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Abstract: Salt is widely employed in different foods, especially in meat products, due to its very
diverse and extended functionality. However, the high intake of sodium chloride in human diet has
been under consideration for the last years, because it is related to serious health problems. The
meat-processing industry and research institutions are evaluating different strategies to overcome
the elevated salt concentrations in products without a quality reduction. Several properties could be
directly or indirectly affected by a sodium chloride decrease. Among them, microbial stability could
be shifted towards pathogen growth, posing a serious public health threat. Nonetheless, the majority
of the literature available focuses attention on the sensorial and technological challenges that salt
reduction implies. Thereafter, the need to discuss the consequences for shelf-life and microbial safety
should be considered. Hence, this review aims to merge all the available knowledge regarding salt
reduction in meat products, providing an assessment on how to obtain low salt products that are
sensorily accepted by the consumer, technologically feasible from the perspective of the industry,
and, in particular, safe with respect to microbial stability.
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1. Introduction

Consumers are increasingly demanding foods with a low salt content, which are
perceived as healthier and fresher. Reducing salt intake may lower many commonly
associated risks, including high blood pressure, cardiovascular disease, stroke, and coronary
heart attack, and has been identified by the World Health Organization (WHO) as one of
the most cost-effective measures that countries can take to improve health outcomes [1].

The use of salt in food manufacturing has been traditionally related to its ability to
keep foods edible for longer periods of time, which would allow manufacturers to extend
their consumption in periods of scarcity [2]. In ancient times, salt was used as a preservative
in many foods such as fish, meat, and dairy products, due to its preservative quality and
sensorial properties [3]. Indeed, as a highly estimated trading commodity, it is argued that
the word salary derives from the Latin salarium, i.e., money given to Roman legionnaires
to buy salt [4].

To ensure safe foods with an extended shelf-life, classical food preservation processes
(thermal processing, drying, salting, freezing, etc.) usually impose extreme physical and/or
chemical barriers to prevent the growth of, or to inactivate, spoilage and pathogenic bacte-
ria [5]. Salting has been traditionally used in many instances as a simple and inexpensive
method of preservation since it does not need sophisticated equipment and imparts suit-
able sensory properties to the product. It was not until the 1950s that cold storage was
introduced in private households, reducing the need for salt as a basic additive. Still, this
technological advance did not cause a reduction in the amount of salt in the diet. Indeed, the
consumption of salt increased simultaneously with the expansion of industrially processed
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foods, illustrating consumers’ strong appreciation and preference for a salty taste [6-8].
These dietary changes resulted in less individual-level control of sodium intake and, for
many, a chronic excess of sodium intake from non-discretionary sources [4]. In addition,
salt is very appreciated from a technological point of view due to its various properties.
Considered as a multifunctional ingredient, salt is used to enhance flavor, mask off-flavors,
improve food structure and texture, promote water holding capacity, and reduce water
activity, which finally leads to a preservation action [9].

The issue of salt and how it relates to health and food safety has been frequently
dealt with by regulatory agencies [10-15]. The food industry faces big challenges derived
from salt reduction, and, although it has met the challenge, there is still a need to balance
salt reduction in products with consumers’ taste preferences, the microbiological safety
of the products, and food technological constraints [16,17]. Some producers have already
reduced the salt content successfully [18-20], but further reductions depend on salt replacers
or additives that work as effective substitutes [16,21,22]. However, salt concentrations
commonly used in fermented meats inhibit the growth of undesired microorganisms, and,
at the same time, promote the growth of more salt-tolerant lactic acid bacteria [23-25], while
high salt concentrations may also inhibit the growth of starter cultures in fermented meats,
as happened in a sausage made with 5% instead of 2.5% NaCl [26] or with 2.4% instead of
1.01% [27]. Paradoxically, food scares regarding E-numbers and the “clean label” trends are
significant obstacles for the development of healthier low-sodium products [14,27]. Thus,
research is still on-going regarding low-sodium meat products, which indicates that the
direct reduction of this component to reach authorities’ recommendations in this type of
products is not an easy target [28].

The reduction of salt in food products and the increasing use of replacers (e.g., KCl) as
an alternative to NaCl may represent potential safety risks arising from such reformulations.
While the consequences of sensory and technological properties have received considerably
more attention [9,29-34], salt reduction and the use of replacers as an alternative to NaCl
may represent potential safety risks [17]. Before reducing the salt content of meat products
or replacing it with alternative ingredients, it is necessary to assess the microbiological
stability of original and reformulated meat products by studying the consequences for
safety and quality [8]. Therefore, the aim of this article is to review the mechanisms of
microbial inhibition by salt, to evaluate the microbiological risks deriving from a low level
of NaCl in meat products and to critically review the available management measures
aimed at minimizing the risks associated with this type of reformulated product.

2. Health Risks Associated with Salt Consumption

The ingestion of elevated levels of sodium chloride is associated with increased blood
pressure and hypertension, induced cardiovascular disease (CVD) and stroke [28,29]. The
increased risk of cardiovascular events associated with a higher sodium intake (>5 g/d) is
most prominent in those with hypertension [30]. However, increasing evidence has shown
that a high intake of salt is also a risk factor for otherwise healthy people [31,32]. Current
evidence from prospective cohort studies suggests that the lowest risk of cardiovascular
events and death occurs in populations consuming an average sodium intake ranging from
3to 5 g/d. Sodium reduction seems to increase heart rate independently of the reducing
effect on the baseline blood pressure of sodium. Hence, lowering the sodium intake is
best targeted at populations with hypertension who consume high-sodium diets [33-35].
The long-term effect of salt intake in doses higher than the physiological need is mainly
increased blood pressure with age. There is also strong evidence that risk is reduced when
salt intake is lowered, independent of age. Therefore, there is a health motivation for almost
everybody to control and reduce their salt intake [29].

Physiologically, sodium levels are strictly controlled in the bodies of humans and
animals. Sodium is the most important and prevalent metal ion in the body’s tissues.
Indeed, it is essential for homeostasis, blood pressure maintenance, water holding, and
neural transmission, among others [36]. The salty taste reflects the Na* ion concentration
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in the mouth, which in turn causes a positive response in the brain, and hypertonic blood
concentrations seem to be preferred [37]. The daily salt intake across the world has typically
varied between 9 and 12 g NaCl [38]. However, the World Health Organization recommends
a daily consumption of 5 g NaCl, equivalent to approx. 2 g/day of sodium [13].

Estimates of the global burden of disease from high systolic blood pressure are receiv-
ing increased attention [39]. In the USA, it was estimated that a 3 g/day salt reduction
would save 194,000-392,000 quality-adjusted life-years and $10-24 billion in healthcare
costs annually [40]. In Europe, the Framework for National Salt Initiatives was developed
in 2008 with the overall goal of contributing towards a reduced salt intake at population
level. Thus, the initiative identified five key elements to focus action on, which included
(i) data availability, (ii) benchmarks and major food categories, (iii) raising public aware-
ness, (iv) developing reformulation actions with industry/catering, and (v) monitoring and
evaluation of actions. Overall, the EU framework set a realistic benchmark of a minimum
16% reduction over a 4-year period in all food categories [41]. Remarkably, countries with
a higher sodium intake, i.e., the Czech Republic, Slovenia, and Hungary, exhibit a higher
prevalence of hypertension [42]. A decrease of salt intake to 5 g per day is expected to
substantially reduce the burden of cardiovascular disease and mortality. In Finland, the
salt consumption has been considerably reduced, while the salt intake in other countries
such as Poland has remained relatively high. Indeed, a reduction in salt intake to reach
the WHO population nutrient goal would reduce the prevalence of stroke around 10.1% in
Finland and 23.1% in Poland [43]. Regarding cardiovascular diseases, a 17% decrease is
expected if the WHO target is reached, which will prevent an estimated 4 million deaths
annually worldwide [42]. The UK and Ireland are other successful examples that have been
following salt-reduction strategies among different food products [8]. Japan, which is a
country well-known for its low mortality rates, reduced its salt intake from 14.5 g in 1973 to
9.5 g in 2017, which has led to the reduction in stomach cancer and other cerebrovascular
diseases [44]. However, this reduction is still far from the 5 g NaCl recommendation [13].
Nevertheless, the socioeconomic status of individuals plays an important role in the type
of diet followed and thereby the amount of sodium ingested [42].

3. Functions and Content of Salt in Meat Products

Salt (NaCl) has three main functions in meat products: a preservative effect, the
contribution to organoleptic quality attributes (flavor and texture), and a technological
function as to provide binding between meat and fat [8,38,45,46].

The preservation (extended shelf-life and microbiological stability) of meat products
can be attained by lowering the water activity by the addition of a solute and through
dehydration by removal of water by simple evaporation. Water molecules are retained
among Na* and Cl~ ions and thus become unavailable for other functions, such as chemical
or enzymatic reactions or to be used by microorganisms [47]. This provokes the inhibition
of the spoilage and pathogenic microbiota, which in turn increases the shelf-life and safety
of foods [8]. Stringer et al. (2005), evaluated this by modelling the growth capacity of
Aeromonas hydrophila, Clostridium botulinum, Listeria monocytogenes, Yersinia enterocolitica,
and Bacillus cereus in two NaCl concentrations in chicken rolls (3.04 and 1.61%), ham (5.57
and 2.81%), and bacon (5.5 and 2.85%). All bacteria presented a greater growth rate under a
reduced salt content in all products in the model. Moreover, C. botulinum was able to grow
in products with 2.85% salt, whereas it was not able to in 5.5% salt [48].

Salt is widely used as a flavor and palatability enhancer, since it improves the positive
sensory attributes of most foods and helps attenuate bitterness and sweetness, thus being a
major determinant for consumer acceptance. When different salt concentrations ranging
from 0.8 to 2.2% w/w were added to pork breakfast sausages, consumers found the most
acceptable samples had 1.4% salt [49]. Salting also helps the volatilization of certain
molecules in foods, thus intensifying the aroma of the food [45]. Salted meat products such
as dry-cured ham are quite popular, because they have unique sensory characteristics [47].
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In meat products, salt operates as a binding agent between meat and fat. It increases
the water-binding capacity, so that the final product shows improved yield, texture, tender-
ness, and palatability. The salt in meat products at 1.5-2.5% promotes the solubilization
and extraction of myofibrillar proteins (actin and myosin) that are insoluble in water alone,
therefore being fundamental in the gelation and binding of many restructured meat prod-
ucts [46]. Salting, in combination with processing steps such as blending and tumbling,
helps extract these salt-soluble myofibrillar proteins to the meat surface, which is essential
for holding pieces of meat together in batters and restructured meats and contributes to
forming a gel between meat particles and between meat and fat particles [50]. The solubility
degree of myofibrillar proteins is directly depending on the amount of NaCl in the meat
product [51].

The range of the salt content in meat products is very large (Table 1), and even similar
or equivalent meat products can be elaborated with different concentrations depending
on the particular formulations. This suggests that it is feasible to generally reduce the salt
content of foods. Meat products are considered the second biggest source, after bakery
products, of salt intake in Europe [42]. This is quite outstanding, especially considering
that the amount of salt naturally present in fresh meat is very low compared to meat
products after processing [8,42]. In an analysis performed on a series of meat products,
the results showed an average of 2.14 g NaCl/100 g of product, with the lowest value of
0.84 for turkey breast and the highest of 7.81 for ham [52]. In relation to the intake, in
industrialized countries, about 75-80% of salt is ingested in processed foods, and especially
meat products, which constitute one of the major sources of sodium in the form of salt
or other additives [42,52]. Four food groups include almost 60% of the total ingested salt,
i.e., cured meat products (26.2%), bread products (19.1%), cheese (6.7%), and processed
ready-to-eat (RTE) foods (4.9%). It is estimated that, in countries such as Ireland or the
United States, processed meat products contribute to more than 20% of the daily sodium
intake [15,53]. It should be noted that, in cured meat products, sodium can stem not only
from common salt, but also from sodium nitrite and the additives sodium ascorbate and
sodium erythorbate, which are used as reducing agents. Other possible sources are sodium
tripolyphosphate, monosodium glutamate, and hydrolyzed vegetable protein.

Table 1. Salt content in a selection of meat products from different countries.

Product NaCl Content Country Reference
Beef, cured, dried beef 8.68 USA
Pork, cured, b.acon, cooked, broiled, 3.9 USA 54]
pan-fried, or roasted
Pork sausage 3.23 USA
Canned meat chop 3.44 Serbia
Cooked sausages 2.95 Serbia [55]
Smoked products 3.44 Serbia
Hard pork sausage 3.18 Spain [56]
Cooked ham 2.45 Czech Republic
Frankfurters 244 Czech Republic
Knackauer 2.34 Germany [57]
Schinkenwurst 2.03 Germany
Bierschinken 2.2 Germany
Pancetta 2.94 Serbia
Kulen sausage 424 Serbia [58]
Chorizo 3.58 Spain
Fuet-type sausage 3.94 Spain [52]

Mortadella sausage 1.97 Spain
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3.1. Salt as a Chemical Preservative

Meat products are made primarily of muscle meat added with salt and nitrites, which
are responsible for the curing. The curing process changes the flavor and color of the meat
and improves the shelf-life and safety of the product by inhibiting spoiling microbiota
and pathogens, while certain microbial groups such as lactic acid bacteria (LAB) and
Micrococcaceae are promoted [17,59,60]. The addition of salt and other solutes (salt replacers,
sugars, humectants, proteins, etc.), together with the dehydration caused by the removal of
water by simple evaporation, decreases water activity (aw), reducing or inhibiting microbial
and enzymatic activity and, therefore, accomplishing a significant preservation effect. Meat
products manufactured with NaCl levels below those typically formulated have usually a
shorter shelf-life [8]. For instance, the shelf-life of a reduced-salt bacon (2.3% w/w NaCl)
was 28 days, whereas for the control bacon (3.5% w/w NaCl) it was 56 days [48]. Certainly,
salt is not the only barrier to spoilage microbiota and pathogens present in meat products.
The combined use of other preservation hurdles, such as low temperature, acidification [60],
antimicrobial compounds [38,61-63], limited oxygen availability or HPP treatment [64],
contributes to the inhibition of certain microbial groups and causes a shift in the prevailing
microbial populations. For example, Michelakou et al. (2021) stated that abusive storage
temperatures somehow limited the effect of salt, thus indicating that low temperatures help
to hold certain microbial growth [65]. Moreover, potassium lactate allowed a 30% reduction
from 4 to 2.8% salt in salami without repercussions in the antimicrobial capacity [62].
Several antimicrobial compounds are under research for future application as antimicrobial
food cultures in different products, among them meat products, and quite promising results
are being achieved using lactic acid bacteria and their bacteriocins [66-68].

3.2. Low Water Activity as an Environmental Stress Factor—Molecular Basis of NaCl Action as a
Preservative and the Bacterial Adaptive Response against NaCl

Water activity is an indicator of the amount of water that is available for microbial
growth and other chemical reactions in a particular food and can be defined as the ratio
between the partial vapor pressure of a given food in relation to the vapor pressure of pure
water at the same temperature. Considering Raoult’s law, where the vapor pressure is
related to the molar fraction of a solute in a solution, the higher the concentration of salt,
the lower the a,,. Generally, an a,, of 0.85 is considered the lowest value for any human
pathogen bacteria to grow, in accordance with the requirement for Staphylococcus aureus
toxin production (Table 2 shows the a,, required by different bacterial pathogens). However,
yeast and mold are able to grow at lower a,, levels, and even some rare xerophilous bacteria,
which undergo a phenomenon known as anhydrobiosis, can persist in extreme dehydration.
Nonetheless, for most foods, the ayy is between 0.95 and 0.99 [69]. The ay, of a food can be
reduced by increasing the concentration of solutes in its aqueous phase through drying,
water extraction, freeze drying, etc., or by adding new solutes. Salt is one of those solutes
able to reduce a,, due to the association of sodium [Na*] and chloride ions [Cl~] ions with
water molecules. Water dissolves salts due to its marked polarity and capacity to form
weak hydrogen bonds; the electronegative pole of the H,O molecule (oxygen) is attracted
to the positively charged [Na*], and the electropositive pole (hydrogen) is attracted to the
negatively charged [C1™] [70].
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Table 2. Limiting conditions regarding a, for the growth of bacterial pathogens (adapted from Table
A-11in (FDA, 2011) [71]).

Max. % Water-Phase

Bacterial Pathogens Min. aw NaCl Min pH
Bacillus cereus 0.92 10 4.3
Campylobacter jejuni 0.987 1.7 4.9
0
Chdridin i, ypsEand gy ;
Clostridium perfringens 0.93 7 5
Escherichia coli 0.95 6.5
Listeria monocytogenes 0.92 10 4.4
Salmonella spp. 0.94 8 3.7
Shigella spp. 0.96 52 4.8
Staphylococcus aureus growth 0.83 20
Staphylococcus aureus toxin formation 0.85 10 4
Vibrio cholerae 0.97 6 5
Vibrio parahaemolyticus 0.94 10 4.8
Vibrio vulnificus 0.96 5 5
Yersinia enterocolitica 0.945 7 4.2

Salt produces an osmotic imbalance in microbial cells by extracting water from the
cells through the membranes of both food tissues and microorganisms through the process
of osmosis. The retraction and reduction of the cytoplasmic volume is a phenomenon
known as plasmolysis. Osmotic stress due to a high concentration of solutes can occur in
food during manufacturing, forcing microbial cells to cope internally with this adverse
environment in order to survive. This event can occur suddenly, after rapid exposure to
highly concentrated solutions (e.g., osmotic shock during salting), or progressively, as the
product slowly dehydrates (e.g., during ripening). Osmotic shock provokes water efflux
and dehydration in the cells, the release of low molecular-weight compounds and cell
proteins, and the perturbation of many cellular physiological functions [72,73]. However,
the progressive exposure to osmotic stress can allow cells to adapt gradually and maintain
homeostasis by means of an adaptive response.

Cellular adaptive response. To protect the cell against the damage inflicted on func-
tions and key molecules such as enzymes and macromolecular structures, bacteria use
common adaptive stress pathways in response to a diverse range of adverse environmental
conditions (such as dehydration) [74-76]. For this purpose, they have evolved adaptive
networks, such as biofilm formation, shifts in metabolism, or changes in the cell membranes,
that allow them to cope with the challenges of a changing environment [69,77]. There are
three basic microbial strategies used to overcome exposure to a low a, environment [78]:

e some cells counterbalance the levels of inorganic ions (usually KCI) to achieve
osmotic stability;

e  some are able to modify the membrane permeability, structure, and/or composition to
protect the cells; and

e  some produce or accumulate low-molecular-weight compounds that have the osmotic
capacity to counteract the extreme external osmotic pressure. These osmolytes are
defined as compatible solutes and are polar, normally uncharged, molecules. Com-
patible solutes act in the cytosol to counterbalance high external osmolarity, thus
preventing water loss from the cell and plasmolysis, without adversely affecting the



Foods 2022, 11, 2331

7 of 24

macromolecular structure and enzymatic functions. These compatible solutes belong
to several classes of compounds with some common structural motifs, some amino
acid derivatives being particularly important [79].

Bacterial cells usually activate several synergistic response pathways to survive low
water-activity environments or hyperosmolarity conditions [69]. It is generally acknowl-
edged that bacteria react to environments of elevated osmolarity by means of a biphasic
response, which involves the stimulation of potassium uptake (and its counter-ion glu-
tamate) followed by a dramatic increase in the cytoplasmic concentration (by synthesis
and/or uptake) of compatible solutes or osmoprotectants [80]. Nevertheless, it is important
to highlight that bacteria do not always activate the same responses or genetic factors when
facing osmotic stress produced by different solutes (NaCl, KCl, sucrose, etc.) [81]. For potas-
sium uptake, microorganisms have an inducible high-affinity system (Kdp) and low-affinity
systems (Trk, Kup) [82]. On the other hand, the main compatible solutes are glycine-betaine,
carnitine, ectoine, proline, and trehalose, and several genetic loci are responsible for their
synthesis or uptake [78,79,81]. For example, L. monocytogenes at high salt concentrations
(10-20%) survives mainly due to the accumulation of glycine-betaine, carnitine, and proline
taken up from the environment. The accumulation of glycine-betaine and carnitine occurs
via two glycine-betaine transporters which are encoded by the BetL gene and the Gbu
operon. On the other hand, carnitine is internalized via a carnitine transporter encoded by
the OpuC operon [77]. Some master regulators of the bacterial stress response, such as 0B,
which are induced by a wide spectrum of stress conditions and which control the expression
of numerous genes that mediate the adaptation to suboptimal environments, seem to be
involved in the regulation of this complex response to hyperosmotic environments. In fact,
for example, both BetL and OpuC have putative oB-dependent promoters [73].

Some bacteria can display additional survival strategies such as the over-expression of
sodium efflux systems, the induction of modifications in cell morphology or membrane fatty
acids composition, and the synthesis of specific stress proteins [69,77,79]. In fact, it has been
described that cold-shock proteins (Csp), salt-shock proteins (Ssp), and stress-acclimatation
proteins (Sap) can contribute to osmotic stress resistance [73].

Additional effects of salt. Sodium chloride exerts its preservative action primarily by
making water unavailable for microorganisms and enzymatic reactions, but it also operates
a direct antimicrobial effect [47]. High salt concentrations may interfere with the action of
several cellular enzymes and force cells to expel Na* ions, which can be very effective in the
inhibition of some microorganisms that do not have the necessary tools to counteract those
effects. In addition, salt can favor lipid oxidation and thus can affect the quality of meat.
Salt (0.5-2%) was found to be pro-oxidant on ground beef and in pork (1.5% salt). The
pro-oxidant action of NaCl could be explained because NaCl can disrupt the cell-membrane-
liberating ions that form the molecules and finally inhibit the enzymes that are in charge of
antioxidant activity [83]. Enzymatic activity can also be affected by low a, values caused
by the addition of salt. It was observed that cathepsins, aminopeptidases, and neutral
lipases were strongly affected as a,, values were lowered from 1 to 0.85 during ham dry
curing. Nevertheless, other enzymes like calpain, acid lipase, or acid phospholipase were
less or not affected at all [84]. It should also be considered that salt is usually formulated
not as pure NaCl but as curing salt (sodium chloride containing around 12% of sodium
nitrite) [9,57]. Sodium nitrite has a particular inhibitory effect on some pathogens, such as
C. botulinum, and helps modulate the microbiota of meat products [85,86].

Consequences for microbial behavior (growth, survival and inactivation). When ex-
posed to high salt concentrations, microbial cells are forced to consume energy for home-
ostasis, maintenance, and reparation tasks, to the detriment of other energy-demanding
cellular processes, such as growth and multiplication [87]. As a rule of thumb, the lag
time increases and the growth rate progressively slows down as the conditions in the
surrounding environment deviate from the optimal situation [88].

Another consequence is that the susceptibility of microbial cells to other stress factors
can be modified [89]. The induction of cross-protection responses by exposure to low
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ay environments can modulate the fate of pathogenic microorganisms in food products,
impacting shelf-life and food safety. Indeed, it has been reported that microbial cells are
more resistant to different processing technologies, such as thermal treatments or high
hydrostatic pressure (HHP) at low a\ conditions [90,91], and that previous exposure to
salt or osmotic stress conditions can increase microbial tolerance to them [92-94]. In meat
processing, the co-existence or succession of two or more stresses is common, and the
sequence of events can be an important factor. For example, an acid stress placing a large
energy demand on the cell could greatly sensitize the cell to successive treatments, such
as aw stress. Certain cellular components such as cold-shock proteins (Csps) have been
shown to contribute to resistance to osmotic stress by means of an adaptive response [95].
Therefore, the combined or sequential exposure of cells to two or more stresses in food
environments might induce cross-protection responses [96,97].

4. Changes in the Microbiota of Meat Products Due to Salt

Fresh meat is particularly prone to microbial spoilage due to the abundance of nu-
trients and favorable intrinsic properties that do not hamper the metabolism of bacteria.
When microbial activity impairs organoleptic properties, such as odor, taste, texture, or
appearance, the food is considered unfit for human consumption and rejected [98-100].

The manufacture of meat products can be seen as a successful preservation method
based on the shifting of microbial populations from spoilage and (sometimes) pathogenic
Gram-negative bacteria to desirable and beneficious Gram-positive ones (such as many
species of Lactobacillaceae and Micrococcaceae), which confer attractive sensory properties
and achieve long shelf-lives [101]. This shift is attained mainly by processes and factors
such as salting/curing, temperature control, atmosphere modification, acidification, drying,
or the use of antimicrobials and can be reinforced by the addition of selected starter
cultures [60,102,103]. Thus, salt contributes to enlarging the shelf-life of meat products and
improving safety because it fosters a shift in the dominant microbial populations originally
occurring in the raw material [104].

Salt is able to inhibit the growth of many spoilage and pathogenic bacteria, yeasts, and
molds, albeit to a different extent depending on the microbial group [77]. Halophiles have
been shown to contain enzymes active in solutions of very high ionic strength [105], while
the salt tolerance of non-halophiles is related to their ability to accumulate potassium and
other compatible solutes within the cells [106]. In general, Gram-positive bacteria isolated
from foods are more tolerant to salt than Gram-negatives.

The inhibitory effect on microorganisms takes place in the aqueous phase of the
product. Therefore, data such as salt concentration in the aqueous phase and/or a,, are
preferable for estimating the inhibitory effect on the microbiota. The majority of spoilage
bacteria grow at a,, above 0.90, but some can grow at a,, as low as 0.85 and in extreme
cases even lower [69,91]. Yeasts and molds in general tolerate a lower a,, and many can
grow at an ay down to about 0.7 (down to 0.6 for some xerophile species) [69]. Among
them, some fungi can produce mycotoxins under low a,, conditions. Salt is a powerful
inhibitor of Gram-negative bacteria, which commonly colonize the surface of aerobically-
stored refrigerated fresh meat and degrade low-molecular-weight compounds with the
ultimate production of substances that contribute to off flavors and tastes [107,108]. Non-
motile aerobic rods and coccobacilli belonging to Pseudomonas, Moraxella, Psychrobacter,
Acinetobacter, and psychrotrophic Enterobacteriaceae are major components of the spoilage
microbiota of refrigerated raw meat stored aerobically [107,108]. Fresh meat spoilage is
preceded by a time-variable phase in which bacteria use low-molecular-weight compounds
such as glucose and glucose-6-P as a carbon and energy source. Later on, Gram-negative
bacteria use amino acids at refrigeration temperatures and typical pH conditions in post-
mortem meat to obtain energy [109,110], which occurs when high amounts of bacteria
(more than 107 CFU/cm?) are present.

If environmental conditions change, a selection pressure on the bacterial community is
exerted, and certain groups become dominant. The prevailing conditions during ripening
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(aw, pH, Eh, NaCl concentration, etc.) favor the growth of microbial groups such as
lactic acid bacteria (LAB), Micrococcaceae, certain yeasts, and molds, which dominate the
microbiota of meat products [102]. These microbial groups are able to decrease the pH and
convert lipids and proteins into desirable substances during the curing process [111,112].
The spoilage capacity of these groups is usually limited, and the end-products of their
metabolism are not overtly offensive, although some Gram-positive species can be very
detrimental [110]. In the industrial manufacture of some fermented meat products, ad hoc
starter cultures from the above-mentioned groups are used to improve the quality and
safety of the product by accelerating the change in microbial populations, displacing the
spoiling microbiota [112-115].

4.1. Microbiological Safety Assessment and Shelf-Life of Low Salt Meat Products

Reducing the salt content of a particular meat product can represent a challenging
task for the industry. The contribution of salt to the technological and sensory quality
of the final product can be replaced, but the potential safety risks linked to reformula-
tions should be assessed more carefully [20,53,116]. When microbiological safety is the
major issue considered, the straightforward approach is to determine the likelihood of
the growth or survival of spoilage and pathogenic microorganisms in the specific low-salt
meat product [16,48]. For this purpose, it is necessary to initially identify the hazards and
other microbiota occurring in the product; secondly, to evaluate the inhibitory capacity of
other intrinsic and extrinsic conditions (hurdles) in the product; and, finally, to consider the
technological steps that are feasible and suitable for achieving microbial stability. Predictive
models, challenge testing, and shelf-life tests are suitable tools to obtain accurate estimates
of the likelihood of the growth, survival, or inactivation of microorganisms in the prod-
uct [117-119]. The implementation of an efficient strategy to guarantee the microbiological
safety of low-salt meat products is achievable once all data are gathered and the adequate
tools are suitably used.

Most of the scientific literature published on low-salt meat products deals with the
sensory and technological issues, although there are also some articles that investigate the
microbiological aspects [17,65,120,121]. Numerous articles show that, when NaCl levels
used are below those typically formulated in meat products, the shelf-life is significantly
reduced [53,104]. For example, the shelf-life of a typical Greek pork meat product (4.85%
w/w NaCl) was reduced by between 10 and 78 days when the salt content was 50%
reduced and samples were stored between 15 and 0 °C, respectively. In this research
article, Michelakou et al. (2021) evaluated the influence of 50% reduced salt and incubation
temperatures (0, 5, 10, and 15 °C) on a pork product. It is important to consider that, at
higher incubation temperatures, the incubation period was reduced, both for the control
samples and the reduced-salt samples [65]. A salt reduction promoted faster spoilage of
raw sausages by lowering the overall bacterial diversity (both richness and evenness) in
the product, including Gram-negative as well as Gram-positive bacteria [104]. Although
no apparent changes were noticed in shelf-life, both aerobic and LAB counts increased
significantly after 60 days of storage in low-salt turkey sausage formulations [122]. The
authors concluded that a salt replacer could effectively and completely substitute NaCl
in smoked turkey sausages, although some sensorial optimization may be required. The
results obtained by Charmpi et al. (2020) suggest that the salt level (between 1 and 4%)
influenced the diversity of microbial communities during the fermentation of pork minced
meat. The highest salt concentration lowered the bacterial diversity, as Enterobacterales
were detrimentally affected. LAB and coagulase-negative staphylococci predominated
during the fermentation process, as they are well adapted to higher-salt environments
(6% NaCl in regular sausage products) [60,115].

4.2. Microbial Hazards Associated with Low-Salt Cured Meat Products (Hazard Identification)

Bacterial pathogens can occur in the meat product because the raw materials are
contaminated (meat, offal, spices, and other ingredients) or as a consequence of non-
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hygienic manipulation, bad manufacturing practices, and cross-contamination from utensils
and equipment at the processing facilities. Once they have reached the products, the
manufacturing and storage conditions (including temperature-time combinations, a,, of
the foodstuff, and preservative concentration) dictate whether bacteria can grow, survive,
or are inactivated [99,100,123]. If a significant inhibitory barrier, such as the salt, is reduced,
the ability of pathogens to survive and grow increases, but the risk is likely greater for
those microorganisms more susceptible to salt inhibition. Table 2 shows the tolerance limits
for a,, of selected bacteria.

The identification of microbiological hazards linked to a product as one of the steps in
a HACCP plan is a necessary phase that the industry should complete. The assessment has
to consider the prevalence and concentration of biological hazards potentially present in
the raw materials or introduced during food handling and processing, the intrinsic and
extrinsic conditions during processing, and the conditions of storage and distribution [124].
The safety assurance is improved when, in addition to a proper risk evaluation, procedures
for assessing the lethal effect of the treatments are included, as well as mechanisms to
monitor, evaluate, optimize, and validate the lethal burden of the process. Epidemiological
data from outbreaks linked to meat products [125], expert elicitation, and data from source
attribution are all useful in identifying and ranking the main pathogens associated with
meat products [126]. The published scientific literature and risk assessments constitute
valuable data to carry out a hazard identification, but the most important data are aspects
related to the hygienic and manufacturing conditions in a given factory (e.g., hygienic
quality of raw materials, intrinsic factors such as fermentation temperature, storage time,
etc.) [26].

Salmonella has usually been reported as a causative agent in outbreaks and cases
of infection linked to the consumption of meat products [127]. The contamination with
Salmonella of raw products of animal origin (meat, fat, spices, etc.) can occur very frequently
and has been reported in many research articles [127,128]. Warm-blooded animals are
frequent Salmonella reservoirs, and, therefore, Salmonella can contaminate the meat during
slaughtering and meat processing. Cross-contamination and recontamination events linked
to Salmonella during meat processing and preparation are also recurrently described in the
literature [129,130]. The low a, values achieved during the curing of traditional dry-cured
salami or loins have been linked with a reduction in Salmonella presence [131,132], although
the NaCl content did not significantly affect the probability of finding Salmonella [131].
Salmonella enterica can survive hyperosmotic stress conditions due to high NaCl concen-
tration (6%), and its survival ability is influenced, as in other Gram-negative foodborne
pathogens, by the alternative sigma factor RpoS [133]. Raybaudi-Massilia et al. (2019)
did not find any significant differences regarding the occurrence of Salmonella enteritidis
when comparing control samples from three meat products (cooked ham, 1.14% g Na:
turkey breast, 1% g Na: and Deli type sausage, 1.33% g Na) with samples with up to a 30%
reduction in salt content [19].

Shiga-toxin-producing Escherichia coli (STEC) are zoonotic agents characterized by the
production of Shiga-like toxins commonly associated with foodborne disease episodes that
can lead to severe health complications and sometimes death. Although the majority of
reported STEC cases have been linked to strains of serotype O157, other serotypes, such as
045, 026, 091, 0103, 0111, 0121, and 0145, are emerging as causative agents of foodborne
disease [127]. In the European Union, 4446 confirmed cases of STEC infections were
reported in 2020, with a notification rate of 1.49 cases per 100,000 population. STEC has
usually been associated with meat from ruminants, and the main food vehicles implicated
as the source of outbreaks are bovine meat and meat products, together with other types of
food and water [127]. As with Salmonella, E. coli is susceptible to low a,, values, and the
numbers decrease as the curing process advances [134]. A short curing period has been
identified as one of the factors responsible for an outbreak attributed to fermented sausages
due to STEC [135].
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Listeria monocytogenes also represents a hazard in meat and meat products. In 2020,
1876 confirmed cases of listeriosis were reported in the EU. It was the zoonosis that had the
highest case-fatality rate (13.0%). No statistically significant increasing trend was observed
during the 2016-2020 period [127], although a significant increasing trend was observed in
previous years (2008-2016) [136]. L. monocytogenes is considered salt tolerant [137]. Indeed,
it has been reported that growth can occur at NaCl concentrations as high as 10% and
even more in the case of adapted strains [73]. Thus, microbial reduction in response to a
low ay, is less accentuated when compared to other pathogens [92,132]. In sliced chourigo,
salt acted as an effective hurdle to control L. monocytogenes growth, and manufacturing
meat products with lower salt content (1.5% as compared to 3%) allowed the growth of the
pathogen [67].

In general, Gram-positive bacteria are able to grow at lower ayy conditions compared
to Gram-negative bacteria, and Staphylococcus aureus is the pathogenic bacteria with the
lowest minimum growth ay. S. aureus can grow in conditions of high salt concentration
(10-20%) (aw = 0.83 to 0.86) and performs better than other competitive flora under low a,
due to its great adaptative response to osmotic stress [138], although it does not produce
enterotoxin in such conditions (it only produces enterotoxin at ay, > 0.90). Stress conditions,
such as NaCl stress (4.5%), were shown to decrease seb (staphylococcal enterotoxin B)
promoter activity [139].

In meat products, botulism outbreaks have usually been associated with food pro-
cessing failures (thermal treatment) and the irregular distribution of curing salts, which
allows spore outgrowth and botulism toxin production [140,141]. The products that are
often implicated are home-made canned meat products and cured hams with curing defects
and anaerobic conditions in the inner parts of the product that allow the germination of
C. botulinum spores. Curing salts (nitrate and/or nitrite), independently of the salt formu-
lation, have been shown to be adequate preservatives for the control of C. botulinum in
dry-cured hams salted with formulations including replacers such as KCl and/or CaCl,
and MgCl, [85].

A lower level of biogenic amines (particularly cadaverine, histamine and tyramine)
has been reported in blood dry-cured sausages and traditional Portuguese sausages manu-
factured with a level of 3% salt as compared to 6% [115,142].

4.3. Processing Intrinsic and Extrinsic Hurdles Affecting Microbial Hazards in Meat Products

Salting, together with other classical food preservation processes (drying, freezing,
thermal treatment, etc.), imposes extreme physical and chemical barriers on microbial
growth and has traditionally been used in many instances as common methods of preser-
vation (Table 3). For all these preservation processes, microbial stability for long periods of
time is achieved using stringent conditions that constitute robust obstacles or “hurdles” for
bacteria, even though they dramatically change the organoleptic characteristics of fresh
meat. Meat products manufactured in this way are very different from fresh meat in their
organoleptic characteristics [143].

In contrast, modern strategies in food preservation seek to apply mild treatments
to inactivate or permanently inhibit injured microorganisms by using multiple barriers,
especially in the case of minimally processed foods [144]. This is the reaction of the food
industry to the demands and preferences of modern consumers in relation to quality, health-
iness, nutrition, convenience, and hedonic perception [144,145]. Low-salt meat products are
a perfect example, in which sensory attributes and microbial stability should be achieved
using a combination of methods or preservation technologies and favorable intrinsic and
extrinsic factors. This approach has been visualized as a sequential or simultaneous group
of hurdles acting synergistically to inhibit the growth of or inactivate microbes [20,144].
An effective and stable system capable of prolonging the shelf-life and assuring the safety
of the end-product is accomplished when the combined hurdles inactivate most of the
spoilage and pathogenic microorganisms while survivors are inhibited. Microbial growth
and pH remained within the normal range in sausages when the sodium chloride was
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replaced with 20% potassium chloride and 38% calcium chloride in combination with an
olive oil emulsified alginate [27]. Some hurdles can achieve a complete microbial inactiva-
tion and thus have a bactericidal effect, (e.g., thermal treatment, HHP, acidification), while
others only slow down or arrest the microbial growth (bacteriostatic effect) depending
on the intensity of the hurdle (salting, refrigeration, use of modified atmospheres) [146].
As part of the recent methods to be used in hurdle technology, the use of food cultures
and/or their metabolites (i.e., bacteriocins) as natural preservatives in food should be
highlighted [68,147-150].

From a safety viewpoint, when meat processing does not include a killing step, the
use of cumulative and synergistic hurdles is strictly necessary to maintain the safety and
stability of the meat product since the inactivation of pathogens or spoilage agents cannot
be completely guaranteed. In general, a number of microorganisms would be able to
grow at the NaCl concentrations (<5%) encountered in most meat products in conditions
of optimal temperature, pH, and nutrient availability. However, the presence of these
additional growth barriers (acidity, refrigeration storage, vacuum or modified atmosphere
packaging, the presence of other antimicrobial compounds such as nitrites, preservatives,
food cultures, etc.) can slow down or stop microbial metabolism when combined with the
relatively mild salt concentrations prevailing in this type of meat product.

The restrictions in the application and intensity of those hurdles come from constraints
such as the maintenance of the sensory quality of the product (flavor, texture ... ), its
conformity with legislative requirements (additive maximum limits), and the ability to
meet the economic industrial demands (reduced costs, water loss ... ) [53,146]. Some
non-thermal preservation technologies (pulsed electric fields, irradiation, electromagnetic
fields, etc.) are not appropriate for the manufacture of meat products for technological
reasons or limited consumer acceptance. On the other hand, technologies such as HHP
are very suitable for the manufacture of low-salt meat products due to their capacity to
inactivate the microbiota while contributing to protein solubilization [20,151-156].

Table 3. Use of cumulative and synergistic hurdles with salt to achieve the safety and quality of
meat products.

Product Combined Hurdles Results Reference

Synergism between HPP and salt
showed to control bacteria recovery

350 MPa HPP + 1, 1.5 or (aerobic mesophiles, LAB and [156]

Raw pork meat

3% NaCl Enterobacteriaceae) more than each
hurdle alone during storage.
Combined hurdles achieved
Sliced dry o Salmonella and L. monocytogenes
cured ham 2.8% NaCl + 600 MPa inactivation 14 and 42 days earlier [157]
than HPP alone.
1.01% NaCl + 0.48% KCl A reduction of 58% NaCl in sausages
Sausage (chorizo) +0.91% CaCl, + olive 0il ~ seems to be feasible since no pH and [27]
8 emulsified alginate microbial counts remained in the
replacing pork fat normal values.
Reducing salt content from 1.8% to
600 Mpa HPP + carrot 1.2% with the addition of HPP and
Pork sausage fibers or potato starch + hydrocolloids did not negatively [154]

1.2% NaCl influence the water binding capacity,
color, or texture of sausages.

Combined hurdles greatly controlled
L. monocytogenes than salt and [158]
nisin alone.

Sheep natural 0,4,7 or 12% NaCl + 0,
sausage casings 100, 150, 200 ug/g nisin

Ultrasound (9 and
54.9 W/cm?) + 5% NaCl
or a commercial
salt replacer

Ultrasound only enhanced NaCl
diffusion into the meat but did not [159]
influence the replacer diffusion.

Pork
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5. Strategies to Guarantee the Microbiological Safety of Low-Salt Meat Products

Several strategies have been devised to guarantee the microbiological safety of low-salt
meat products (salt replacers, antimicrobial compounds, flavor enhancers, improved salt
application techniques, processing technologies) [20]. The strategies can be classified using
different approaches (Table 4).

Table 4. Approaches to guarantee the microbiological safety of low-salt meat products.

Approach Main Mechanism Advantages * Disadvantages

Need to evaluate

Low ay, and inhibitory power.

Use of inhibition power of Synergy with other
preservatives that P Characteristics of the hurdles absent.
preservatives (KCl, .
supplement or product remain Sensory and
. 1es MgClz, CaClz, . .
replace inhibitory (almost) unchanged. technological properties
MgSOy, food cultures,
power of salt b .. of replacer should be
acteriocins, etc.)
assessed.
No green label.
Stricter conditions Green label. Products of quite
Increase intensity that inhibit No need to change . d .
. . . . different sensory quality.
of remaining microbiota formulation, . .
Ctepe . . . Economic constraints
hurdles (acidification, drying, processing
. . (e.g., water loss).
freezing) equipment.
Avoids
recontamination No application to raw
Processmg Inactivation of (product packaged). ' materials.
technologies. microbiota (HHP) Green label. Efficacy depends on the
Decontamination Useful also for characteristics of product.
technological High initial investment.
properties.
Raw materials of
gg&i&;ﬁ;ﬁ’ SWIOtH;O‘eN Insufficient on its own,
High level of porag Strategy that it is needs supplementation
. . and absence of .. . .
hygiene in - beneficial and needed with other strategies.
. pathogenic .
production . . in any event. Depends on the raw
TICroorganisms material supplier.
(Hygiene, HACCP, pprer.
GMP)

* In addition to those linked to health due to salt reduction.

First approach is to replace NaCl (totally or partially) using other additive(s) with
similar properties [38,61,143,160]. A 20% sodium reduction was obtained in turkey breast
by replacing NaCl with Na,HPO, prepared in a 50:50 blend [161]. The replacement needs
to be carefully adjusted since the inhibitory barrier of the substitute may be lower than
that of NaCl [162-164]. In addition, there is a synergistic effect of NaCl with other hurdles,
which may be absent with the replacer [165]. The reduction of the sodium content (by
reducing both salt and sodium nitrite) allows a rapid growth of lactic acid bacteria and pro-
teolytic microorganisms in cured meats, resulting in a product that spoils more rapidly [48].
Dry fermented sausages with a 58% NaCl substitution with KCI and CaCl, showed a
more pronounced growth of Lactobacillus than the control sample (2.4% NaCl). Moreover,
Lactobacillus counts in the control decreased (2-3 log cfu/g) during ripening, while they
maintained more or less stable levels in reduced sausages [27]. NaCl is very effective in
controlling pathogens and spoilage organisms, thus it can be necessary to substitute its
inhibitory action by using some other preservatives in case of replacement [121]. A higher
amount of yeast (4.7-5.4 log cfu/g) was found in a 10% salt content bacon, while lower
counts (1.3-3.9 log cfu/g) were found in 1.4% salt content bacon, which might indicate
that a higher salt content is expected to suppress the growth of bacteria, enabling the
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slower-growing yeast to better grow in the product [16]. Alternative salts (e.g., KCl, MgCly,
CaCly, MgSQOy, etc.), sugars, proteins, and humectants decrease the a,, in foods, but they
usually have an inferior inhibitory action. Replacers of salt and other sodium-containing
preservatives, such as KCI [20], mixtures of potassium lactate and sodium diacetate [166],
or mixtures of KCl, MgCl,, and CaCl, [167,168] are not as effective in the inhibition of un-
desirable microbiota. Other a\ depressors have no inhibitory effect at all. The replacement
should also consider the other functions of salt (sensory, technological role, flavoring agent)
in the meat product [9,143,169-172]. In a mortadella product, lower sensory acceptabil-
ity, especially regarding flavor, was found when blends containing 1% NaCl, 0.5% KCl,
and 0.5% MgCl, and 0.5% NaCl, 1% KCl, and MgCl, 0.5% were used in the formulation
compared to the 2% NaCl control [173].

Another strategy is to increase the intensity of the remaining (intrinsic and extrinsic)
hurdles, so they compensate for the reduction of salt and its inhibitory potential. Examples
of these meat products are commercially-sterile canned products, products with a pH
under 3.8 (submitted to an intense acidification), frozen products intended for immediate
consumption after thawing, products with a low a,, achieved by other means (e.g., ex-
tensive drying that increases concentrations of solutes in the final product), and natural
seasonings [174]. Garcia-Lomillo et al. (2017) achieved a 1% salt reduction when using 2%
red wine pomace seasoning. However, these types of products may present a strong or
defective sensory profile, due to an extreme application of one single barrier.

One more procedure is to include a further processing step, i.e., a decontamination
treatment, applied either to the raw materials before processing or to the final meat product
once it has been manufactured and packaged [8]. The introduction of an inactivation step
for raw materials (thermal treatment, HHP, light pulses, chemical decontamination, etc.)
may be difficult to put into practice, due to unwanted modifications that occur in fresh
meat and sensory changes in the final product [175]. The second option (treatment of
the final product) is very effective since the process’s safety assurance is enhanced, as
recontamination is prevented [176-178]. In any case, the introduction of an inactivation
step in the food-manufacturing process requires a careful assessment of microbiological
risks, including an adequate calculation of the lethality effect. There is also a need to have
tools and instruments to monitor, optimize, and validate the process on-line and procedures
to model the lethal effect of the treatment [179-181]. A combination of this option and a
replacer or other additional hurdles in the formulation have also been proposed, with HHP
as the most favored choice [20,155,182].

A final option is to use raw materials of optimal microbiological quality in the manufac-
ture of low-salt meat products by increasing the hygienic standards at the slaughterhouse
and cutting plant and strictly adhering to HACCP and GMP (good manufacturing prac-
tices), including environmental monitoring and sanitation. On its own, this procedure is
considered insufficient to produce stable low-salt meat products and should be comple-
mented by other methods, such as those listed above. In any circumstance, it is always
necessary that the processing of meat products should adhere in all circumstances to the
strictest conditions of process hygiene [175].

Either way, the safety of the whole process (formulation, hurdle combination, and
processing steps) should preferably be verified by challenge testing and aided by mathe-
matical modelling.

6. Use of Challenge Testing and Shelf-Life Tests

Challenge testing and shelf-life tests are useful tools that help food processors deter-
mine the quality of foods and estimate the ability of foodborne pathogens to grow during
the foreseeable conditions of distribution and storage. This is especially necessary when
changes in the product formulation (e.g., lowering salt content) are introduced, as the
possibility of reformulated low-salt meat products having shorter shelf-life or causing
foodborne illness has already been emphasized. Salt replacement or reduction has an
impact on the ay of the food and, therefore, will undoubtedly modify the growth behavior
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of pathogenic and spoilage microorganisms; therefore, there is a need for effective tools
ensuring the manufacture of safe foods with changes in the shelf-life [62,183].

The microbial growth ability in food products can be estimated based on specifications
of the physico-chemical characteristics of the product, consultation of the available scientific
literature, or predictive mathematical modelling (see below). In many cases, a growth
assessment will have to involve laboratory-based studies, so-called challenge tests, and
shelf-life studies [75]. Challenge and shelf-life testing is normally performed on a case-by
case basis, which means that it can be very expensive and time-consuming, particularly
if a range of products, formulations, and different bacteria have to be tested. Results
can take many days until they are available, since they are usually obtained by classical
microbiological analysis. Nonetheless, both tests can provide valuable information on
microbial stability to food processors.

Challenge testing. As a primary objective, challenge tests aim to determine whether a
particular food product has the ability to support the growth of a particular microorganism.
Simulation of conditions in an artificially contaminated product allows us to study the fate
of pathogens or spoilage microbiota. In any case, results should be analyzed with care
(including fail-safe approach), considering all the constraints and assumptions introduced
in simulating the natural contamination present in foods and the accurate reproduction of
conditions of foods during storage, distribution, sale, and preparation. Challenge testing is
a technique commonly employed in research [62,184-188]. Up to a 40% NaCl reduction was
achieved during a challenge test in a pre-packed cooked meat product when it was replaced
with a commercial mixture of potassium lactate and sodium diacetate without statistically
affecting the shelf-life [166]. In a challenge test carried out in salami with 4% NaCl and
2.8% NaCl plus 1.6% potassium lactate, the reduced and replaced sample showed to be
effective with respect to microbial benefits without compromising the product quality [62].
According to the authors, a limitation of this challenge test could be the absence of exposure
to abusive temperatures, which does not allow the interpretation to be further extended to
other storage temperatures.

Shelf-life studies. In the European Union, Regulation (EC) No 2073 /2005 allows food-
business operators to carry out shelf-life studies, as necessary, to investigate compliance
with the food-safety criteria throughout the product’s lifespan. They are conducted to study
whether particular microorganisms are able to survive and grow in naturally contaminated
foods during storage and distribution beyond the limits imposed by the Regulation. The
consultation of the available scientific literature and specifications of physico-chemical
characteristics of the product is encouraged. For example, referring to L. monocytogenes,
according to the EURL Lm technical guidance document for conducting shelf-life studies
on Listeria monocytogenes in ready-to-eat foods [183], shelf-life tests for L. monocytogenes
would not be needed for the following meat products [189]:

foods produced for immediate consumption (with a shelf-life of less than five days);
foods (meat products) which are intended to be cooked or subjected to any other
bacterial inactivation step before human consumption;

e foods which have received a heat treatment or other processing effective to elimi-
nate L. monocytogenes, when recontamination is not possible after this treatment (e.g.,
products treated in their final package);

e meat products with pH < 4.4, or a,, < 0.92, or pH < 5.0 and ay < 0.94, conditions
which are already known as unable to support the growth of L. monocytogenes; and

e  other categories of product can also belong to this category, subject to scientific justifi-
cation (e.g., frozen products).

Moreover, historical data on the prevalence of the particular microbial species in
the specific food product at the end of its shelf-life and particularly on results of dura-
bility studies (the number of samples exceeding 100 CFU/g) and outputs of predictive
microbiology modules may be useful in deciding whether a test is required or not for a
particular foodstuff.
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Meat products contain several hurdles that impose a series of restrictions affecting
the microbial growth potential of a given pathogen (see above). This growth potential can
serve to classify foods or to evaluate particular food products with regards to shelf-life and
safety. When the growth potential is lower than 0.5, it is considered that the intrinsic and
extrinsic properties of the product are able to restrict pathogen growth during shelf-life, in
case an accidental contamination of the product has taken place. Nonetheless, this aspect
does not eliminate the risk or probability of diseases associated with these products, as the
sole presence of the pathogen in the product implies a certain degree of exposure.

7. Predictive Microbiology in the Safety Assessment of Low-Salt Meat Products

Predictive microbiology uses mathematical functions to describe the behavior of mi-
croorganisms subjected to intrinsic and extrinsic factors in foods. For this purpose, diverse
software tools (ComBase, Monte Carlo simulation, Decision Tools @Risk, MicroHibro, etc.)
are available that allow to users calculate the growth, survival, and inactivation of bacteria
in foods. Models attempt to estimate the quantitative or qualitative evolution of microbial
populations over time and, therefore, the food shelf-life and pathogen fate.

Models that describe the growth of a population of microorganisms are being increas-
ingly used to adopt strategies to improve food safety. From such a point of view, models
have to be able to calculate and describe the growth, survival, or inactivation of spoilage
or pathogenic bacteria in the food matrix under a defined set of extrinsic and intrinsic
conditions and, eventually, when microbial numbers might reach a level compromising
human health [117]. A variety of deterministic models describing the bacterial growth,
survival, and inactivation in meats in response to environmental factors (temperature, pH,
water activity, etc.) have been proposed [92,190,191]. Models are based on variations of
the Bigelow, Baranyi, Gompertz, Logistic, or Richards models, with the environmental
effects being expressed through changes in the equation parameters (Lopez et al., 2004). In
addition, some models have also been published describing the fate of pathogens (growth,
inactivation, and survival) under (static or dynamic) conditions of processing, studying the
impact of extrinsic and intrinsic factors on meat products [92,179-181,192-195]. A model
to describe the combined effect of salt and heating temperature on the heat tolerance of
L. monocytogenes was described for meat and seafood products to achieve >3 logjg reduc-
tions. Only the products with salt influenced the model, thus being independent from
strains, temperatures, and type of food [196]. Nevertheless, the authors are aware that other
intrinsic factors might influence the model, and that it needs deeper research. In another
modelling study, L. monocytogenes growth was stimulated at 0.92-0.94 a,, when 4% NaCl
was applied [197].

New genetic, physiological, and molecular information is increasingly available, which
will improve the prediction capacity of models. In any case, the use of this methodology
requires a high level of expertise [198]. Assumptions and limitations should be taken into
account, e.g., information available is often obtained from studies carried out under optimal
conditions (37 °C, neutral pH, etc.) and in laboratory-based rich media.

Using software with growth/no growth boundary modules, it is possible to obtain
information on the growth probability of pathogens according to pH, ay, and temperature.
The models that investigate the growth—no growth interface of target microorganisms are
particularly useful for these purposes, since they can afford information on the impact of
intrinsic and extrinsic factors to determine the behavior of pathogens or spoilage microor-
ganisms in the final product. Similarly to other processes, the validation of mathematical
models in foods is necessary, together with challenge tests and shelf-life tests, especially if
the assessments are performed in model systems.

8. Conclusions

Most of the scientific literature published on low-salt meat products deals with sen-
sory and technological issues, while the safety viewpoint has been somehow overlooked.
There is a need to further investigate the microbiological implications of salt reduction
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in meat products, since the inhibitory barrier offered by salt may not be adequately re-
placed. The assessment of the safety risk associated with meat products with a low salt
concentration should be unavoidably performed on a case-by-case basis. To achieve this
aim, mathematical modelling, challenge tests, and shelf-life studies are very useful tools
that should be used by experienced personnel. In the industry setting, all this information
should be assessed and integrated into an HACCP plan that includes a comprehensive
hazard-identification phase and adequate tools able to control and monitor the critical
points. To guarantee the microbiological safety of low-salt meat products, approaches can
be addressed towards finding suitable replacers (salts or other depressors of ay), processing
changes that increase the intensity of remaining hurdles (intrinsic and extrinsic factors),
the use of processing technologies able to decontaminate the end product, the use of more
than one strategy as a part of hurdle technology (HPP, use of food cultures and/or natural
antimicrobial compounds, etc.), or the (always) necessary hygienic strategies able to obtain
raw materials with a low amount of microbial contaminants. The reduction or elimination
of salt associated with a product reformulation has to ensure the same safety level, must be
economically and technologically viable, and must be accepted by the consumer from a
sensory point of view.
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