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Abstract: Cold smoked salmon and sushi salmon have been implicated in outbreaks of listeriosis.
We performed challenge tests and a durability study with Listeria monocytogenes on different salmon
products to determine the growth potential of this important food-borne pathogen. Data from
the challenge test showed a significant growth potential of L. monocytogenes on all of the tested
salmon products, with faster growth in sushi salmon than in cold smoked salmon. In identical
products that were naturally contaminated at low levels, the durability study did not confirm a
high growth potential, possibly due to interactions with competing microflora. The injection of
sodium lactate (NaL) at a high concentration (30%) into cold smoked salmon significantly reduced
the growth potential of L. monocytogenes. In addition to good manufacturing practices, the injection
of higher concentrations of NaL may therefore be a useful additional hurdle to prevent growth of
L. monocytogenes to high numbers in the tested salmon products.

Keywords: Listeria monocytogenes; cold smoked salmon; food safety; sushi; sodium lactate; growth
potential

1. Introduction

Listeria monocytogenes is the causative agent of listeriosis. In particular the elderly, pregnant and
immunosuppressed people are at increased risk for listeriosis [1]. Although the number of cases is
low [2], the consequences of clinical listeriosis can be severe due to its ability to cause septicemia,
abortions and infections of the central nervous system [3].

In most cases, listeriosis is acquired through consumption of contaminated food products.
Listeria monocytogenes is able to grow in high salt concentrations (7–9% wt/vol) [4], at cold storage
temperatures (4 ◦C) [2,5], and to survive under the selective pressure of commonly used disinfectants
such as benzalkonium chloride and peracetic acid [6]. These properties make L. monocytogenes prone
to persist in food production facilities. The complex task of keeping food production environments
free of L. monocytogenes combined with the severity of the disease with mortality rates between
15–30% [7], make L. monocytogenes a food safety priority for food business operators (FBO) as well as
the regulatory bodies.

Among food categories, ready-to-eat (RTE) foods pose a high risk for transmission of L. monocytogenes
to consumers due to the absence of a microbial kill step such as cooking prior to consumption. In the
EU, 17.4% of 599 of cold smoked fish samples were positive for L. monocytogenes in the EU baseline
survey conducted in 2010/2011 [8]. While the numbers of L. monocytogenes in these products were
generally below 1 log CFU/g [9–11], reports of contamination of cold smoked fish products at high
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levels of 5–6 log CFU per g are available [12,13]. In recent years in the EU, several outbreaks involved
RTE meats [14,15] and seafood [16–19]. These events demonstrate the challenges associated with
the control of L. monocytogenes in these food categories because their intrinsic factors, e.g., high aw

values, support growth of L. monocytogenes. To reduce the risk by L. monocytogenes contamination
to consumers, lactic acid and its salts, e.g., sodium lactate (NaL), have been used as antimicrobial
compounds in high-risk foods. They are generally recognized as safe (GRAS) by the US Food and
Drug Administration and have been used to extend shelf life, enhance flavor and to increase cooking
yields in various meat products [20–23] and fish [24,25].

There is no consensus on acceptable levels of L. monocytogenes in food. While the USA enforces a
zero-tolerance policy, EU regulations stipulate a food safety criterion of <100 CFU/g during the shelf
life of the product (Commission Regulation (EC) No 2073/2005). To achieve this, the EU legislation
states different testing criteria depending on whether a product allows the growth of L. monocytogenes.
RTE foods that do not allow the growth of L. monocytogenes are tested to demonstrate levels of
L. monocytogenes <100 CFU/g in five samples. RTE foods that allow the growth of L. monocytogenes,
are tested for the absence of L. monocytogenes in 5 samples of 25 g (EC regulation No 2073/2005),
with even stricter criteria for foods intended for infants and special medical purposes.

It is therefore necessary for FBOs in Europe to assign their RTE products to these categories with
confidence. To assess the growth behavior of L. monocytogenes in an RTE food product, FBOs may
perform challenge tests by artificially inoculating samples with L. monocytogenes, conduct durability
studies with naturally contaminated samples, or model the growth potential of L. monocytogenes
in their RTE product based on existing data (EC regulation No 2073/2005). The aim of this study
was to comparatively examine the growth potential of L. monocytogenes in three different salmon
products in a challenge test (artificially contaminated products) and a durability study (naturally
contaminated products).

2. Materials and Methods

The challenge tests in this study were performed in accordance with the “EURL Lm Technical
Guidance Document for conducting shelf-life studies on Listeria monocytogenes in ready-to-eat food”,
version 3–6 June 2014 [26]. Two minor modifications to the technical guidance document were made.
(i) We used L. monocytogenes strains that were isolated from a salmon processing facility instead of the
reference strains because we deemed them directly relevant. (ii) The technical guidance document
states that products shall be inoculated within 2 days of their production date. In accordance with
regulation (EC) No 853/2004, the sushi salmon products used in this study were frozen by the producer
immediately after production and stored frozen. The other salmon products were stored at −3 ◦C after
packaging. They were then thawed on the day they were inoculated (t = 0).

All three strains that were used in this study were isolated from a salmon processing food
facility and characterized by serotyping and whole genome sequencing to determine the core-genome
multilocus sequence type (MLST) and traditional seven-gene MLST (Table 1). Bacteria were stored at
−80 ◦C in brain heart infusion (BHI, Oxoid, Basel, Switzerland) with 15% glycerol.

Table 1. L. monocytogenes strains used in this study.

Bacterial Species Designation Serotype CgMLST 1 Sequence Type 2

Listeria monocytogenes N18-1945 1/2a 5048 121
Listeria monocytogenes N18-2495 1/2a 2812 204
Listeria monocytogenes N18-2497 1/2b 1271 5

1 core genome MLST. 2 as determined by seven-gene MLST.

For the preparation of the inoculum, glycerol stocks for all three strains were streaked on a
BHI agar plate (Brain Heart Infusion, Oxoid, Basel, Switzerland) and incubated overnight at 37 ◦C.
In the next step, a single colony was used to inoculate 5 mL BHI and incubated for 17–19 h at 37 ◦C
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with shaking at 200 rpm. The next day, the cultures (approximately 9 log CFU/mL as determined
by plate counting) were diluted in Maximum Recovery Diluent (MRD; Oxoid, Basel, Switzerland)
and inoculated into 10 mL of BHI broth with a target concentration of 2 log CFU/mL. The cultures
were then incubated at 5 ◦C without shaking for cold-adaption for 13 days until the strains reached
early stationary phase (approximately 8 log CFU/mL as determined by plate counting). All three
strains were grown separately. The final inoculum consisted of a pool of equal amounts (0.5 mL) of
the cold-adapted strains grown to early stationary phase, diluted in 0.85% NaCl to achieve the target
contamination of 2 log CFU/g. The inoculum was used immediately.

To assess the growth characteristics of the three L. monocytogenes strains, growth curves were
performed under the same storage conditions as the challenge test at 5 ◦C and 8 ◦C in BHI. Five ◦C
simulates the production temperature at the factory and the recommended storage temperature of
the product. Eight ◦C was selected as an example for abusive storage conditions. Cold-adapted
cultures were prepared as described above and incubated at 5 ◦C and 8 ◦C. Growth was determined by
direct plate counting every day until t = 15 days. Plate count results were expressed in log CFU/mL.
Growth curves were done in triplicate.

For this study, salmon products (Salmo salar) from aquaculture were used. None of the products
were treated with phosphate. The characteristics of the samples used in the present work are presented
in Table 2. Norwegian smoked salmon and salmon fillets were delivered to our laboratory one day
before the start of the challenge test, in a cooler to maintain the cold chain at 5 ◦C. The salmon was
then stored at 4 ◦C before use. The sushi salmon was delivered frozen 4 days before the start of the
challenge test. This salmon product was frozen at −20 ◦C and thawed at 4 ◦C overnight before use.

Based on the assumption that salmon would be supporting Listeria monocytogenes growth,
all experiments were performed on three different batches for each salmon product as suggested in the
EURL Lm Technical Guidance document [26].

Preparation of the samples was the same for all salmon products. All procedures were performed
on ice to maintain the cold chain. For each time point 14 samples were produced, seven to be stored
at 5 ◦C and seven at 8 ◦C, respectively. For each temperature, three units were inoculated with
L. monocytogenes, three served as negative controls, and to one unit not inoculated with L. monocytogenes,
NaCl was added for aw and pH measurements. One sample unit consisted of 10 g of the corresponding
salmon. For each salmon variety, one additional non-inoculated sample was prepared to detect natural
contamination with L. monocytogenes at t = 0. The salmon was placed on a 7.5 × 6 cm piece of the coated
carton product carrier that was used in the packaging of the commercially sold product. The carton
pieces with the salmon were placed in Petri-dishes and the salmon samples were inoculated either
with L. monocytogenes (2 log CFU/g target concentration) or with sterile 0.85% NaCl for the negative
controls. One hundered µL of the inoculum was distributed over the sample with a pipette and then
dispersed with the aid of a L-shaped spreader. The inoculated and control samples, including the
carton carrier, were placed in polyamide-polyethylene vacuum bags (Solis vacuum packaging bags no
922.61, Glattbrugg, Switzerland) with a pair of sterile tweezers, the bags were vacuumized and sealed
with a commercially available vacuum sealer (Solis Easyvac Pro 569, Glattbrugg, Switzerland).

The samples were stored at 5 ◦C and 8 ◦C, respectively, for the entire duration of the shelf life
(Table 2). The growth of L. monocytogenes, total viable counts (TVC) and the physicochemical properties
of the samples were determined at the following time points: immediately after inoculation (t = 0) and
on day 2 and 3 for the sushi salmon. Norwegian smoked salmon was analyzed on day 0, 5, 12, 13, 14,
15, 16. Salmon fillets were analyzed on day 0, 5, 11, 12, 13, 14, 15. At t = 0, the additional, uninoculated
sample for each salmon type was analyzed to verify the absence of L. monocytogenes in the raw material
(at the limit of detection of 1 log CFU/g). These time points were chosen to reflect the use-by date
(corresponding to d = 3 for sushi salmon, d = 16 for Norwegian smoked salmon and d = 15 for salmon
fillets) given for each salmon type by the producing company.
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Table 2. Salmon products (Salmo salar) used in this study.

Salmon Product Description Preservation Method (If Any) Storage Packaging Units Shelf Life aw—Value (SD 1) pH (SD 1)

Norwegian smoked salmon
(low concentration of NaL)

Injection-salted smoked
Atlantic salmon

from Norway

Brine-injected
Working solution of 12% NaL
and 20% NaCl, 100–120 g/kg.

Cooled to −3 ◦C
immediately after

processing
200 g 16 days 0.96 (0.002) 6.0 (0.0)

Salmon fillet
Hand-salted smoked

organic Atlantic salmon
fillet from Ireland

Salted
Sea salt (NaCl) manually added

to the outside of the product;
30 g/kg

Cooled to −3 ◦C
immediately after

processing
110 g 15 days 0.97 (0.006) 6.0 (0.1)

Sushi salmon Raw Atlantic sushi
salmon from Scotland

No conservation
Raw, trimmed salmon

Shock-frozen after
packaging whole fillets 3 days 0.99 (0.003) 6.1 (0.1)

Norwegian smoked salmon
(with high concentration of NaL)

Injection-salted, smoked
and sliced Atlantic

salmon from Norway

Brine-injected
Working solution of 30% NaL
and 13% NaCl, 100–120 g/kg.

Cooled to −3 ◦C
immediately after

processing
200 g 16 days 0.95 (0.003) 6.0 (0.1)

1 SD: standard deviation.
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The physiochemical properties of the samples were determined. At each time point, pH and aw

values were determined for one non-inoculated bag stored at 5 ◦C and 8 ◦C, respectively. An Aqualab
(Series 3TE, Meter Group, USA) was used to measure the aw value and a solid matter pH meter (Mettler
Toledo, Greifensee, Switzerland) was used to determine the pH.

In addition to the enumeration of L. monocytogenes, total viable counts (TVC) for the salmon-
associated microflora were determined in the samples. TVC was not only determined in non-inoculated
samples, as mandated by the EURL Lm Technical Guidance document [26], but also in inoculated
samples to determine the behavior of the microflora in the presence of L. monocytogenes. At each time
point, 90 g of MRD (corresponding to a 1:10 dilution) was added to three inoculated and three control
samples. After homogenization with a Stomacher® (400 Circulator, Seward, Worthing, UK) for 30 s
at medium speed, serial dilutions were made in 10 mL of MRD. Enumeration of L. monocytogenes
was performed by pour-plating in Palcam Agar in triplicate, with a limit of detection of 1 log CFU/g.
TVC was determined by spread-plating 100 µL of the serial dilutions on PC-plates (Plate count; Oxoid,
Basel, Switzerland) in duplicates. Palcam plates were incubated at 37 ◦C for 48 h and PC plates at 30 ◦C
for 72 h, respectively, before colonies were counted.

The growth potential δ was determined according to the EURL Guidance document as
“the difference between the median of results at the end of the challenge test and the median of
results at the beginning of the challenge test” [26]. The final growth potential was given as the highest
value among the three replicates for each salmon product.

The durability study was also performed according to the EURL Guidance document. In contrast
to a challenge test, where samples are artificially inoculated with a pathogen of interest, a durability
study observes the growth of a pathogen in naturally contaminated products [26]. The durability
study was performed for 10 days in sushi salmon, for 14 days in salmon fillet and for 16 days in
Norwegian smoked salmon. At each time point, five samples of a product were tested for the presence
of L. monocytogenes. For quantitative determination of L. monocytogenes, 25 g of salmon was diluted 1:10
in MRD of which 1 mL was spread-plated on OCLA agar (Oxoid, Pratteln, Switzerland), resulting in a
limit of detection of 1 log CFU/g. Qualitative detection of L. monocytogenes was done by enrichment in
Half-Frazer broth (Oxoid, Pratteln, Switzerland) for 48 h followed by real-time PCR in a GDS system
(Merck, Basel, Switzerland).

Statistical analyses were performed in R (version 3.6.2), using Knime (version 4.1.0) and RegressIT
(version 2020.2.23); and SPSS (version 25). Data visualization was done in R (Version 3.6.2) using
R studio (Version 1.2.5033) and the ggplot2 package (Version 3.2.1) [27]. Data quality analysis and
outlier detection was performed with Knime, using a nonparametric outlier detection method in a
one-dimensional feature space. Outliers were calculated by means of the IQR (InterQuartile Range).
The first and the third quartile (Q1, Q3) were calculated and outliers defined as datapoints xi that were
outside the interquartile range. Therefore: xi > Q3 + k (IQR) ∨ xi < Q1 − k (IQR), where IQR = Q3 −Q1
and k ≥ 0. Using the interquartile multiplier value k = 1.5, the range limits are the typical upper and
lower whiskers of a box plot. Linear regressions were conducted with Regressit (Version 2020.02.23),
to calculate the correlation between different series with a confidence level of 0.95.

“Effect size” [28] was used to determine statistical significance between two different series,
p-values < 0.05 were considered significant. The T score was calculated with SPSS.

3. Results

3.1. Growth Curve of the Three L. monocytogenes Strains in Non-Selective Growth Medium and
Physiochemical Characteristics of the Samples

Growth at cold temperatures was identical for the three L. monocytogenes strains used in this study
(Supplementary Figure S1). All strains reached early stationary phase after 13 days at 5 ◦C and after
6 days at 8 ◦C, respectively.

The salmon products used in this challenge test had aw values ranging from 0.96–0.99 and a pH of
6.0–6.1 (Table 2).
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3.2. Growth Characteristics of L. monocytogenes in the Different Salmon Varieties

Starting with a target inoculation of 2 log CFU/g, L. monocytogenes numbers significantly increased
in all salmon products (p < 0.05 at all time points compared to t = 0), both at 5 ◦C and 8 ◦C (Figure 1).
The highest numbers of L. monocytogenes were observed in salmon fillets at day 15 with 4.6 ± 1.14 log
CFU/g at 5 ◦C and 5.5 ± 0.75 log CFU/g at 8 ◦C, respectively.
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Figure 1. Growth curves of L. monocytogenes. The numbers above the time points reflect the mean log
CFU/g from three replicates. The shaded area around the line represents the standard deviation.

Due to the short shelf life of the sushi salmon, growth of L. monocytogenes was only investigated
between t = 0 and t = 3 days. Over this period, the number of L. monocytogenes increased by 1.0 log
CFU/g at 5 ◦C and 1.7 log CFU/g at 8 ◦C, respectively. The slope of the growth curves of L. monocytogenes
in sushi salmon (0.33 at 5 ◦C, 0.57 at 8 ◦C) were steeper than those in Norwegian smoked salmon
(low NaL) (0.05 at 5 ◦C/0.28 at 8 ◦C) and salmon fillets (0.29 at 5 ◦C/0.41 at 8 ◦C), indicating that sushi
salmon offers the most favorable conditions for growth of L. monocytogenes in this setup (Figure 1,
p-values for the difference between the slope of the growth curve of sushi salmon compared to that of
Norwegian smoked salmon and salmon fillets: p = 0.084 at 5 ◦C, p = 0.048 at 8 ◦C).

In Norwegian smoked salmon injected with low-NaL brine, growth of L. monocytogenes was
observed between t = 0 and t = 16. During this time, L. monocytogenes increased by 1.7 log CFU/g at
5 ◦C and 3.5 log CFU/g at 8 ◦C, respectively. At 5 ◦C, a marked decrease in L. monocytogenes numbers
was observed at t = 15 with a return at t = 16 to numbers that were more in agreement with the slope
of the curve at earlier time points.

In salmon fillets, the largest increase in L. monocytogenes log CFU/g was detected, even though
the shelf life and therefore also the incubation in the laboratory was one day shorter than for the
Norwegian smoked salmon. Between t = 0 and t = 15, L. monocytogenes increased by 2.7 log CFU/g at
5 ◦C and 3.6 log CFU/g at 8 ◦C, respectively.

3.3. Growth Potential δ

According to EURL Lm Technical Guidance document [26], a product will be classified as “supports
the growth of L. monocytogenes” or “does not support the growth of L. monocytogenes” based on the
growth potential δ. We therefore calculated the growth potential according to the guideline for each
salmon product (Table 3). According to this guideline, all products were classified as “supports the
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growth of L. monocytogenes” (δ ≥ 0.5 log CFU/g), except Norwegian smoked salmon with low NaL kept
at 5 ◦C for five days. Salmon fillets showed the highest δ among all tested products (4.95 log CFU/g at
t = 14 at 8 ◦C).

Table 3. Growth potential δ of L. monocytogenes in salmon products according to Commission Regulation
(EC) No 2073/2005.

Salmon Product ◦C t 1
Growth

Potential δ
Replicate 1 2

Growth
Potential δ

Replicate 2 2

Growth
Potential δ

Replicate 3 2

Max. Growth
Pot. δ (Italic If
δ > 0.5) 2, 3

Sushi salmon 5 ◦C 0 0.00 0.00 0.00 0.00
5 ◦C 2 0.67 0.70 0.63 0.70
5 ◦C 3 0.87 0.95 1.05 1.05

8 ◦C 0 0.00 0.00 0.00 0.00
8 ◦C 2 1.20 1.09 1.27 1.27
8 ◦C 3 1.16 1.87 1.98 1.98

Norwegian
smoked salmon

(low NaL)
5 ◦C 0 0.00 0.00 0.00 0.00

5 ◦C 5 0.21 0.15 0.22 0.22
5 ◦C 12 1.94 1.73 0.47 1.94
5 ◦C 13 1.45 1.09 0.64 1.45
5 ◦C 14 1.68 0.40 2.14 2.14
5 ◦C 15 1.18 0.96 0.93 1.18
5 ◦C 16 2.21 1.82 0.69 2.21

8 ◦C 0 0.00 0.00 0.00 0.00
8 ◦C 5 0.79 0.72 0.93 0.93
8◦C 12 2.84 2.80 2.07 2.84
8 ◦C 13 3.31 2.97 2.30 3.31
8 ◦C 14 3.46 3.95 3.19 3.95
8 ◦C 15 n/a 3.34 3.72 3.72
8 ◦C 16 3.57 3.47 2.87 3.57

Salmon fillet 5 ◦C 0 0.00 0.00 0.00 0.00
5 ◦C 5 1.24 1.25 0.47 1.25
5 ◦C 11 2.45 2.78 1.76 2.78
5 ◦C 12 2.44 2.63 1.72 2.63
5 ◦C 13 2.26 2.43 2.28 2.43
5 ◦C 14 2.48 2.73 2.63 2.73
5 ◦C 15 2.78 3.78 1.30 3.78

8 ◦C 0 0.00 0.00 0.00 0.00
8 ◦C 5 2.05 1.58 0.33 2.05
8 ◦C 11 3.61 2.88 2.08 3.61
8 ◦C 12 3.62 3.23 3.10 3.62
8 ◦C 13 3.53 3.37 3.29 3.53
8 ◦C 14 3.70 4.95 1.99 4.95
8 ◦C 15 2.83 4.70 3.33 4.70

1 time in days. 2 in log CFU/g. 3 Italic: value is larger than 0.5, putting the product in the category “able to support
the growth of. L. monocytogenes” (EC 2073/2005).

3.4. Durability Study

After enrichment, L. monocytogenes was detected in at least three out of five samples of all tested
products at all time points (Table 4). In most of the cases, the numbers of L. monocytogenes were below
1 log CFU/g. Quantitative detection of L. monocytogenes without enrichment was only possible in sushi
salmon, in which L. monocytogenes exceeded 1 log CFU/g. The highest value was reported in sushi
salmon after 8 days at eight degrees with 1.8 log CFU/g.
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Table 4. Durability study with L. monocytogenes on different salmon products.

z Day Temperature Proportion Positive
after Enrichment 1 CI 2 Quantitative Determination

by Direct Plating 3

Salmon fillet 0 n/a 0.6 0.22–0.88 <0
11 4 ◦C 0.8 0.35–0.95 <0
11 8 ◦C 1 0.54–0.99 <0
13 4 ◦C 1 0.54–0.99 <0
13 8 ◦C 0.8 0.35–0.95 <0
14 4 ◦C 1 0.54–0.99 <0
14 8 ◦C 0.8 0.35–0.95 <0

Norwegian smoked salmon 0 n/a 1 0.54–0.99 <0
13 4 ◦C 1 0.54–0.99 <0
13 8 ◦C 0.8 0.35–0.95 <0
15 4 ◦C 1 0.54–0.99 <0
15 8 ◦C 1 0.54–0.99 <0
16 4 ◦C 1 0.54–0.99 <0
16 8 ◦C 1 0.54–0.99 <0

Sushi salmon 0 n/a 1 0.54–0.99 <0
2 4 ◦C 1 0.54–0.99 <0
2 8 ◦C 1 0.54–0.99 <0
3 4 ◦C 1 0.54–0.99 1
3 8 ◦C 1 0.54–0.99 1.7
6 4 ◦C 1 0.54–0.99 <0
6 8 ◦C 1 0.54–0.99 1
8 4 ◦C 0.6 0.22–0.88 <0
8 8 ◦C 0.8 0.35–0.95 1.8

10 4 ◦C 1 0.54–0.99 <0
10 8 ◦C 1 0.54–0.99 1.5

1 n = 5. 2 CI: confidence interval. 3 in log CFU/g. Limit of detection: 1 log CFU/g. The highest value among 5
replicates is reported.

3.5. Total Viable Count

Initial TVCs (total viable counts) ranged between 2.4 ± 1.2 and 2.8 ± 0.2 log CFU/g (Figure 2).
While sushi salmon and Norwegian smoked salmon showed relatively uniform TVC counts,
these numbers had a larger range in the salmon fillets with the corresponding larger standard deviation.
The highest TVC count among all tested samples was found after incubation at 8 ◦C in salmon fillets at
day 13 (7.1 ± 1.3 log CFU/g,) and Norwegian smoked salmon at day 14 (7.1 ± 0.8 log CFU/g). There was
a positive correlation between growth of L. monocytogenes and the growth of the total viable counts as
determined by a linear regression (with an average R2 of 0.68).
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Figure 2. Total count of viable bacteria at 37 ◦C. The numbers above the time points reflect the mean
log CFU/g from three replicates. The shaded area around the line represents the standard deviation.
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3.6. Protective Effect of 30% NaL Injection into Norwegian Smoked Salmon

The protective effect of increasing the NaL concentration in the injected brine from 12 to 30% was
tested for Norwegian smoked salmon (Figure 3).Foods 2020, 9, x FOR PEER REVIEW 10 of 14 
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Figure 3. Growth curves of L. monocytogenes (a) and TVC (b) on Norwegian smoked salmon injected
with 30% NaL. The numbers above the time points reflect the mean log CFU/g from three replicates.
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3.6.1. Growth Characteristics of L. monocytogenes in Norwegian Smoked Salmon Injected with High
Concentration of NaL

In Norwegian smoked salmon injected with the high concentration of NaL, no growth of
L. monocytogenes was observed at 5 ◦C between t = 0 and t = 14 (Figure 3a), with a slight increase
of 0.57 ± 0.22 log CFU/g during the last two days of shelf life. At 8 ◦C, the maximum increase
was 1.98 ± 0.68 log CFU/g. Compared to the Norwegian smoked salmon injected with low-NaL,
the injection of high-NaL significantly reduced the growth of L. monocytogenes in Norwegian smoked
salmon by an average rate of 11% at 5 ◦C (p = 0.001) and 6% at 8 ◦C (p < 0.001).

3.6.2. Growth Potential δ

After assessing growth behavior of L. monocytogenes in the salmon injected with high-NaL,
the growth potential δ was calculated (Table 5). For the Norwegian smoked salmon injected with
high-NaL and stored at 5 ◦C, δ exceeded 0.5 log CFU/g only at t = 15. At 8 ◦C, δ was higher than 0.5 log
CFU/g at all sample times except for t = 15 (0.4 log CFU/g).

Table 5. Growth potential δ of L. monocytogenes in Norwegian smoked salmon injected with 30% NaL,
according to Commission Regulation (EC) No 2073/2005.

Salmon Product ◦C t 1 Growth Potential
δ Replicate 1 2

Growth Potential
δ Replicate 2 2

Growth Potential
δ Replicate 3 2

Max. Growth Pot. δ
(Italic If δ > 0.5) 2, 3

Norwegian smoked salmon 5 ◦C 0 0.00 0.00 0.00 0.00
(high NaL) 5 ◦C 5 0.02 −0.16 0.02 0.02

5 ◦C 12 0.00 −0.03 −0.09 0.00
5 ◦C 13 −0.06 0.08 −0.09 0.08
5 ◦C 14 −0.11 0.09 0.07 0.09
5 ◦C 15 0.05 1.01 0.80 1.01
5 ◦C 16 −0.09 0.24 0.32 0.32
8 ◦C 0 0.00 0.00 0.00 0.00
8 ◦C 5 0.06 −0.03 0.62 0.62
8 ◦C 12 0.28 1.11 0.23 1.11
8 ◦C 13 1.51 1.19 0.76 1.51
8 ◦C 14 0.49 0.02 1.20 1.20
8 ◦C 15 0.42 −0.11 0.11 0.42
8 ◦C 16 1.19 2.12 2.30 2.30

1 time in days. 2 in log CFU/g. 3 Italic: value is larger than 0.5, putting the product in the category “able to support
the growth of. L. monocytogenes” (EC 2073/2005).
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3.6.3. Total Viable Counts in Norwegian Smoked Salmon Injected with 30% NaL

The injection of NaL at the high concentration had an inhibitory effect on the TVC counts in
Norwegian smoked salmon at both temperatures (Figure 3b). Compared to the same product injected
with low-NaL, TVC were reduced by 12% at 5 ◦C (p = 0.09) and by 14% at 8 ◦C (p = 0.02).

4. Discussion

The results from this study add to the evidence that salmon is a high-risk product for growth
of L. monocytogenes. Even at the storage temperature of 5 ◦C, the growth potential exceeded 0.5 log
CFU/g and therefore put the product in the category “able to support the growth of L. monocytogenes”
(EC 2073/2005). Generally, we observed a rather large variability in our data. We followed the
“EURL Lm Technical Guidance Document for conducting shelf-life studies on Listeria monocytogenes
in ready-to-eat food” [26], which is the current standard for European Union Reference Laboratories.
However, due to the measurement uncertainty in quantifying bacteria, some criticism has been raised
at its accuracy to reliably discriminate a growth potential of <1 log CFU with an α of 0.05 and a power
of 0.80 [29].

In line with another study [10], sushi salmon was confirmed to be the product with the highest
risk, justifying its short shelf life. In sushi salmon, the growth curves for both L. monocytogenes and
TVC displayed the steepest slopes. In addition, salmon of sushi quality was the only product in
which natural contamination levels of L. monocytogenes exceeding 1 log CFU/g were detected in the
durability study.

While the challenge test demonstrated a growth potential of L. monocytogenes in Norwegian
smoked salmon (low-NaL) and salmon fillets in the range of 2.21 to 4.70 log CFU/g at the final time
points of the experiments, there was no observable growth in the durability studies in these products,
as determined by direct plating. However, up to 100% of the products used in the durability study
were contaminated with L. monocytogenes at low levels. We would therefore have expected to see
growth of L. monocytogenes at comparable levels to the challenge test. This discrepancy may be due to
microbial injury leading to prolonged lag times, or due to interactions with the competitive flora of the
salmon products [30–32]. In challenge tests, L. monocytogenes might be the predominant microflora in
spiked products, therefore having a competitive advantage over other microorganisms, whereas in
naturally contaminated foods, this advantage may be lost as L. monocytogenes levels are often very low.

The addition of NaL negatively affected the growth potential of L. monocytogenes. Norwegian
smoked salmon, even when injected with the lower concentration of NaL at 12%, was the only product
that was not classified as “supports the growth of L. monocytogenes” at all time points.

The addition of NaL at the higher concentration of 30% seemed to efficiently reduce the growth
potential of L. monocytogenes in Norwegian smoked salmon, which confirms results that have shown
NaL to decrease the proliferation of spoilage organisms in refrigerated sliced salmon [25]. The effect of
high-NaL injection on the growth of L. monocytogenes in Norwegian smoked salmon at 5 ◦C was large
enough to change its classification to “does not support the growth of L. monocytogenes” according
to EC regulation No 2073/2005. The classification of products according to this regulation is based
on the growth potential at the end of the challenge test, with recommended, but not mandatory
additional time points. Even though we adhered to the extensive number of plates required to
determine L. monocytogenes growth by the EC 2073/2005 regulation, there was considerable variation in
the data. This emphasizes the importance of analyzing additional time points to mitigate inherent
variability in natural products and the fact that the growth potential could peak at some other time
point before the end of the shelf life. As an example, at t = 15, the growth potential of L. monocytogenes
in Norwegian smoked salmon injected with high-NaL was 1.1 log CFU/g and largely exceeded the
limit of 0.5 log CFU/g, while at the end of the shelf life it did not. These are important considerations
when interpreting growth data from challenge tests. The effect of NaL has been attributed to lowering
the pH and reducing the water activity [33]. We did not observe changes in the physicochemical
properties of the Norwegian smoked salmon injected with the high concentration of NaL compared to
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those in Norwegian smoked salmon injected with the low concentration of NaL (Table 2). The pH (6.0)
stayed the same; and the minimal changes in aw values (0.95–0.96) would not be expected to impact
L. monocytogenes growth. In agreement with other studies [34], it is plausible that the undissociated
form of NaL exerts an antimicrobial effect on the growth of L. monocytogenes that is independent from
changes in pH and aw values. The water activity of salmon also depends on the curing method.
Wet-cured products like the salmon fillets and the Norwegian smoked salmon used in this study were
injected with a brine solution, resulting in higher aw values (aw: 0.962–0.964) (this study, [35,36]),
whereas dry-curing, where salt and/or sugar was applied directly onto the surface, resulted in slightly
lower aw values of 0.931–0.948 [37]. NaL has also been shown to have a beneficial effect in packaging
films and protective coatings: films that incorporated NaL in different combinations with either nisin
or sodium diacetate prevented the growth of L. monocytogenes on cold smoked salmon [38,39].

Cold, salt, acid and alkali stress, including NaL can cause filamentation (“chaining”) in
L. monocytogenes due to incomplete cell separation during growth [40,41]. The possibility of chaining
should be considered when interpreting observations of reduced growth of L. monocytogenes in salmon
after the addition of NaL, because this phenomenon would lead to an underestimation of bacterial
counts by direct plating since a single chain of many cells will result in only one colony.

In conclusion, the salmon products analyzed here must be considered high-risk products due
to their intrinsic properties. The addition of NaL to salmon products may increase food safety by
lowering the growth potential of L. monocytogenes. However, it should be viewed as a complementation
to good manufacturing practices and cannot compensate a lack thereof. This also emphasizes the
uninterrupted maintenance of the cold chain as an important contribution to food safety.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/8/1048/s1,
Figure S1: Cold growth curves.

Author Contributions: C.G. and R.S.: Conceptualization; Data curation; Project administration; A.R.S.:
Formal analysis; Visualization; C.E., S.C.: Investigation; Methodology; C.G.: Supervision; C.E., C.G.:
Writing—original draft; C.G., R.S., A.R.S., A.M.: Writing—review & editing. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: We are grateful to Corinna Seibert for producing of the media used during this study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. ILSI Research Foundation. Risk Science Institute Achieving Continuous Improvement in Reductions in
Foodborne Listeriosis—A Risk-Based Approach. J. Food Prot. 2005, 68, 1932–1994. [CrossRef] [PubMed]

2. European Food Safety Authority; European Centre for Disease Prevention and Control. European Food
Safety Authority and European Centre for Disease Prevention and Control (EFSA and ECDC); European Food
Safety Authority; European Centre for Disease Prevention and Control The European Union summary report
on trends and sources of zoonoses, zoonotic agents and food-borne outbreaks in~2015. EFSA J. 2018, 15, 148.

3. Allerberger, F.; Wagner, M. Listeriosis: A resurgent foodborne infection. Clin. Microbiol. Infect. 2010, 16, 16–23.
[CrossRef]

4. Lado, B.; Yousef, A. Characteristics of Listeria monocytogenes important to food processors. In Listeria,
Listeriosis, and Food Safety; CRC Press: Boca Raton, FL, USA, 2007; pp. 157–214. ISBN 9780824757502.

5. Chan, Y.C.; Wiedmann, M. Physiology and Genetics of Listeria Monocytogenes Survival and Growth at Cold
Temperatures. Crit. Rev. Food Sci. Nutr. 2008, 49, 237–253. [CrossRef] [PubMed]

6. Stoller, A.; Stevens, M.J.A.; Stephan, R.; Guldimann, C. Characteristics of Listeria Monocytogenes Strains
Persisting in a Meat Processing Facility over a 4-Year Period. Pathog. (Basel, Switzerland) 2019, 8, 32. [CrossRef]
[PubMed]

7. Vazquez-Boland, J.A.; Kuhn, M.; Berche, P.; Chakraborty, T.; Dominguez-Bernal, G.; Goebel, W.;
Gonzalez-Zorn, B.; Wehland, J.; Kreft, J. Listeria pathogenesis and molecular virulence determinants.
Clin. Microbiol Rev 2001, 14, 584–640. [CrossRef]

http://www.mdpi.com/2304-8158/9/8/1048/s1
http://dx.doi.org/10.4315/0362-028X-68.9.1932
http://www.ncbi.nlm.nih.gov/pubmed/16161698
http://dx.doi.org/10.1111/j.1469-0691.2009.03109.x
http://dx.doi.org/10.1080/10408390701856272
http://www.ncbi.nlm.nih.gov/pubmed/19093268
http://dx.doi.org/10.3390/pathogens8010032
http://www.ncbi.nlm.nih.gov/pubmed/30866522
http://dx.doi.org/10.1128/CMR.14.3.584-640.2001


Foods 2020, 9, 1048 12 of 13

8. European Food Safety Authority. Analysis of the baseline survey on the prevalence of Listeria monocytogenes
in certain ready-to-eat foods in the EU, 2010-2011 Part A: Listeria monocytogenes prevalence estimates. EFSA J.
2013, 11, 3241. [CrossRef]

9. Aalto-Araneda, M.; Lundén, J.; Markkula, A.; Hakola, S.; Korkeala, H. Processing plant and machinery
sanitation and hygiene practices associate with Listeria monocytogenes occurrence in ready-to-eat fish products.
Food Microbiol. 2019, 82, 455–464. [CrossRef]

10. Skjerdal, T.; Reitehaug, E.; Eckner, K. Development of performance objectives for Listeria monocytogenes
contaminated salmon (Salmo salar) intended used as sushi and sashimi based on analyses of naturally
contaminated samples. Int. J. Food Microbiol. 2014, 184, 8–13. [CrossRef]

11. Kramarenko, T.; Roasto, M.; Keto-Timonen, R.; Mäesaar, M.; Meremäe, K.; Kuningas, M.; Hörman, A.;
Korkeala, H. Listeria monocytogenes in ready-to-eat vacuum and modified atmosphere packaged meat and
fish products of Estonian origin at retail level. Food Control 2016, 67, 48–52. [CrossRef]

12. Acciari, V.A.; Torresi, M.; Iannetti, L.; Scattolini, S.; Pomilio, F.; Decastelli, L.; Colmegna, S.; Muliari, R.;
Bossù, T.; Proroga, Y.; et al. Listeria monocytogenes in Smoked Salmon and Other Smoked Fish at Retail in
Italy: Frequency of Contamination and Strain Characterization in Products from Different Manufacturers.
J. Food Prot. 2017, 80, 271–278. [CrossRef] [PubMed]

13. Gombas, D.E.; Chen, Y.; Clavero, R.S.; Scott, V.N. Survey of Listeria monocytogenes in Ready-to-Eat Foods.
J. Food Prot. 2003, 66, 559–569. [CrossRef] [PubMed]

14. Althaus, D.; Jermini, M.; Giannini, P.; Martinetti, G.; Reinholz, D.; Nüesch-Inderbinen, M.; Lehner, A.;
Stephan, R. Local Outbreak of Listeria monocytogenes Serotype 4b Sequence Type 6 Due to Contaminated
Meat Pâté. Foodborne Pathog. Dis. 2017, 14, 219–222. [CrossRef]

15. Kvistholm Jensen, A.; Nielsen, E.M.; Björkman, J.T.; Jensen, T.; Müller, L.; Persson, S.; Bjerager, G.; Perge, A.;
Krause, T.G.; Kiil, K.; et al. Whole-genome Sequencing Used to Investigate a Nationwide Outbreak of
Listeriosis Caused by Ready-to-eat Delicatessen Meat, Denmark, 2014. Clin. Infect. Dis. 2016, 63, 64–70.
[CrossRef] [PubMed]

16. European Centre for Disease Prevention and Control; European Food Safety Authority. Multi-country
outbreak of Listeria monocytogenes clonal complex 8 infections linked to consumption of cold-smoked fish
products. EFSA Support. Publ. 2019, 16, 16185.

17. Gillesberg Lassen, S.; Ethelberg, S.; Björkman, J.T.; Jensen, T.; Sørensen, G.; Kvistholm Jensen, A.; Müller, L.;
Nielsen, E.M.; Mølbak, K. Two listeria outbreaks caused by smoked fish consumption—Using whole-genome
sequencing for outbreak investigations. Clin. Microbiol. Infect. 2016, 22, 620–624. [CrossRef] [PubMed]

18. Nakari, U.-M.; Rantala, L.; Pihlajasaari, A.; Toikkanen, S.; Johansson, T.; Hellsten, C.; Raulo, S.M.; Kuusi, M.;
Siitonen, A.; Rimhanen-Finne, R. Investigation of increased listeriosis revealed two fishery production plants
with persistent Listeria contamination in Finland in 2010. Epidemiol. Infect. 2014, 142, 2261–2269. [CrossRef]

19. Schjørring, S.; Gillesberg Lassen, S.; Jensen, T.; Moura, A.; Kjeldgaard, J.S.; Müller, L.; Thielke, S.; Leclercq, A.;
Maury, M.M.; Tourdjman, M.; et al. Cross-border outbreak of listeriosis caused by cold-smoked salmon,
revealed by integrated surveillance and whole genome sequencing (WGS), Denmark and France, 2015 to
2017. Eurosurveillance 2017, 22, 16185. [CrossRef]

20. Glass, K.A.; Granberg, D.A.; Smith, A.L.; McNamara, A.M.; Hardin, M.; Mattias, J.; Ladwig, K.; Johnson, E.A.
Inhibition of Listeria monocytogenes by Sodium Diacetate and Sodium Lactate on Wieners and Cooked
Bratwurst. J. Food Prot. 2002, 65, 116–123. [CrossRef]

21. Lamkey, J.W.; Leak, F.W.; Tuley, W.B.; Johnson, D.D.; West, R.L. Assessment of Sodium Lactate Addition to
Fresh Pork Sausage. J. Food Sci. 1991, 56, 220–223. [CrossRef]

22. Mbandi, E.; Shelef, L.A. Enhanced Inhibition of Listeria monocytogenes and Salmonella Enteritidis in Meat by
Combinations of Sodium Lactate and Diacetate. J. Food Prot. 2001, 64, 640–644. [CrossRef] [PubMed]

23. Mbandi, E.; Shelef, L.A. Enhanced antimicrobial effects of combination of lactate and diacetate on Listeria
monocytogenes and Salmonella spp. In beef bologna. Int. J. Food Microbiol. 2002, 76, 191–198. [CrossRef]

24. Mei, J.; Ma, X.; Xie, J. Review on Natural Preservatives for Extending Fish Shelf Life. Foods 2019, 8, 490.
[CrossRef] [PubMed]

25. Ibrahim Sallam, K. Antimicrobial and antioxidant effects of sodium acetate, sodium lactate, and sodium
citrate in refrigerated sliced salmon. Food Control 2007, 18, 566–575. [CrossRef]

http://dx.doi.org/10.2903/j.efsa.2013.3241
http://dx.doi.org/10.1016/j.fm.2019.03.017
http://dx.doi.org/10.1016/j.ijfoodmicro.2014.03.031
http://dx.doi.org/10.1016/j.foodcont.2016.02.034
http://dx.doi.org/10.4315/0362-028X.JFP-15-599
http://www.ncbi.nlm.nih.gov/pubmed/28221976
http://dx.doi.org/10.4315/0362-028X-66.4.559
http://www.ncbi.nlm.nih.gov/pubmed/12696677
http://dx.doi.org/10.1089/fpd.2016.2232
http://dx.doi.org/10.1093/cid/ciw192
http://www.ncbi.nlm.nih.gov/pubmed/27025820
http://dx.doi.org/10.1016/j.cmi.2016.04.017
http://www.ncbi.nlm.nih.gov/pubmed/27145209
http://dx.doi.org/10.1017/S095026881300349X
http://dx.doi.org/10.2807/1560-7917.ES.2017.22.50.17-00762
http://dx.doi.org/10.4315/0362-028X-65.1.116
http://dx.doi.org/10.1111/j.1365-2621.1991.tb08015.x
http://dx.doi.org/10.4315/0362-028X-64.5.640
http://www.ncbi.nlm.nih.gov/pubmed/11347993
http://dx.doi.org/10.1016/S0168-1605(02)00026-0
http://dx.doi.org/10.3390/foods8100490
http://www.ncbi.nlm.nih.gov/pubmed/31614926
http://dx.doi.org/10.1016/j.foodcont.2006.02.002


Foods 2020, 9, 1048 13 of 13

26. Beaufort, A.; Bergis, H.; Lardeux, A.-L.; Lombard, B. EURL Lm TECHNICAL GUIDANCE DOCUMENT for
conducting shelf-life studies on Listeria monocytogenes in ready-to-eat foods. Appl. Environ. Microbiol. 2014,
74, 594–604.

27. Wickham, H. ggplot2: Elegant graphics for data analysis; Springer: New York, NY, USA, 2009;
ISBN 978-0-387-98141-3.

28. Cohen, J. A power primer. Psychol. Bull. 1992, 112, 155–159. [CrossRef]
29. Powell, M.R. Analyzing the power and error of Listeria monocytogenes growth challenge studies. Int. J.

Food Microbiol. 2009, 136, 10–17. [CrossRef]
30. Dalgaard, P.; Vigel Jørgensen, L. Predicted and observed growth of Listeria monocytogenes in seafood challenge

tests and in naturally contaminated cold-smoked salmon. Int. J. Food Microbiol. 1998, 40, 105–115. [CrossRef]
31. Huss, H. Control options for Listeria monocytogenes in seafoods. Int. J. Food Microbiol. 2000, 62, 267–274.

[CrossRef]
32. Lappi, V.R.; Ho, A.; Gall, K.; Wiedmann, M. Prevalence and Growth of Listeria on Naturally Contaminated

Smoked Salmon over 28 Days of Storage at 4◦C†. J. Food Prot. 2004, 67, 1022–1026. [CrossRef]
33. De Wit, J.C.; Rombouts, F.M. Antimicrobial activity of sodium lactate. Food Microbiol. 1990, 7, 113–120.

[CrossRef]
34. Weaver, R.A.; Shelef, L.A. Antilisterial Activity of Sodium, Postassium or Calcium Lactate in Pork Liver

Sausage. J. Food Saf. 1993, 13, 133–146. [CrossRef]
35. Hunt, K.; Blanc, M.; Álvarez-Ordóñez, A.; Jordan, K. Challenge Studies to Determine the Ability of Foods to

Support the Growth of Listeria monocytogenes. Pathogens 2018, 7, 80. [CrossRef] [PubMed]
36. Uyttendaele, M.; Busschaert, P.; Valero, A.; Geeraerd, A.H.; Vermeulen, A.; Jacxsens, L.; Goh, K.K.; De Loy, A.;

Van Impe, J.F.; Devlieghere, F. Prevalence and challenge tests of Listeria monocytogenes in Belgian produced
and retailed mayonnaise-based deli-salads, cooked meat products and smoked fish between 2005 and 2007.
Int. J. Food Microbiol. 2009, 133, 94–104. [CrossRef] [PubMed]

37. Kang, J.; Tang, S.; Liu, R.H.; Wiedmann, M.; Boor, K.J.; Bergholz, T.M.; Wang, S. Effect of Curing Method and
Freeze-Thawing on Subsequent Growth of Listeria monocytogenes on Cold-Smoked Salmon. J. Food Prot. 2012,
75, 1619–1626. [CrossRef] [PubMed]

38. Neetoo, H.; Ye, M.; Chen, H. Bioactive alginate coatings to control Listeria monocytogenes on cold-smoked
salmon slices and fillets. Int. J. Food Microbiol. 2010, 136, 326–331. [CrossRef]

39. Neetoo, H.; Mahomoodally, F. Use of Antimicrobial Films and Edible Coatings Incorporating Chemical and
Biological Preservatives to Control Growth of Listeria monocytogenes on Cold Smoked Salmon. Biomed Res. Int.
2014, 2014, 1–10. [CrossRef]

40. Liu, X.; Basu, U.; Miller, P.; McMullen, L.M. Differential gene expression and filamentation of Listeria
monocytogenes 08-5923 exposed to sodium lactate and sodium diacetate. Food Microbiol. 2017, 63, 153–158.
[CrossRef]

41. Vail, K.M.; McMullen, L.M.; Jones, T.H. Growth and Filamentation of Cold-Adapted, Log-Phase Listeria
monocytogenes Exposed to Salt, Acid, or Alkali Stress at 3◦C†. J. Food Prot. 2012, 75, 2142–2150. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1037/0033-2909.112.1.155
http://dx.doi.org/10.1016/j.ijfoodmicro.2009.09.019
http://dx.doi.org/10.1016/S0168-1605(98)00019-1
http://dx.doi.org/10.1016/S0168-1605(00)00347-0
http://dx.doi.org/10.4315/0362-028X-67.5.1022
http://dx.doi.org/10.1016/0740-0020(90)90017-C
http://dx.doi.org/10.1111/j.1745-4565.1993.tb00101.x
http://dx.doi.org/10.3390/pathogens7040080
http://www.ncbi.nlm.nih.gov/pubmed/30301168
http://dx.doi.org/10.1016/j.ijfoodmicro.2009.05.002
http://www.ncbi.nlm.nih.gov/pubmed/19515447
http://dx.doi.org/10.4315/0362-028X.JFP-11-561
http://www.ncbi.nlm.nih.gov/pubmed/22947469
http://dx.doi.org/10.1016/j.ijfoodmicro.2009.10.003
http://dx.doi.org/10.1155/2014/534915
http://dx.doi.org/10.1016/j.fm.2016.11.009
http://dx.doi.org/10.4315/0362-028X.JFP-12-199
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Growth Curve of the Three L. monocytogenes Strains in Non-Selective Growth Medium and Physiochemical Characteristics of the Samples 
	Growth Characteristics of L. monocytogenes in the Different Salmon Varieties 
	Growth Potential  
	Durability Study 
	Total Viable Count 
	Protective Effect of 30% NaL Injection into Norwegian Smoked Salmon 
	Growth Characteristics of L. monocytogenes in Norwegian Smoked Salmon Injected with High Concentration of NaL 
	Growth Potential  
	Total Viable Counts in Norwegian Smoked Salmon Injected with 30% NaL 


	Discussion 
	References

