acid-induced cross-protection against NIS, LAE, EPL, and CHI. L. 

monocytogenes strains H7858 and ΔvirR grown to log phase at 7
o
C were transferred (1ml each) 

to 9ml BHI, BHI + potassium lactate (PL), and sodium diacetate (SD) for the final concentration 

of 2% PL and 0.14% SD. BHI containing no acid (CTRL) and acid-supplemented BHI were all 

adjusted to pH 6.0 to separate the effects of pH from that of the acid salts. L. monocytogenes 

strains were exposed to acid conditions for 8h at 7
o
C prior to antimicrobial addition at the final 

concentration of 1µg/ml NIS, 20µg/ml LAE, 1000µg/ml EPL, 100µg/ml CHI. Acid-exposed 

cells were enumerated prior to antimicrobial challenge and following 24h incubation at 7
o
C in 

the presence of indicated antimicrobial concentrations as described above. 

 

Statistical analysis. For statistical analysis of the membrane integrity assay, VirR 

regulon mutant survival assay, and cytochrome c binding assay, one-way analysis of variance 
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(ANOVA) was carried out for each antimicrobial using the relative dye ratio, decrease in 

log10CFU/ml, and relative binding, respectively, as the response variable. The strain genotype 

and replicate were modeled as fixed effects. GUS activity assay was analyzed with a three-way 

ANOVA model using GUS activity as the response variable and the strain genotype, NIS 

concentration, assay time, and their interaction as fixed effects. Similar two-way ANOVA model 

with the decrease in log10CFU/ml as the response variable and the strain genotype, acid treatment, 

and their interaction as fixed effects was used to assess the cross-protection induced by organic 

acids. The Tukey multiple comparison procedure was applied to all ANOVA results. Adjusted p 

values of < 0.05 were considered significant. ANOVA models and multiple comparisons were 

performed with JMP statistical software (JMP10, SAS institute, Inc., Cary, NC). 

 

RESULTS 

 Deletion of virR increases sensitivity to food antimicrobials NIS, LAE, EPL, and 

CHI at 7
o
C. To determine whether TCS response regulators were important for resistance 

against selected antimicrobials, we screened in-frame deletion mutants of selected TCS response 

regulators (i.e., ΔliaR, ΔlisR, ΔvirR, and ΔcesR) for increased sensitivity using a MIC assay. We 

specifically focused on the role of response regulators rather than their cognate histidine kinases 

to eliminate potential ‘cross-talk’ with other histidine kinases or alternative activation 

mechanisms (24). In comparison to the parent strain, deletion of virR decreased the MIC by 2- to 

8-fold for all antimicrobials tested, indicating that VirR plays a major role in resistance against 

tested antimicrobials (Table 2). In addition to VirR-dependent resistance, antimicrobial-specific 

sensitivity was identified for other response regulators. The MIC of ΔliaR was 2-fold lower 
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compared to the parent strain under NIS and EPL stress, indicating the potential role of LiaR in 

resistance against these compounds. The MIC of ΔlisR was 2-fold lower compared to the parent 

strain when grown in the presence LAE, suggesting the involvement of LisR in LAE resistance. 

Further, ΔcesR was 2-fold more sensitive to EPL compared to the parent strain, suggesting a 

contribution of CesR to EPL resistance. 
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Table 4.2. MIC determinations for the parent strain (H7858) and its isogenic TCS response 

regulator mutants
a,b

 

Antimicrobial (µg/ml) 

MIC for 

H7858  ΔliaR ΔlisR ΔvirR ΔcesR 

NIS 12.5 6.25 12.5 1.56 12.5 

LAE 12.5 12.5 6.25 6.25 12.5 

EPL 100 50 100 25 50 

CHI >200 >200 >200 100 >200 
a 
MICs are determined from three biological replicates. 

b
 MICs of the mutants that are different from the parent strain are bolded. 
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Since ΔvirR was most sensitive to all tested antimicrobials, the membrane integrity assay was 

used to assess whether the ΔvirR strain was specifically more sensitive to the membrane-

perturbing effect of antimicrobials. As expected from previous reports, the membrane integrity 

was compromised upon addition of the antimicrobial compounds compared to the untreated 

control (Fig. 4.1). Deletion of virR resulted in greater loss of membrane integrity under NIS, 

LAE, and EPL stress compared to the parent strain, as indicated by significantly lower dye ratios 

in the ΔvirR strain (p < 0.05). Interestingly, the loss of membrane integrity under CHI stress was 

not significantly different for the parent strain and ΔvirR (Fig. 4.1). In summary, the data from 

the MIC and membrane integrity assay demonstrate a central role of VirR in resistance against 

food antimicrobials as well as antimicrobial-specific contribution of other response regulators to 

antimicrobial resistance. Further, increased sensitivity of ΔvirR is likely associated with the 

increased loss of membrane integrity during exposure to NIS, LAE, and EPL but not CHI. 
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Figure 4.1. Membrane integrity of the parent strain H7858 and ΔvirR strain under NIS, LAE, 

EPL, CHI exposure for 24h at 7
o
C.  

Black and gray bars represent the relative dye ratio of the parent strain and ΔvirR, respectively. 

The relative dye ratios are calculated as the fluorescence ratio (SYTO9 to propidium iodide) for 

antimicrobial-treated parent strain and ΔvirR divided by the fluorescence ratio of untreated 

parent strain and ΔvirR. Asterisks indicate the relative dye ratios for ΔvirR under each 

antimicrobial stress that are significantly (p < 0.05) different compared to the parent strain. The 

data represent the mean and the standard deviation of three biological replicates.  
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VirR-regulated genes contribute to protection against bactericidal action of food 

antimicrobials. To determine the specific resistance contribution of VirR-regulated genes 

against the effects of antimicrobials, we compared survival of the parent strain, ΔvirR, as well as 

deletion mutants of Vir-regulated genes (i.e., ΔdltA, ΔmprF, and ΔanrAB) under antimicrobial 

stress. The functional role of DltABCD and MprF is to reduce the net negative charge of the cell 

envelope by the modification of teichoic acids with D-alanine residues or by the modification of 

membrane phospholipids with L-lysine, respectively (37). These molecular modification of cell 

envelope constituents are essential for cationic antimicrobial peptide (CAMP) resistance and 

virulence in L. monocytogenes (26, 27). AnrAB is an ABC transporter which also facilitates 

CAMP resistance, presumably via efflux pumping of toxic compounds (23). As expected, ΔvirR 

showed increased sensitivity to all antimicrobials compared to the parent strain after 24h 

exposure at 7
o
C (Fig. 4.2). Relative to the parent strain, the mean decrease in cell density of 

ΔvirR was greater by 5.2 ± 0.4, 1.0 ± 0.1, 1.5 ± 0.1, and 1.9 ± 0.1 log10CFU/ml for NIS, LAE, 

EPL, and CHI, respectively (p < 0.05). Similarly, ΔdltA was significantly more sensitive to all 

antimicrobials (p < 0.05) as compared to the parent strain. In all cases, the sensitivity of ΔdltA 

was not significantly different from that of ΔvirR, indicating that DltABCD is the key component 

of VirR-mediated resistance to antimicrobials. While deletion of mprF also influenced 

antimicrobial sensitivity, relative contribution to resistance varied between antimicrobials. The 

increased sensitivity of ΔmprF was highest under EPL stress, as ΔmprF had the greatest log 

reduction in cell numbers compared to all other mutants including ΔvirR. The mean decrease in 

cell density of ΔmprF under NIS stress was greater than the parent strain (by 3.0 ± 0.4 

log10CFU/ml; (p < 0.05)) but was considerably less than that of ΔvirR and ΔdltA (Fig. 4.2), 

suggesting that MprF only contributes partially to VirR-mediated resistance against NIS. MprF 
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was shown to play no significant role in resistance against LAE and a relatively minor role in 

resistance against CHI stress as the mean decrease in cell density of ΔmprF under CHI stress was 

greater than the parent strain by 0.4 ± 0.1 log10CFU/ml (p < 0.05). No significant effect of anrAB 

deletion was observed with regard to sensitivity against all of the 4 antimicrobials. Taken 

together, D-alanylation of teichoic acids facilitated by DltABCD appears to be the most critical 

resistance determinant against tested food antimicrobials while L-lysinylation of membrane 

phospholipids confers varying degrees of resistance against different antimicrobials with most 

significant contribution against EPL stress.  
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Figure 4.2. Log decrease in cell density for the parent strain H7858, ΔvirR, ΔdltA, ΔmprF, and 

ΔanrAB exposed to NIS (0.5µg/ml), LAE (20µg/ml), EPL (500µg/ml), and CHI (50µg/ml) for 

24h at 7
o
C.  

Within each antimicrobial, strains with the same letter are not significantly different from each 

other (p < 0.05). The data represent the mean and the standard deviation of three biological 

replicates. 
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Deletion of virR, dltA, and mprF alters the cell envelope charge of L. monocytogenes. 

As DltABCD and and MprF have previously reported roles in modification of electrostatic 

charge of the cell envelope, relative changes in cell envelope charge in the parent strain and the 

mutants were measured by quantifying the amount of cytochrome c binding (33, 35). Compared 

to the parent strain, ΔvirR, ΔdltA, and ΔmprF bound significantly more cytochrome c with a 

relative binding of 18.0 ± 2.4, 16.1 ± 5.1, 15.1 ± 1.2 %, respectively, whereas the binding affinity 

of the parent strain was significantly lower with a relative binding of 3.2 ± 3.0 % (p < 0.05) (Fig. 

4.3). This indicates that deletion of genes with a role in cell surface charge modification has a 

profound effect on cell envelope charge and plausibly results in altered electrostatic interaction 

between cationic antimicrobial compounds and anionic cell surface. 
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Figure 4.3. Relative binding of cytochrome c for the parent strain H7858, ΔvirR, ΔdltA, and 

ΔmprF grown to log phase at 7
o
C.  

Strains with the same letter are not significantly different from each other (p < 0.05). The data 

represent the mean and the standard deviation of three biological replicates. 
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The presence of NIS does not significantly induce VirR-dependent upregulation of 

dltABCD. To determine whether resistance to antimicrobials (e.g., NIS) is the consequence of 

transcriptional regulation of VirR-regulated genes (i.e., dltABCD), we created a transcriptional 

fusion of the promoter of dltABCD with a GUS gene as a reporter (36). This promoter was 

selected to specifically determine VirRS-dependent transcription of dltABCD as this operon has 

been reported to be dependent on VirR (24). As expected, GUS activity was not detected in the 

absence of VirR or VirS, confirming that dltABCD is dependent on VirRS for its transcriptional 

activation. Compared to the initial level of GUS activity, there was a significantly higher GUS 

activity (p < 0.05) after 12h at 7
o
C, even in the absence of NIS (Fig. 4.4). Though a slightly 

higher level of GUS activity was observed in the presence of 100ng/ml NIS after 12h at 7
o
C, the 

change in GUS activity level was not significantly different from the control without NIS. Taken 

together, the GUS activity data suggest that NIS does not specifically induce VirR-mediated 

upregulation of dltABCD. 
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Figure 4.4. GUS activities for dlt promoter-GUS reporter fusions expressed in the parent strain, 

ΔvirR, ΔvirS backgrounds in the presence of 100ng/ml NIS at 7
o
C.  

Asterisks indicate significantly (p < 0.05) different GUS activity levels in each genetic 

background. The data represent the mean and the standard deviation of three biological replicates. 
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Pre-exposure to organic acids induces cross-protection in antimicrobial-dependent 

manner. Organic acids such as lactate and diacetate may be incorporated into a food formulation 

as effective L. monocytogenes growth inhibitors (30, 38, 39). Ideally, the combination of hurdles 

should exhibit synergistic effects on inactivating or inhibiting growth of undesirable 

microorganisms. In contrast, there have been reports of the cross-protective phenomenon where 

prior exposure to a stress may increase resistance against a subsequent stress (19, 40). 

Additionally, acid-induced transcriptome profiling in L. monocytogenes has suggested 

upregulation of stress and virulence-related genes including the VirR regulon as part of acid 

stress adaptation (41-43). To test the hypothesis that prior exposure to organic acids induces 

cross-protection against the selected antimicrobials and is mediated by VirR, we exposed L. 

monocytogenes parent strain and ΔvirR to BHI (no acid control; CTRL), 2% potassium lactate 

(PL), and 0.14% sodium diacetate (SD) followed by subsequent challenge with antimicrobial 

compounds. Our results indicated that pre-exposure to PL increased NIS resistance of both the 

parent strain and ΔvirR; pre-exposure of the parent strain cells to PL resulted in no change in cell 

density when subsequently challenged with NIS whereas no prior PL exposure led to a mean 

decrease in cell density of 0.9 ± 0.3 log10CFU/ml (p < 0.05) (Fig. 4.5). Similarly, PL-exposed 

ΔvirR cells had a mean decrease in cell density of 5.7 ± 0.2 log10CFU/ml compared to no prior 

PL exposure which had a mean decrease in cell density of 6.6 ± 0.2 log10CFU/ml (p < 0.05), 

indicating that the observed cross-protection is likely independent of VirR. Prior exposure to SD 

did not have a significant effect on NIS resistance for either the parent strain or ΔvirR (Fig. 4.5). 

For LAE stress, prior acid exposure had no effect on LAE resistance of the parent strain (p > 

0.05) whereas both PL and SD had significant protective effect against subsequent LAE 

exposure for ΔvirR with a mean decrease in cell density of 3.2 ± 0.0 and 4.3 ± 0.2 log10CFU/ml, 
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respectively, compared to 4.7 ± 0.1 log10CFU/ml without acid exposure (p < 0.05). Organic acid-

induced cross-protection against EPL was similar to NIS; prior exposure to PL increased EPL 

resistance (p < 0.05) whereas SD had no significant effect on subsequent EPL resistance (p > 

0.05) for both the parent strain and ΔvirR. The potential cross-protective effect of organic acids 

against CHI was less pronounced. Prior exposure to PL had no effect on the parent strain and 

ΔvirR. Prior exposure to SD slightly increased sensitivity of the parent strain and ΔvirR (by 0.41 

± 0.23 and 0.22 ± 0.03, respectively) to CHI but this increased sensitivity was significant for the 

parent strain only (p < 0.05).  
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Figure 4.5. Log decrease in cell density for the parent strain H7858 and ΔvirR strains pre-

exposed to no acid (CTRL), 2% potassium lactate (PL), and 0.14% sodium diacetate (SD) for 8h 

at 7
o
C prior to 24h challenge with NIS, LAE, EPL, and CHI at 7

o
C.  

Closed circles and open circles represent the log decrease in cell density for the parent strain and 

ΔvirR strains, respectively. Asterisks above and below the dots indicate the log decrease in cell 

numbers for acid-exposed parent strain and ΔvirR, respectively, that are significantly (p < 0.05) 

different compared to no prior acid exposure (CTRL). The data represent the mean and the 

standard deviation of three biological replicates.  
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DISCUSSION 

The TCS response regulator VirR plays a key role in resistance to a range of food 

antimicrobials. In this study, we have identified VirR as a critical transcriptional regulator for 

resistance against antimicrobials used in foods. Reduced membrane integrity for ΔvirR under 

NIS, LAE, and EPL stress suggests that the absence of VirR renders cells more susceptible to 

membrane-perturbing effects of these compounds, likely due to increased binding. While ΔvirR 

exhibited increased sensitivity to CHI stress, the loss of membrane integrity for ΔvirR was 

similar to the parent strain under CHI stress. This observation is consistent with a previous report 

on CHI mechanism of action in which teichoic acids were proposed to be the main molecular 

target of CHI, followed by subsequent disruption of membrane-related functions (13). 

In L. monocytogenes EGD, VirR has been reported to regulate 12 genes and along with VirS, its 

cognate sensor kinase, this signal transduction system has been implicated as a critical virulence 

determinant in L. monocytogenes through modulating the interaction between L. monocytogenes 

cells and components of the innate immune system (24). Further, the VirRS regulon is composed 

of genes with previously ascribed role in resistance against animal- and plant-derived cationic 

antimicrobial peptides (CAMP) as well other antibiotics. VirRS ortholog in Staphylococcus 

aureus GraSR has also been associated with CAMP resistance and virulence (44, 45). While 

VirRS has been studied extensively in regard to virulence-related functions in the host and 

resistance against therapeutic antibiotics, relatively little is known for its role in resistance 

against antimicrobials used in foods. Our findings of the universal contribution of VirR toward 

antimicrobial resistance relevant to food preservation further highlight the important functional 

role of VirR and its regulon in pathogen survival and transmission in different environments (e.g., 

foods vs human host). 
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Based on the MIC data, other response regulators were also found to contribute to resistance. 

LiaR was found to be important for NIS and EPL resistance while LisR and CesR were found to 

be important for LAE and EPL resistance, respectively. LiaRS and its regulated genes have 

previously been reported to play a role in NIS resistance (19, 21). In L. monocytogenes LO28, 

growth of ΔLisR was reported to be impaired in the presence of SDS (18). Since both SDS and 

LAE are surfactants with detergent-like property, a similar LisR-mediated resistance mechanism 

may be involved during LAE stress though involvement of specific genes within the LisR 

regulon remains to be further investigated. Likewise, the specific components of the LiaR- and 

CesR-regulon that are involved in EPL resistance remain to be determined. 

VirR-regulated dltABCD is the main contributor to resistance against bactericidal 

effects of food antimicrobials. Members of the VirR regulon (24) such as dltABCD (27, 34, 46), 

mprF (26, 47, 48), and anrAB (23) are conserved in many Gram positive bacteria and are 

important for conferring resistant to a variety of antimicrobial compounds including NIS and 

other cationic peptides of animal, plant, and microbial origin (37). The relative contribution of 

VirR to resistance to each antimicrobial is summarized in Figure 4.6. The side-by-side 

comparison of these mutants against the parent strain and ΔvirR indicated that DltABCD is the 

major contributor of VirR-mediated resistance, as ΔdltA was as sensitive as ΔvirR in the 

presence of all 4 antimicrobials tested here. A possible explanation behind this observation is 

that the increased electropositive charge facilitated by DltABCD results in electrostatic repulsion 

of cationic antimicrobials, thus preventing antimicrobials from binding to their targets (34, 37, 

49). Recently, Saar-Dover et al. has further refined this notion with a newly proposed mechanism 

of Dlt-mediated increase in cell wall density (50). This resistance mechanism based on cell-wall 
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thickening has also been suggested from transcriptomic analysis of a NIS-resistant Lactococcus 

lactis strain (49).  

MprF shares a functional similarity with DltABCD in that the protein alters cell envelope charge 

by modifying the membrane lipid phosphatidylglycerol with L-lysine (26, 37). The relative 

resistance contribution by MprF was highly varied among antimicrobials. The relative 

contribution of MprF to NIS resistance was less, compared to VirR, consistent with a previous 

report, which showed that the MIC of ΔmprF under NIS stress was 2-fold higher compared to 

ΔvirR (23). Our results also demonstrated a minor effect of mprF deletion on LAE and CHI 

resistance. In Gram positive bacteria, the cell envelope is composed of the phospholipid bilayer 

shrouded by multiple layers of cross-linked murein which are further decorated with cell wall 

glycopolymers such as teichoic acids (51, 52). Since MprF is responsible for reduced anionicity 

of the membrane (as opposed to the cell wall), we hypothesize that the presence of DltABCD in 

ΔmprF imparts a sufficient ‘shielding effect’ which can reduce local concentration of 

antimicrobials in the vicinity of cell envelopes. Interestingly, ΔmprF was shown to be more 

susceptible to EPL compared to ΔvirR or ΔdltA. The greater sensitivity of ΔmprF compared to 

ΔvirR suggests a possible co-regulation of mprF by other regulators, under EPL stress, despite its 

initial classification into the VirR regulon (24).  

AnrAB which encodes for an ABC transporter with a previously determined role in NIS 

resistance (23) was not found to have a prominent role in resistance against NIS as well as other 

antimicrobials in our assays. We believe this discrepancy is likely due to the method of 

resistance assessment. Collins et al. demonstrated increased sensitivity of ΔanrB via observing 

growth defects under a sublethal NIS concentration (23) whereas our study evaluated relative 

survival of ΔanrAB under a lethal NIS concentration. Alternatively, these findings could reflect 
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strain differences as different L. monocytogenes strains were used by Collins et al. (i.e., EGD-e) 

and here (H7858). 
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Figure 4.6. Model of VirR-mediated resistance to food antimicrobials based on our data and 

previously proposed modes of action for these antimicrobials. 

The L. monocytogenes cell envelope consisting of the cell wall (gray) and the cytoplasmic 

membrane (below gray area) is shown. Teichoic acids that are anchored to the cell wall and the 

cytoplasmic membrane represent wall teichoic acids and lipoteichoic acids, respectively. D-

alanylation of teichoic acids (mediated by DltABCD) and L-lysinylation of membrane 

phospholipids (medited by MprF) are indicated by the letter A or L in a circle, respectively. 

Letters below each strain designate the phenotype when exposed to each antimicrobial as 

inferred from the survival assays: R, resistant; S, sensitive; MS, most sensitive. Potential 

electrostatic repulsion or exclusion of antimicrobials facilitated by teichoic acid as well as 

phospholid modifications are indicated by deflected arrows with a horizontal line whereas a plain 

arrow indicates antimicrobial penetration to the target site. The combination of two arrows 

indicates partial resistance provided by the specific modification. 
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VirRS signal transduction pathway is not induced by NIS. We also sought to 

determine whether the presence of NIS specifically induces VirRS-dependent transcriptional 

regulation of dltABCD. In the absence of VirR or VirS, the dltABCD promoter activity was 

minimal or negligible, consistent with its reported dependence on VirRS (24). While there was 

an obvious increase in GUS activity during 12h incubation at 7
o
C, the increase in GUS activity 

due to NIS was not significant, indicating that NIS only weakly induces or does not specifically 

induce VirR-dependent upregulation of dltABCD. Although NIS has been shown to induce dlt 

operon expression in other bacteria including B. subtilis (53) and Clostridium difficile (54), it 

was shown to be weakly induced in these studies. Further, no significant upregulation of dltA 

transcript was observed in spontaneous leucocin-or pediocin-resistant mutant of L. 

monocytogenes, even though a higher D-alanine content in teichoic acids was observed in these 

strains (35). Thus, the VirR-dependent increase in dlt transcription observed here appears to be 

the result of growth-dependent effect rather than a specific induction by NIS. Specifically, the 

loss of transcriptional regulation of the VirR regulon (e.g., dltABCD) in ΔvirR background would 

lead to increased sensitivity to NIS due to the lack of cell wall modifications necessary for 

conferring resistance. Growth phase-dependent regulation of dltABCD and mprF has also been 

shown in Staphylococcus aureus in which the expression of these genes is upregulated during the 

exponential phase whereas the opposite occurs during the stationary phase (33).  

Pre-exposure to potassium lactate increases subsequent resistance to nisin and ε-

polylysine. L. monocytogenes typically encounters multiple stresses in a food environment and 

adaptation to a stress condition may lead to cross-protection against a subsequent stress. For 

example, osmotic stress and acid stress have been reported to induce cross protection against NIS 

in L. monocytogenes (19, 40). Nevertheless, this potential cross-protective effect has not been 
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assessed for other relevant food antimicrobial compounds. Further, the evidence of VirR-regulon 

induction under acid stress prompted us to hypothesize that a potential cross-protective effect 

would be VirR-mediated (41-43). Our results indicated that exposure to 2% PL increased 

subsequent NIS and EPL resistance of both the parent strain and ΔvirR. NIS resistance has 

previously been associated with alterations in cytoplasmic membrane fatty acid compositions, 

reflecting more rigid membrane fluidity (40, 55, 56). Further, alterations in membrane fatty acid 

profiles (e.g., higher branched to straight chain fatty acid ratio) during growth at low temperature 

(i.e., 10
o
C) were associated with more fluid membrane and resulted in increased NIS sensitivity 

in L. monocytogenes (57). Acid adaptation in L. monocytogenes also alters membrane fatty acid 

composition that is suggestive of more rigid membrane fluidity (i.e., decreased ratio of branched 

chain/saturated straight chain in total lipids), which may act as a defense mechanism by 

restricting the diffusion of acids across the membrane (58, 59). Thus, the increased rigidity of the 

cytoplasmic membrane during adaption to potassium lactate could at least partially increase 

subsequent resistance against NIS. 

Transcriptional profiling of L. monocytogenes during adaptation to lactic, acetic, hydrochloric 

acid has also previously indicated a consistent pattern of alterations in cell membrane including 

downregulation of genes involved in branched chain fatty acid synthesis (41). Compared to SD, 

PL was shown to have a stronger antilisterial activity as well as more pronounced 

downregulation of branched-chain fatty acid-related genes (41) even when the concentration of 

undissociated form of SD was higher (3.7 mmol/L for SD compared to 1.4 mmol/L for PL), 

which determines the primary inhibitory effects (59). In our study, the estimated concentration of 

undisscoiated form of PL and SD were 1.1 mmol/L and 0.54 mmol/L, respectively using the 

Henderson-Hasselbalch equation. Thus, relatively stronger effect of PL can be expected 
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compared to SD, which may explain profound PL-induced cross-protective effect. As the mode 

of action for EPL also involves cell membrane disruption (9, 11, 12), it is reasonable to speculate 

that the membrane fatty acid modification is linked with PL-induced cross-protection against 

EPL. 

The pre-exposure of L. monocytogenes to PL induced cross-protection against LAE only for 

ΔvirR but not the parent strain. Consistent with the observation that dltABCD is the major 

resistance determinant for LAE, it may be the case that the regulation of cell wall glycopolymers 

in the parent strain provides protection against LAE whereas in the absence of VirR-dependent 

regulation of cell wall structures, acid-induced changes in cytoplasmic membrane affords 

additional protection. In the case of CHI, relative minor effects of either acids on subsequent 

CHI resistance is consistent with a previous report that the primary molecular target of CHI is 

likely teichoic acids with subsequent extraction of membrane lipids (13). 

Conclusions. This study shows a critical role of the L. monocytogenes two-component 

system response regulator VirR in resistance against antimicrobials intended for food 

preservation. Improved understanding of resistance mechanisms may facilitate the development 

of effective hurdle strategies utilizing different molecular targets (32). Additionally, the potential 

for cross-protection induced by a food-relevant stress (e.g., organic acids) should be taken into 

consideration to avoid unintended over-estimation of preservative strength in a food system (19, 

40). A mechanistic understanding of the interaction between antimicrobials and the target 

pathogen also facilitate better delineation of how other food constituents may enhance (56) or 

decrease (60) the antimicrobial efficacy. Lastly, identification and characterization of TCSs with 

respect to stress tolerance and virulence have potential implication in development of better 

control strategies for the pathogen as novel antimicrobial agents may be developed to target these 
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molecular targets (61, 62). In light of recent advances in high-throughput sequencing 

technologies and decreasing cost, future efforts in understanding global changes in the 

transcriptome of L. monocytogenes under antimicrobial challenge can be expected to provide 

more comprehensive view of bacterial stress response and resistance mechanisms (63). 
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CHAPTER 5  

CONCLUSIONS 

 

There have been several recalls of cold-smoked salmon triggered in the past 1 year due to 

the presence of L. monocytogenes in the final product. Frequent contamination of salmon by L. 

monocytogenes not only raises a considerable concern for the public health but causes a 

significant economic burden to affected stakeholders including producers and retail distributors. 

The manufacture of cold-smoked salmon does not include a lethality step sufficient to eliminate 

potential Listeria contaminant. Further, typical intrinsic and extrinsic factors associated with this 

type of commodity have been shown to be insufficient to control growth of this organism during 

refrigerated storage. The safety of cold-smoked salmon is further compounded by the 

paradoxical consumer demand for minimally processed foods that have improved 

microbiological safety.  

There are a number of novel natural antimicrobials which have been granted GRAS 

status in recent years and are commercially available. However, several of these novel 

antimicrobials have not been evaluated for their efficacy against L. monocytogenes on cold-

smoked salmon. Additionally, current understanding of how L. monocytogenes counteracts 

bactericidal effects of various novel antimicrobials is limited. Thus, the main objectives of the 

research were to (i) identify effective antimicrobial options for smoked seafood processors as a 

practical strategy to control L. monocytogenes and (ii) gain an improved understanding of 

mechanisms employed by L. monocytogenes to overcome these antimicrobial stresses. Both 

applied as well as basic research approaches to enhancing food safety of smoked seafood and 

potentially other RTE foods are expected to suggest an effective Listeria control strategy to help 
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seafood processors reduce the risk of recalls and outbreaks while also providing to the general 

scientific communities the general mechanistic knowledge of Listeria stress response 

mechanisms that may be conducive to alternative Listeria control strategies such as development 

of novel antimicrobial agents that target the identified resistance determinants. 

The first part of the study focused on understanding the effect of processing method and 

post-processing handling on subsequent growth of L. monocytogenes. As there is no standard 

method to prepare a food matrix for a challenge study and cold-smoked salmon can be produced 

by different methods (wet-cure vs dry-cure) as well as undergo different post-processing storage, 

we sought to determine how these factors may influence the growth behavior of L. 

monocytogenes. Our results showed that L. monocytogenes grew to higher numbers, during 

refrigerated storage (7
o
C), on salmon that has been frozen and thawed (as opposed to refrigerated 

storage) prior to inoculation. Additionally, when comparing the curing method within salmon 

that has been frozen and thawed, L. monocytogenes initiated growth on wet-cured salmon more 

rapidly (< 24h) compared to dry-cures salmon, on which the organism exhibited a lag phase 

ranging from 3.7 to 11.2 days. Variation in growth among different L. monocytogenes strains 

was also observed, indicating the significance of assessing multiple strains. In summary, this 

study informed us of how the processing methods as well as post-processing handling steps 

affect subsequent growth of L. monocytogenes. These findings also provided a justification and 

standardization for our subsequent challenge trials with antimicrobials as we focused on using 

the food matrix that represents the most growth-permissive environment for L. monocytogenes 

(i.e., wet-cured salmon that has been frozen and thawed). 

 



 

123 
 

In the second study, we evaluated a panel of commercially-available antimicrobial 

compounds with bactericidal effects for their efficacy in brain heart infusion (BHI) broth and 

cold-smoked salmon slices that have been produced through wet-curing and stored frozen prior 

to inoculation. Our results showed that while varying degrees of efficacy were observed for all 

bactericidal compounds in BHI, only nisin was shown to inactivate L. monocytogenes on salmon 

(approximately 2 log CFU/g). These results demonstrate that the efficacy of the other compounds 

was dramatically affected by food components associated with smoked salmon and therefore 

their utility in smoked salmon and potentially other seafood is limited.  

In the subsequent phase of the same study, different levels of nisin were combined with 

the blend of organic acids potassium lactate and sodium diacetate. This specific blend of organic 

acids was selected as these two organic acids have previously been reported to have a synergistic 

effect on L. monocytogenes growth inhibition in a wide range of foods. Further, considering the 

membrane pore-forming activity of nisin, we hypothesized that this cellular disruption by nisin 

may facilitate improved penetration of organic acids across the cytoplasmic membrane barrier, 

thus leading to a further synergy on growth inhibition. Our results indicated that the combination 

of nisin (for bactericidal effect) and the blend of organic acids (for bacteriostatic effect) is an 

effective option to control L. monocytogenes on smoked salmon. Specifically, a considerable 

bactericidal effect is desirable to reduce the risk of a recall as the U.S. regulatory agencies 

enforce ‘zero tolerance’ for L. monocytogenes in RTE foods. On the other hand, a strong growth 

inhibition provided by organic acids can deter growth of L. monocytogenes to hazardous levels 

that may cause a serious illness. Lastly, the comparison of the time to reach the initial cell 

density (Tinitial) suggested that the combined application of organic acids with a low level of nisin 

(5ppm) affords a cost benefit over using a high amount of nisin alone (20ppm). Therefore, our 
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recommended treatment option can improve the safety of smoked salmon while allowing 

processors to avoid unnecessary investment in the capital.  

 

In the third study, we determined the key resistance determinant in L. monocytogenes that 

is crucial to overcome the cell envelope stress imposed by a wide range of cell envelope-

damaging food antimicrobials. Our results specifically identified a two-component system 

response regulator VirR to be the main contributor to resistance against nisin, lauric arginate, ε-

polylysine, and chitosan. Survival assays using the VirR regulon knock-out mutants (i.e., ΔdltA, 

ΔmprF, ΔanrAB) further allowed us to determine that VirR-regulation of the dlt operon 

(dltABCD) is the key resistance mechanism against all antimicrobial compounds tested, 

highlighting the central role of cell wall modification (i.e., teichoic acids) in ensuring the 

survival of this pathogen under antimicrobial stress. Another VirR-regulated gene, mprF, also 

showed varying degrees of contribution to antimicrobial resistance, albeit its contribution was 

limited for most antimicrobials except ε-polylysine, for which MprF had the greatest 

contribution. Potential significance of these findings is that the improved understanding of 

resistance mechanisms against food antimicrobials may facilitate the development of novel 

antimicrobial agents targeting these molecular resistance determinants. 

In addition to determining resistance mechanisms, we also evaluated whether the prior 

exposure of L. monocytogenes to organic acids (i.e., potassium lactate and sodium diacetate) can 

induce cross-protection against the selected bactericidal compounds. Our results indicated that 

prior exposure of L. monocytogenes to 2% potassium lactate induced a considerable cross-

protection against nisin and ε-polylysine. Since organic acids may be incorporated in the early 



 

125 
 

stages of processing, the potential for cross-protection by a food-relevant stress should be taken 

into consideration to circumvent unintended over-estimation of preservative strength in a food 

system.  

 Taken together, the combined application of nisin and organic acids appears to be an 

effective treatment option to control L. monocytogenes on cold-smoked salmon. In subsequent 

studies, the growth data of L. monocytogenes under different antimicrobial treatments could be 

utilized to conduct a cost benefit analysis (1). Specifically, from a processor’s standpoint, the 

benefit of an antimicrobial intervention can be determined in terms of potential recalls and/or 

listeriosis cases prevented. Considering that L. monocytogenes typically contaminates smoked 

seafoods at low levels (<100 CFU/g) with about 5% contamination frequency (2) and the 

regulatory threshold of 1 CFU per 25g of finished product is enforced in the U.S., one could 

calculate the probability of a recall (i.e., presence of L. monocytogenes in a 25g portion food 

sample) for a given antimicrobial treatment based on the expected lethality on initial 

contamination. The benefit of different antimicrobial treatments can then be compared as 

potential recalls averted due to the application of an antimicrobial treatment. Similarly, potential 

benefit of a given treatment could also be determined in terms of listeriosis cases prevented using 

the L. monocytogenes risk assessments, which include the estimates of the number of listeriosis 

cases per year as a function of L. monocytogenes concentrations at the time of consumption (3). 

The total costs of implementing each intervention can be calculated and compared for the desired 

benefit (i.e., recalls/listeriosis cases prevented) to determine the most cost-effective treatment as 

a Listeria control strategy. Such an analysis will be useful in translating research outcomes into a 

sensible justification for why the choice of a specific control strategy is warranted. It is also 

worthwhile to note that the impact of antimicrobial treatments on sensorial aspects of the final 
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product will also need to be evaluated. Lastly, continued efforts to grasp a more comprehensive 

understanding of the mechanism of action of novel antimicrobials as well as the L. 

monocytogenes resistance mechanisms against these stresses will be crucial for the development 

of improved Listeria control strategies. Owning to the decreasing costs associated with ‘omics’-

based research, future research endeavors aimed at understand global changes in a L. 

monocytogenes transcriptome and/or proteome under antimicrobial stresses are likely facilitate 

better delineation of antimicrobial resistance mechanisms, which, in turn, may be exploited to 

further enhance antimicrobial effects on L. monocytogenes (4). 
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