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a b s t r a c t

Pork is often consumed in a very wide variety of products, processed from integral cuts or minced meat
using different conservation methods (curing, smoking, cooking, drying, fermenting). Quality of pork
products results from a combination between the properties of the raw material and the processing con-
ditions to elaborate the final products. The influence of primary production factors, slaughtering and car-
cass processing on the quality of fresh pork has been reviewed (part 1), considering quality as an
integrative combination of various attributes: commercial, organoleptic, nutritional, technological, con-
venience, and societal image, the latter denotes cultural, ethical (including animal welfare) and environ-
ment dimensions related to the way pork is produced, processed, and its geographical origin. This review
(part 2) focuses on the influence of primary production factors and processing techniques on the quality
of two important and economically significant processed pork products issued from contrasting process-
ing techniques: cooked ham and dry-cured ham. As with fresh pork, many factors influence the quality of
processed products, and one factor can affect several attributes. Moreover, in the case of processed prod-
ucts, numerous factors in both animal production and processing steps interact to determine their quality
attributes. The quality of cooked ham depends on the properties of the raw material (in particular pH,
colour, water holding capacity, presence of destructured meat defect, etc.) which are determined by
pig husbandry practices (especially the genotype), pre-, postslaughter and processing conditions includ-
ing the composition of curing mixture (ingredients, additives), salting, mixing and heat treatment.
Processing techniques of cooked ham aim at homogenising the product quality within a given quality cat-
egory (e.g. ‘standard’ or ‘superior’) or brand. Therefore, the variability of raw material is problematic for
the cooked ham processing industry, which generally seeks uniformity and homogeneity of fresh hams.
Likewise, pig husbandry conditions exert even greater impact on dry-cured ham quality. Indeed, the
properties of rawmaterial (including weight of fresh ham, fat thickness, pH, intramuscular fat and antiox-
idants content, fatty acid profile, etc.) that result from combined effects of primary production factors
(genotype, feeding, production system, etc.) interact with processing conditions (salting, drying, ripening
conditions and duration, etc.) to elaborate the quality attributes of the final products. Synergies can be
sought between the primary production factors and processing techniques leading to specific organolep-
tic characteristics (texture, taste, aroma, flavour, etc.) that can be valued by quality labels. Quality of
products is thus built along the whole chain from farm to fork.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Implications

Pork processing is characterised by a wide range of products
owing to and being determined by the type of raw material (meat
cuts) and preservation technique used: cooking, dry-curing, salt-
ing, smoking, fermentation, etc. Their quality attributes are thus
formed along the whole chain, with relative importance of pig
husbandry factors or processing mode varying according to the
product. Promoting synergies between these factors can lead to
specific products of high organoleptic quality and typicity which
can be recognised by official quality labels.
Introduction

Pork is the first meat consumed in Europe and Asia and the sec-
ond worldwide just after poultry (IFIP, 2021a). Contrary to meat of
nimal,
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other species, pork is mainly consumed in the form of various pro-
cessed products, which accounts for 55–60% of pork consumption
in Italy and Poland, around 65% in Spain, 70% in Germany, 75% in
France and up to 80% in the United Kingdom (Lécuyer and
Legendre, 2015). Historically, the aim was to promote pork preser-
vation, according to procedures and recipes that varied according
to region, climatic conditions and cultural habits. This diversity
and regional specificities remain. Thus, among diverse ‘‘charcuter-
ies” produced in France, the main products are cooked ham and
shoulder, various sausages (cooked or dry-cured) and, to a lesser
extent, dry-cured pieces (ham, belly) (IFIP, 2021a). Dry-cured pork
products are particularly diverse with respect to the preservation
techniques used (dry salting or brine salting, smoking or not, long
or short ripening time). For example, typical Mediterranean dry-
cured ham processing is characterised by dry salting, no smoking
and long drying process, while brine salting and smoking are used
in continental parts of Europe.

This wide variety of pork products leads to specific require-
ments regarding the quality of the raw material. For a given pro-
duct type, the raw material requirements of processors may vary
depending on the manufacturing process (recipe) and possibly a
quality level of the final product. In addition to the European reg-
ulations on the general principles of food safety and consumer pro-
tection (EC 178/2002), national rules may also apply for pork
products (Lécuyer and Legendre, 2015). For example, the French
‘‘Code des usages de la charcuterie”, a compendium of good prac-
tices for processed meats established by the professionals of the
sector, serves as a reference document for the professionals, con-
trol bodies, retailors and consumers. It details the recipes, ingredi-
ents and processing techniques for more than 400 pork products
(IFIP, 2017). Similarly, other European countries have more or less
comprehensive national rules that are covering some of the prod-
ucts (Lécuyer and Legendre, 2015), e.g. the ‘‘Real Decreto
474/2014” in Spain (BOE, 2014). Pork products can also be pro-
duced according to producer’s specification and/or under official
or private quality labels. In Europe, a quality policy was developed
to support the collective actions for protection of added value
products. In addition to organic production, official European qual-
ity labels value the specificity and typicity of the products linked to
their geographical origin or tradition, as regards to the pig produc-
tion, product processing or preparation. Protected Designation of
Origin (PDO) and Protected Geographical Indication (PGI) value
products for which all (PDO) or only some (PGI) production stages
are carried out in a given geographical area and contribute to the
product typicity; Traditional Speciality Guaranteed (TSG) values a
traditional mode of production or recipe (EU, 1151/2012). In Eur-
ope, many pork products benefit from this protection and the eAm-
brosia platform (https://ec.europa.eu/info/food-farming-fisheries/
food-safety-and-quality/certification/quality-labels/geographical-
indications-register/) gathers all the specifications of products
with quality signs. The specifications, especially for PDO products
which need to demonstrate a strong connection with the territory,
set also requirements on pig rearing (e.g. breed, feeding), thus
combining all stages of production and processing in the develop-
ment of product quality.

In this context, the objective of our work was to consider the
main factors from farm to fork (i.e. animal production and process-
ing conditions) that interact to form the final quality of processed
pork products. A first review (part 1) deals with main factors along
the production chain affecting the quality attributes of pig car-
casses and fresh pork (Lebret and Čandek-Potokar, 2021). Quality
has been divided into various attributes - commercial, organolep-
tic, nutritional, technological, convenience, safety and societal
image. The latter corresponds to product’s extrinsic cues, encom-
passing the credence, ethical, cultural and environmental
2

dimensions related to the way a food is produced and its geograph-
ical origin, all of which playing a role in shaping consumer percep-
tions, purchase decisions and are promoted in product quality
labelling schemes (Prache et al., 2021). Considering the huge diver-
sity of pork products in terms of processing techniques, raw mate-
rial used and quality attributes (organoleptic, nutritional, societal
image, etc.), we focus on two product categories of great economic
importance, but differing in processing technique and image to the
consumers: cooked and dry-cured products. Within each category,
we choose to detail one emblematic cut: cooked ham and dry-
cured ham.

Cooked products – Emphasis on cooked ham

Important properties of the raw material for processing into cooked
ham

Some physical and biochemical properties of fresh ham are
essential for its processing suitability in cooked ham. We describe
here their influence on the manufacturing process and their evalu-
ation methods commonly used in the industry. Quality require-
ments set by the processors in the specifications, i.e. the quality
criteria and thresholds for acceptance or rejection, depend on the
quality category of the final product (e.g. standard, choice or supe-
rior (premium) in France (Code des usages, IFIP, 2017); ‘‘prosciutto
cotto”, ‘‘prosciutto cotto scelto” and ‘‘prosciutto cotto di alta
qualità” in Italy (Gazzetta Ufficiale, 2005)). The quality criteria of
fresh ham generally include i) its weight (for processing into whole
cooked hams), ii) the presence of defects (petechiae or haemato-
mas), iii) the thickness of subcutaneous fat, which must be as thin
as possible especially for cooked hams without rind, and of white
colour, iv) the colour of muscles: should not be too pale or hetero-
geneous, as it is related to the water holding capacity (WHC) of
meat, the lighter the colour the lower the WHC (Prevolnik Povše
et al., 2015). Muscle colour depends on numerous factors related
to the animal itself, its husbandry during rearing and preslaughter
phase, and to the rate and extent of postmortem pH decline (Lebret
et al., 2015; Lebret and Čandek-Potokar, 2021). In pork industry,
meat colour is usually assessed using the Japanese scale (6 levels),
avoiding the lowest (1 and 2: light) and highest (6: dark) scores
(Lebret et al., 2015); v) the ultimate pH of meat (pHu) which
remains the best predictor of technological yield. For cooked
ham, it directly depends on meat WHC, i.e. the capacity of muscle
(especially myofibrillar) proteins and structures to bind and entrap
the inherent muscle water. WHC depends on pH, ionic strength,
oxidation and solubility of proteins and is the lowest at their iso-
electric point (pH = 5.1–5.3). WHC is also impaired in the case of
fast postmortem pH decline (i.e. low pH1) which, in combination
with high muscle temperature, leads to protein denaturation and
pale, soft and exudative (PSE) meat (Prevolnik Povše et al., 2015).
In industry, pHu measurement (much easier than pH1) is usually
performed in the semimembranosus muscle (SM); a minimal value
of 5.60 is required for processing into superior quality, while lower
values can be accepted for choice or standard categories. vi) The
presence and extent of the so-called PSE-like or ‘‘destructured”
meat defect, characterised by a loss of structure and fibrous aspect
of muscles which present a soft mass. This defect is macroscopi-
cally similar to PSE meat but mainly localised in the deep part of
the ham (adductor and SM muscles) and therefore not visible
before deboning (Minvielle et al., 2001; Theron et al., 2019). In a
cooked ham, the defective muscle areas are disintegrated with
jelly-like texture, resulting in decreased yields at slicing (especially
in the case of high-speed slicing) and leading to significant eco-
nomic losses in industry. This defect is particularly critical in the
case of salt reduction or omission of additives (phosphates) for
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processing (IFIP, 2014; Neyrinck et al., 2015). The aetiology of
destructured meat is still not well understood but research demon-
strates that it is multifactorial and has identified some risk factors:
preslaughter conditions, season, genotype, sex and fast growth
associated with high carcass lean meat content (Schwob et al.,
2018). It has mainly been related to low pH1 and especially low
pHu and low WHC (Minvielle et al., 2001; Voutila, 2009). Destruc-
tured meat has been associated with decreased protein solubility,
changes in postmortem proteolysis and increased oxidative stress
and apoptosis in muscle tissues (Hugenschmidt et al., 2009;
Theron et al., 2019). However, the hypothesis of altered properties
of the intramuscular connective tissue could not be demonstrated
(Minvielle et al., 2001; Voutila, 2009). Despite improvements in pig
production related to elimination of the RYR1 and RN- mutations,
two most important genetic factors affecting the rate and extent
of pH decline, respectively (Lebret and Čandek-Potokar, 2021)
and a better control of preslaughter (e.g. fasting duration), trans-
port and slaughtering conditions (avoiding stressful pig handling),
this defect still affects around 15% of hams in France, but is highly
variable (0–30%) (Schwob et al., 2018). Clinquart et al. (2021)
recently reported an incidence level of 39% in a field study con-
ducted in Belgium. To the best of our knowledge, no study has
yet been conducted to show the impact of recent trends in aban-
doning male piglet castration on destructured meat, but one
hypothesise increased defect occurrence due to leaner carcasses
of entire males. In pork industry, this defect is assessed after bon-
ing, using subjective evaluation by trained staff on a 4-point scale
(IFIP, 2014). Spectral prediction methods are currently being
explored, with the aim of upstream ham sorting, or adapting for-
mulations during processing to the quality of the raw material.
Near infrared spectroscopy shows good ability (84–90% correct
classification) to predict the presence of destructured or PSE defect
on deboned ham by scanning SM surface (Vautier et al., 2013;
Neyrinck et al., 2015). Detection on bone-in ham, more useful for
industry, is also possible; however, the classification accuracy
(60–70%) is lower and might be improved by extending the spec-
trum to the visible region (Neyrinck et al., 2015; Vautier et al.,
2017). An imaging system called ‘‘JamboFlash” has been recently
developed by the French Technical Institute for pig production
(IFIP) and the private company CSB system, to detect this defect
by digital vision at high speed in industrial environment (IFIP,
2021b). At present, SM pHu remains a good indicator for the
destructured meat defect: the risk is multiplied by 3.2 when the
pHu decreases by 0.10 unit below 5.60 (and below 5.70 for Nn pigs,
i.e. heterozygotes for the defective mutation in the RYR1 gene)
(Schwob et al., 2018). The major quality criteria for cooked ham
processing described here are determined by various pig produc-
tion factors related to the animal itself (mainly the genotype, sex,
slaughter age/weight), its feeding and rearing conditions, and espe-
cially preslaughter handling, slaughtering and carcass refrigeration
conditions, as detailed in our companion review (Lebret and
Čandek-Potokar, 2021) and summarised in Table 1.
Manufacturing process

Processing into cooked ham involves a series of complex oper-
ations to obtain a product of optimal quality (appearance, colour,
texture, taste, storage stability, safety, convenience, etc.), while
ensuring good economic performance, essentially determined by
technological yield, thanks to a good processing control. The main
steps of manufacturing process described here are based on Aberle
et al. (2012), Arnau Arboix (2014), IFIP (2014) and the French
‘‘Code des usages de la charcuterie” (IFIP, 2017) and are sum-
marised in Fig. 1.
3

Selection of raw material, boning, trimming
The degree of preparation and the properties of fresh ham

required by the processor (specifications) depend on the quality
category of the final product (standard, choice, superior). Prepara-
tion can range from the raw piece with bone and rind, to boneless
ham with rind, boneless without rind and trimmed, up to muscle
cuts (without intermuscular fat, connective or vascular tissues)
for the production of presliced products. The raw material autho-
rised is the ‘‘hind leg” of the pig, which may contain the rind and
subcutaneous fat; the ham muscles to be used depend on the pro-
duct category. The required level for quality criteria of raw mate-
rial is higher for superior than choice or standard products, since
the allowed ingredients and additives, and their concentration,
decrease with increasing quality category. A high quality of raw
material is also necessary for the production of cooked ham to be
sold presliced, as there is a higher risk of product damages when
slicing at high speed, as practised in the industry.
Curing and tumbling
The curing step of processing is carried out by adding brine, a

homogeneous water mixture of functional ingredients to the
ham. Brine concentration depends on the product quality category,
with the higher quality requiring a more concentrated brine. Injec-
tion rate of brine is variable and depends on desired quality level of
the finished product. For superior quality, it is below 10%, in most
cases, it is between 25 and 50% of raw muscle weight (Moretti
et al., 2009; IFIP, 2014) but the injection gain can be even higher,
up to 100% (Arnau Arboix, 2014). The ingredients used for meat
processing are regulated at international or national levels, as part
of the regulation on provision of food information to consumers in
Europe (EU, 1169/2011) and by the Food Safety and Inspection Ser-
vices of the Department of Agriculture and the Food and Drug
Administration in the United States, as example. Ingredients can
depend on ham quality category; for example, water binders and
gelling agents are not allowed under the French regulation for
the superior quality category (IFIP, 2014, 2017). Brine ingredients
are i) Salt or sodium chloride, the main one; sodium provides the
salty taste, and chloride ions enable the solubilisation of muscle
proteins and promote their WHC, ensuring good cooking and slic-
ing yields. In France, according to national rules (Code des usages,
IFIP, 2017), sodium content depends on the quality category (i.e.
maximum in the finished product of 3.0% for standard and 2.0%
for superior); allowed substitutes are potassium, calcium and mag-
nesium chloride, and should be labelled as additives. ii) Nitrite salt
(of potassium or sodium; additives, respectively, E249 and E250):
nitrite is used in meat processing for its preservative role (see
Safety attributes section). However, it also contributes to the
development of bright red colour with the formation of nitro-
somyoglobin before cooking (by combination of nitric oxide result-
ing from reduction of nitrite and myoglobin) and to the flavour of
the product. The ingoing amounts, i.e. maximum use level of
nitrites (or exceptionally their residual amounts in the case of
some traditionally cured meat products), are regulated by the
law (EC 1333/2008 in Europe). Maximum use level is the same
for all quality categories of cooked ham, i.e. 150 mg/kg of sodium
nitrite in Europe. However, some member states have more restric-
tive legislations e.g. 120 mg/kg in France (Code des Usages, IFIP,
2017) and 60 mg/kg in Denmark (Decree (BEK) No 542 of
27.05.2013). The use of nitrites for the processing of food products
has been debated since the 1970s, due to their involvement in the
development of carcinogenic compound nitrosamines (Honikel,
2008; Flores and Toldrá, 2021), the reaction being favoured by high
temperatures and acidic conditions. iii) Sugars (dextrose, sucrose,
lactose, etc.; considered as ingredients) may be included to impart



Table 1
Major factors from farm to fork affecting the quality of cooked ham.1

Quality attributes

Factors Commercial2 Processing suitability Organoleptic Nutritional3 Safety Convenience Societal image4

Genotype +++ +++ ++ + � � ++
Sex ++ + ++ (flavour) + � � +++
Age/weight at slaughter ++ � + � � � ++
Muscle/Muscle cut5 +++ +++ +++ ++ � � +++
Feeding ++ + + ++ ++ � +++
Rearing conditions ++ ++ + ++ ++ � +++
Preslaughter handling +++ +++ +++ � +++ � ++
Slaughtering and carcass refrigeration conditions +++ +++ +++ � +++ � ++
Preparation of raw material +++ +++ ++ ++ +++ � +
Curing +++ +++ +++ +++ � +++
Tumbling-massaging +++ +++ + � � �
Heat treatment +++ +++ + +++ � +
Slicing and Packaging +++ +++ +++ +++ +++ +++

1 Effect: none (�), weak (+), medium (++), strong (+++).
2 Commercial attributes of the raw material before processing.
3 Nutritional characteristics of the final product: salt, sugars, protein, lipids, nitrites and phosphates contents, and fatty acid composition.
4 Societal image attributes: preslaughter and slaughtering conditions relate to the perception of pig handling and transport conditions and the size of slaughtering and

processing plants. Curing relates to the method (immersion allows the use of label ‘‘traditional”) and the brine composition (salt content, addition or not of nitrites or other
additives).

5 The muscles used differ according to the quality category of cooked ham.

Fig. 1. Diagram of the technological process for the manufacturing of cooked ham (from Aberle et al., 2012; Arnau Arboix, 2014; IFIP, 2014, 2017).
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a desired degree of sweetness and to promote colour and flavour;
sugar addition level decreases with increasing quality category
(3.0–0.5% from standard to superior). iv) Phosphates (additives):
their main function is to increase meat WHC by raising the pH
away from the isoelectric point of proteins and to reduce meat
shrinkage on subsequent heating, thus improving processing
yields. They are also able to chelate metal ions that catalyse lipid
oxidation, delaying the development of oxidative rancidity.
Because they were criticised by consumers for their ‘‘chemical pro-
duct” image and the fact that they artificially increase the water
content in the finished products, their use has been drastically
decreased in some countries in past 20 years; as example in France,
their addition is nowadays allowed in standard (0.5%) and choice
(0.2%) but not in superior ham category. v) Reducing agents and
antioxidants (additives; e.g. ascorbic or erythorbic acids or their
sodium salts): they facilitate the formation of nitrosomyoglobin
which is then stabilised by heating, and act as oxygen scavengers
to limit oxidation reactions which could impair colour and taste
of products during storage. Control of oxidation in cooked products
is best achieved by a combination of additives: polyphosphates
controlling initiation, nitrites acting as free radical acceptors, and
4

reducing agents as oxygen scavengers. vi) Spices and aromatics,
condiments, flavour enhancers, aromas, etc.: these ingredients give
the aromatic specificity to the product, especially in the case of fast
processing methods, and contribute to colour. The authorised
products and their maximum contents may depend on the product
category. An effective flavour potentiator that activates the umami
receptor is monosodium glutamate, which potentiates the savoury
meat note (its maximum use level is limited). vii) Other authorised
ingredients for the processing of standard quality ham include
gelatin, pork blood protein and gelling agents (considered as addi-
tives). Curing is nowadays, especially in large processing plants,
generally carried out by injection of the brine into the muscles
using automatic multi-needle injectors, which allows to shorten
the curing procedure and to distribute evenly the brine. Muscle
tenderising is undertaken for small muscles and superior quality
hams to support cooking yield, slice coherency and firmness of
the final product. It consists in making small vertical cuts into
the muscle using needles or blades (knives) to enlarge its surface
and facilitate brine penetration. Immersion of hams into the brine
was done traditionally, which lasted several weeks and was diffi-
cult to control (hams were not homogenous). Nowadays, it is used
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only for superior hams aiming at quality differentiation. After a
tempering step to achieve homogeneous temperature of the raw
material, brining is undertaken at around 3–8 �C; increasing the
temperature promotes salt penetration but reduces the microbio-
logical stability of the brine.

Tumbling-massaging is one of the key steps in cooked ham
manufacturing; it provides an intense mechanical action that facil-
itates the gel forming ability i.e. the extraction of salt-soluble pro-
teins and the formation of ‘‘mixing silt” (water, salt, solubilised
proteins) which will coagulate and bind the muscles during cook-
ing. Tumbling replaces the maturation phase of ‘‘traditional” pro-
cessing by brine immersion. It is carried out in rotary tanks for
many hours (depending also on the brine concentration) with
alternating phases of rotation and rest, at 3–6 �C, and in vacuum
to avoid foaming (Arnau Arboix, 2014; IFIP, 2014). Tumbling also
softens the muscles which facilitates moulding and helps to pre-
vent the formation of holes, and promotes the reactions of nitrite
and its derivatives in colour development. Thus, tumbling
improves the functionality of brine ingredients and thereby the
technological yield and sensory properties of cooked ham. Final
result is influenced by massaging time, rotation speed, vacuum,
temperature, and tumbler size; all these factors should be adapted
to the different types of cooked ham (Arnau Arboix, 2014; IFIP,
2014).

Moulding and heat treatment
The kneaded meat is placed in rigid moulds of variable size and

shapes, for either integral hams or ham parts up to 20–25 kg. A
polyethylene layer is used to prevent the meat from sticking to
the mould, and prevacuum is applied to avoid holes in cooked pro-
duct due to air locked between muscles. Meat can be also vacuum-
packed in thermoshrinkable plastic bag, which can act as a mould
(Arnau Arboix, 2014). The heat treatment has several objectives
and effects: i) product pasteurisation and its microbiological stabil-
isation, making heat treatment a critical step in the process, ii)
firming of texture due to the gelation of muscle proteins, iii) devel-
opment and stabilisation of the specific bright pink colour of
cooked ham (heat denaturation of myoglobin and transformation
of nitrosomyoglobin into nitrosylhemochromogen), and iv) flavour
development: heating favours the formation of new compounds
that contribute to the specific flavour, which in any case depends
mainly on the brining method and duration (traditional immersion
brining giving more flavoured products). Moulded hams are
cooked with water or steam using constant, increasing, or decreas-
ing temperature (i.e. initial high then reduced cooking tempera-
ture). The first cooking method is the most common way, the
second is optimal but longer, while the latest is the most rapid
but provides lower yields and cohesion of the slices. Smoking can
be applied either before (but involves several manipulations) or
after cooking (easier but gives a less marked taste). The heating
process (time/temperature) depends on the target pasteurisation
value and brine composition: the targeted core temperature can
be lower for hams without polyphosphates or gelling agents (65–
66 �C) than for those containing them (70 �C) (IFIP, 2014). Cooling
is also an important phase as it influences the pasteurising effect
and the firming of texture and slicing yield, which are favoured
by a moderate temperature decrease to about 30 �C, then temper-
ature decrease is faster to avoid microbial growth.

Processing and slicing yields
Major determinants of processing and slicing yields of cooked

ham are meat WHC and the absence of destructured defect. These
parameters, which are partly associated, are closely related to the
kinetics of postmortem pH decline, which in turn depends on many
upstream factors. In addition, the manufacturing and slicing yields
are influenced by the technological parameters of the curing, tum-
5

bling and heat treatment steps. The type and content of brine
ingredients and additives influence water retention during cooking
and processing yield; tumbling is also critical for cooking and slic-
ing yields due to the role of ‘‘mixing silt”. Heat treatment (dura-
tion/temperature) must be optimised to limit liquid losses, which
increases with temperature, while keeping a high level of hygiene
(microbial stabilisation) and slice integrity especially for industrial
(high speed, thin slices) slicing.

Slicing and packaging
Cooked hams can be marketed sliced or as whole pieces to

retailers who will slice them for consumers. After cooking, hams
are removed from the moulds and packaging pierced to allow the
flow out of cooking juices. Hams are stored at 2–4 �C up to 7 days
to stabilise colour and texture and avoid slicing problems. Shelf life
of hams marketed sliced depends on the additives used during
processing, the packaging method and the product bacteriological
status. Packaging should exclude the presence oxygen to preserve
the typical colour (it generally contains a mixture of nitrogen and
CO2) and product should be kept at refrigeration temperatures
(2–4 �C) until it is supplied to the consumer (Arnau Arboix,
2014; IFIP, 2014).

Quality attributes of cooked ham: Roles of primary production factors
and manufacturing processes

The organoleptic (appearance, colour, texture, flavour), nutri-
tional, safety, convenience and societal image attributes of cooked
ham result from interactions between the characteristics of the
raw material, determined by primary production factors and the
manufacturing conditions. The main effects of these different fac-
tors on the quality attributes of cooked ham are described here
and summarised in Table 1.

Organoleptic attributes
The organoleptic attributes of cooked ham result from interac-

tions and synergies between raw material properties and process-
ing mode, along with the packaging method and storage of the
products. Normally, good technological aptitude (high WHC,
absence of destructured meat) enables to produce a favourable
product appearance and texture for the consumer: typical pink col-
our, slice integrity and absence of slice defects (holes or pasty
zones), appropriately soft texture and perception of meat fibres
(IFIP, 2014; Neyrinck et al., 2015). The primary production factors
known to influence fresh pork quality parameters such as colour,
pH, WHC, etc., namely pig genotype, muscle, feeding, rearing con-
ditions, preslaughter handling, slaughtering and carcass refrigera-
tion conditions (Lebret and Čandek-Potokar, 2021) may also
affect the organoleptic properties of cooked ham; however, the
effects are less pronounced than on fresh meat (Kowalski et al.,
2021). Other influencing factors are related to the fresh ham prepa-
ration (size, shape, muscles included), the addition of ingredients
and additives according to quality category, the manufacturing
parameters related to brine injection, tumbling and their duration,
heat treatment and packaging method. The flavour of cooked ham
is generally not very intense compared to other pork products and
depends on the processing methods, especially the brine composi-
tion (presence and concentration of functional ingredients),
method (injection or immersion) and duration of brining (Arnau
Arboix, 2014; IFIP, 2014). The upstream factors related to pig pro-
duction play a limited role, and the risk of boar taint (undesirable
odour and taste of product from entire male pigs; Lebret and
Čandek-Potokar, 2021) is low as cooked ham is purchased already
cooked, usually consumed cold, and contains little fat. Indeed,
Chevillon et al. (2010) reported high level of consumers acceptabil-
ity (based on taste, odour, overall appreciation, and intention to re-
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consume) for cooked hams from entire males (at high risk for
androstenone odour in this study), similar to hams from females
or castrated males. Only hams from entire males were noted by
consumers to have a less pleasant odour when opening the pack-
age. Flavour can be altered by lipid oxidation favoured by non-
optimal storage time or conditions, but the risk is low especially
for trimmed cooked hams due to their low amount of fat.

Nutritional attributes
The nutritional attributes of cooked ham depend mainly on the

composition of the raw material, and of the ingredients and addi-
tives used during processing. The nutritional properties of the
raw material, such as the content and nature of lipids, vitamins,
minerals and antioxidants contained in ham muscles (and in sub-
cutaneous fat in case of hams marketed with rind), are determined
by several pig production factors responsible for carcass fatness
(genotype, sex, feeding level, etc.), and most importantly by the
composition of pig diet with regard to the fatty acid (FA) profile
and antioxidant content of tissues (Lebret and Čandek-Potokar,
2021). Possible strategies to increase the n-3 polyunsaturated fatty
acid content and n-3:n-6 polyunsaturated fatty acid ratio in pork
products to improve their nutritional value are well suited for
cooked ham, and well used by the industry as the risk of flavour
degradation due to lipid peroxidation is low in this product com-
pared to dry-cured products (Hugo and Roodt, 2007).

The ingredients and additives used for processing, and the pre-
scribed chemical composition and nutritional properties of cooked
ham vary greatly depending on the product category. For example,
the Italian legislation on ‘‘prosciutto cotto” includes a qualitative
classification based on the moisture content of the final product
corrected for contribution of fat and additives, the lower the value
the higher the quality of the cooked ham, with threshold values for
each of the three product categories (Gazzetta Ufficiale, 2005).
According to French regulation, the maximum contents per 100 g
of product are 8.5 and 4% for fat, 3.5 and 1% for sugar, and 3.0
and 2.0% for salt in the standard and superior quality categories,
respectively, with these contents being intermediary in the ‘choice’
category (IFIP, 2017). The nutritional objectives to reduce the salt
content of food, with processed meats particularly affected, have
led to changes in the practices of pork processors who are offering
a growing range of cooked hams (generally of superior quality)
with reduced salt content. According to European regulation (EC
1924/2006) � 25% is the minimum salt reduction level required
for claiming ‘‘reduced salt content” in cooked ham. Manufacturing
this kind of product requires a raw material of high technological
quality and a high control by processors at all processing steps to
obtain satisfactory processing yields and high organoleptic and
hygienic status of the final product (Desmond and Vasilopoulos,
2019).

Safety attributes
In terms of food safety, a growing concern with cooked ham and

processed meat in general is the impact of nitrites on human
health and ways to reduce their levels in processed products.
Nitrite addition has been used in processed meat for a very long
time as preventive measure against pathogenic bacteria including
Clostridium botulinum (Flores and Toldrá, 2021). This crucial bacte-
riostatic function is recognised by European legislation which clas-
sifies the nitrites as preservative agents. Nitrites also contribute to
the development and stabilisation of colour through the formation
of nitrosomyoglobin, exert an antioxidant action, and contribute to
the flavour of processed products (Honikel, 2008; Flores and
Toldrá, 2021). However, residual nitrite, in presence of secondary
amines which can be found in processed meats or after fermenta-
tion, and in certain conditions (high temperature, low pH, presence
of haem iron) can generate N-nitroso compounds, most of which
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are carcinogenic (e.g. nitrosamines). Nevertheless, the levels of
nitrites used now are much reduced so that N-nitroso compounds
are present in meat products at low levels, and contrary to public
perception their carcinogenic potential likely to be minor (Higgs
and Pratt, 1999). Moreover, recently published studies emphasise
that drinking water nitrate can have a significant contribution to
the endogenous formation of N-nitroso compounds, independently
of the type of meat consumed, although subjects consuming pro-
cessed red meat had a highest incidence of N-nitroso compounds
formation (van Breda et al., 2019; Sinha et al., 2021). This is a com-
plex task as humans do not consume meat products alone, they are
part of a diet.

The reduction of nitrites to 40–60 mg/kg in cooked ham and
pork products, or even their elimination to reduce the risks of N-
nitroso compounds formation in products and during digestion,
is a major challenge for processors who must assure microbiolog-
ical safety, especially the absence of Clostridium botulinum, Bacillus
cereus and Listeria monocytogenes in cooked ham. A recent study
showed that the addition of sodium nitrites between 30 and
80 mg/kg during cooked ham processing prevented the outgrowth
and toxinogenesis of C. botulinum Group II, regardless of the
sodium chloride concentration (12–19 g/kg), while the complete
removal of nitrite allowed the growth and toxin production during
product storage (Lebrun et al., 2020). These authors concluded that
the maximum use level of nitrite (150 mg/kg) allowed by European
legislation could be reduced in cooked ham while ensuring the
control of C. botulinum, whose outgrowth and toxin production
should be evaluated on a case by case basis according to the recipe,
manufacturing process and storage conditions. Additional mea-
sures should be implemented to guarantee the safety of nitrite-
free products such as lower pH, higher sodium chloride concentra-
tion, strict cold supply chain and a shorter shelf life (Lebrun et al.,
2020).

Cooked hams with ‘‘no nitrite salt”, ‘‘nitrite-free preservation”
or ‘‘zero nitrite” claims have been on the market for some years
now: no nitrites have been added during their manufacturing
and their shelf life is therefore shorter than that of products man-
ufactured with addition of nitrites. This also applies to ‘natural’ and
‘organic’ processed meat in the United States as the regulations of
Department of Agriculture do not allow the use of chemical preser-
vatives (nitrites or nitrates) for these claims. However, some
recipes include natural sources of nitrite or nitrates, such as
vegetable-based ingredients, especially celery, as broths or juices,
and nitrate-reducing starter cultures (added lactic acid ferments)
that reduce nitrates in the vegetable broths to nitrites (Flores and
Toldrá, 2021). These cooked hams are therefore not nitrite-free,
and have a characteristic pink colour. The ‘‘zero nitrite” products,
made with no added nitrites or nitrates (via vegetable broths or
juices), have a greyish colour similar to that of cooked pork and a
shorter shelf life (about 10 days, compared to 4 weeks when nitrite
salt is added). In accordance with consumer protection law, pro-
duct claims must not be misleading. However, the current regula-
tions do not provide a clear framework for claims on nitrites, in
particular regarding their actual content in the products con-
sumed; in this respect, a clarification by the public authorities
would be appropriate in the interest of consumers.

Apart from the potential risks for human health associated with
the use of nitrites during processing, cooked ham can be source of
pathogens, e.g. listeriosis (Hachler et al., 2013). Salt reduction in
cooked ham processing increases the rate of this pathogen, and
of spoilage flora in general (Duret et al., 2019). The increased risk
of L. monocytogenes leads processors to use additional control mea-
sures such as modified atmosphere or shelf life reduction to ensure
the safety of salt-reduced products (Afssa, 2010). Often neglected is
the significant role of consumers in the safety of food they con-
sume (Kennedy et al., 2005). A multi-criteria analysis aiming at
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evaluating the relationships between energy consumption for cold
supply chain (transport, warehouse storage, household refrigera-
tors), food safety (presence of pathogenic bacteria) and food waste
(presence of spoilage bacteria) showed that setting household
refrigerator thermostat to a precise temperature of 4 �C was the
best combination (trade-off) to limit energy consumption while
ensuring food safety and reduce food waste (Duret et al., 2019).

Convenience attributes
For the consumers, cooked ham has two key attributes: conve-

nience of use (nothing to prepare!) and shelf life: up to 4 weeks at
+4 �C for a product packaged under modified atmosphere. Shelf life
highly depends on storage conditions, i.e. light and packaging.
Haile et al. (2013) showed that discoloration of cooked ham during
storage, estimated by loss of redness (a*) and nitrosohemichrome,
and by increased brightness, was higher for products packaged in
clear, gas-permeable film and stored in the light than in similarly
packaged products kept in dark. Discoloration depended on photo-
chemical processes rather than on storage duration in dark or
packaging. Colour stability was increased in products packaged in
a modified atmosphere with little residual oxygen. On the other
hand, lipid oxidation was not altered by light exposure, but
increased with storage time in the dark, even in the case of short
shelf life (Haile et al., 2013). Thus, storage conditions and packag-
ing are key factors in extending the shelf life of cooked ham and
convenience for consumers. A lot of research and development
studies are undertaken in this regard with increasingly sophisti-
cated (smart) food packaging (Lebret and Čandek-Potokar, 2021).
Objectives are now to use thinner packaging and recyclable
materials.

Societal image attributes
Regarding the societal image, the evolution in pork product

supply, especially cooked ham, shows that pork chain stakeholders
are taking into account the growing expectations of consumers
concerning the way animals are raised and how products are elab-
orated (processing techniques). In addition to eating quality, con-
venience and authenticity associated with processed meat,
citizens have recently added new expectations: they declare to
pay (much) more attention to their diet, and this increased interest
is accompanied by a growing critical thinking and increasing
demand and mistrust towards the food industry. They also express
the need to regain control over their food and to consume in a ‘‘re-
sponsible” way (Birlouez, 2019). The growing diversity of cooked
ham supply demonstrates the dynamism of chain stakeholders at
all levels to respond to image attributes searched by consumers
towards pork processed products, with supply of cooked hams
with increased n-3 FA, reduced salt content or without added
nitrites, or produced from pigs raised without antibiotics (after
weaning) or organic pigs. Some products combine claims related
to pig production and processing technique. The strong competi-
tion between processors stimulates innovation in the sector.
Improvements of product societal image also occur in the area of
farm to fork product traceability, with for example some ‘inte-
grated’ pork industries covering the whole chain, having set up a
blockchain traceability system accessible to consumers via a QR
code on the product.
Dry-cured products – Emphasis on dry-cured ham

Dry-curing is one of the oldest methods of meat preservation
achieved by dehydration through the addition of salt and drying.
Historically, the main objective of dry-curing was to preserve meat
for times of scarcity. The development of processing techniques
aimed to improve the organoleptic and nutritional product proper-
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ties, leading to increased consumer acceptance and demand. Two
categories of dry-cured products can be distinguished; products
made from whole pieces or cuts (e.g. ham, shoulder, neck, belly)
or various sausages consisting of minced meat and fat enclosed
in natural or artificial casings. This presentation will focus on hams
because they are the most representative. Moreover, in the case of
sausages, product characteristics are affected by the action of
microflora (which is not the subject of this review); however, the
raw material characteristics required and their influencing factors
are generally the same for all dry-cured products.

Important properties of the raw material for processing into dry-cured
ham

The quality of dry-cured ham is strongly influenced by the prop-
erties of the raw material or as often referred to ‘‘suitability for
processing”. These properties include i) the weight of fresh ham,
with a minimum weight generally required (e.g. � 9.0 kg in prod-
ucts with quality label) as the dynamic of salt diffusion depends on
ham volume, ii) the subcutaneous fat thickness, also with mini-
mum required (at least 10 mm, generally� 15 mm) to avoid exces-
sive final weight loss or ham defects related to leanness and too
much salt intake due to enhanced salt diffusion and, iii) the
absence of visual/appearance defects (e.g. skin lesions), iv) the
firmness and colour of subcutaneous fat which are linked to its
FA composition and especially its polyunsaturated fatty acid con-
tent, with aim to avoid excessive lipid peroxidation, and v) the
meat physicochemical properties, generally assessed by pHuwhich
should be in the range considered as normal values (5.5–6.2 in SM),
or by visual colour assessment (Ramos et al., 2007; Čandek-Potokar
and Škrlep, 2012). Recently, Dall’Olio et al. (2020) tried to predict
ham weight loss at first salting, a selection criterion in Italian
breeding programme for heavy pigs. They confirmed that ‘ham sea-
soning aptitude’ improves with an increase in backfat and pHu and
a decrease in lean cuts. As reviewed by Lebret and Čandek-Potokar
(2021), meat and fat qualitative characteristics are determined by
rearing factors, in particular the breed (or genetic line), diet and
housing (i.e. production system), and by preslaughter and slaugh-
tering conditions regarding meat pH and colour. For dry-cured
ham manufacturing, it is extremely important to avoid quality
defects associated with pig handling prior to slaughter and car-
casses handling on the slaughter line and during refrigeration,
since damage inflicted on hams at this stage may render the raw
material unacceptable for further processing. Typical defects asso-
ciated with these stages are traumatic and non-traumatic haema-
tomas, intramuscular petechiae, internal haemorrhages, incisions,
veining, tissue separation, PSE appearance and contact spots due
to carcasses touching during chilling (Čandek-Potokar and Škrlep,
2012).

Manufacturing process

Unlike cooked ham, dry-cured ham is processed with few addi-
tives and little technology, and still relies heavily on the know-how
of the producers. Despite important differences in the manufactur-
ing process (e.g. dry or in-brine salting, including smoking or not,
different shaping of hams, bone-in or deboned) resulting in vari-
ous, typical sensory characteristics, they are essentially based on
the same principle, namely salting and dehydration. The research
has demonstrated that the quality of dry-cured ham depends on
the processing method, in particular the salting mixture (use or
not of nitrites), conditions and duration of each processing phase,
and the quality of the raw material. Various processing techniques
for dry-cured ham exist but all of them aim to make a product that
is stabilised and can be conserved at room temperature without
health risks or product quality changes. Organoleptic attributes,
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especially colour, texture and taste, are the most important deter-
minants of consumer appreciation, although nutritional value,
price and product convenience are also important (Resano et al.,
2011). The processing phases are characterised by three main
steps: salting, resting (salt equalisation) and drying with ripening.
They are described here based on previous reviews (Čandek-
Potokar and Škrlep, 2012; Petrova et al., 2015a and 2015b) and
the ‘‘Code des usages” (IFIP, 2017) and are summarised in Fig. 2.

Selection of raw material
The quality of the raw material (fresh ham) required by the pro-

cessors from their suppliers depends on the quality category of the
final product e.g. standard, superior, and/or specifications related
to quality labels (e.g. PDO, PGI, TSG). In addition to the pig breed/
genotype and production system (housing, feeding, age/weight at
slaughter, etc.) demanded in some specifications, the major quality
criteria are the ham weight and appearance (shape and absence of
defects), the thickness of subcutaneous fat and pH of muscles,
which all influence the manufacturing process (Čandek-Potokar
and Škrlep, 2012).

Salting
Before salting, hams are first trimmed or shaped to the pre-

scribed form (rounded cut) and pressed (usually mechanically) to
remove residual blood from the artery and femoral vein. The salt-
ing procedures differ with regard to the mixture of salt used and
salting method. The ingredients and additives used and/or allowed
depend on the category of the final product and specifications in
the case of quality brands, and may include i) the salt (in some
quality brands of specified origin), ii) sugar (maximum use level
of 0.5%): mainly used for dry hams of short processing time (�7
months), it provides a sweet flavour (Gou et al., 2012), iii) spices
and aromatic compounds, iv) nitrate of sodium or potassium (addi-
tives E251 and E252, respectively; preservative which is trans-
formed into nitrite by the microflora) with maximum dose of use
according to quality category or 

Trimming 
into defined form

Salt applied on surface or 
hams buried in salt

Whole h

Washing / cleaning

Fig. 2. Diagram of the technological process for the manufacturing of dry-cured ham (fr
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of 150 mg/kg and maximal residual dose of 250 mg/kg according
to European legislation (EC 1333/2008) and in the absence of
added nitrite, v) nitrite of sodium or potassium (in association with
nitrate), vi) potassium, calcium or magnesium chloride (additive),
vii) ascorbate (additive, allowed only for standard cured ham cat-
egory). The salt mixture is generally slightly moistened to promote
its diffusion. It is provided in excess, whether applied to the open
muscle masses (with a particularly thick layer of salt around the
femur head to prevent putrefying) and called ‘soft’ salting (used
for Parma ham for example), or if buried in the salt (technique used
in Spain for Serrano and PDO hams from Iberian pig). In any case,
salting duration is adapted to the weight of ham. It lasts approxi-
mately 1 day per kg for burying salting (Gou et al., 2012) and is
longer (between 14 and 21 days) for soft salting, for which open
surface of ham is covered with coarse salt and usually applied in
two steps. Before salting, which should ideally start within 48 h
postmortem, a tempering step is applied to achieve a homoge-
neous temperature of raw material (1–3 �C). This temperature is
maintained during salting to limit microbial growth on the surface
of the ham. In case unfrozen meat is used, salting should be short-
ened to avoid excessive salt uptake. In most cases of European
quality labels, ham freezing is not allowed and the acceptable time
postmortem before salting is limited. On leaving the salting room,
the hams are brushed to remove the residual salt. At the end of
salting, the hams lose 3–5% of their weight despite absorbing the
salt.

Resting
The hams are then left to ‘‘rest” at a low temperature, allowing

the absorbed salt to diffuse and equalise in all muscles. In this per-
iod, important weight (water) loss occurs (>16%) which stabilises
the product. The most important processing innovations in recent
history have been associated with the use of cooling chambers in
the initial steps of salting and resting phases, which allow the con-
trol of temperature and relative humidity in the most critical phase
Drying

(if long drying/ripening process)

Ripening

am with bone

Stoving

Warm phase: drying and ripening

Deboning, trimming, forming-
pressing, slicing

om Čandek-Potokar and Škrlep, 2012; Petrova et al., 2015a and 2015b; IFIP, 2017).
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of product stabilisation (Gou et al., 2012). Overall, the preservation
of dry-cured ham is achieved by means of dehydration, reduced
water activity and sufficient salt concentration. During salting
phase, the salt penetrates through muscles and skin with subcuta-
neous fat, but a small amount of salt reaches deep muscles at the
end of salting. In the subsequent resting phase, the salt concentra-
tion in the entire piece equalises (Vestergaard et al., 2005). The
amount of salt absorbed is proportional to the weight loss of
ham during processing (Petrova et al., 2015b), which depends on
the properties of the raw material (Čandek-Potokar and Škrlep,
2011). During resting, moisture is removed from the product by
osmotic dehydration. In a first phase, which lasts about 2 weeks,
a high dehydration is achieved thanks to a dynamic ventilation
in order to reduce the growth of unfavourable surface microflora.
In a second phase, dehydration rate is reduced due to a higher rel-
ative humidity and static ventilation; this stage lasts between
5 weeks and up to 3 months or even longer (e.g. in the case of Ibe-
rian or Parma hams) depending on the ham weight, inter- and
intramuscular fat (IMF) content (which hinders salt diffusion)
and the salt content (the lower the salt content, the longer the rest-
ing phase) (Petrova et al., 2015b; IFIP, 2017).

Drying - ripening
After the resting period, the hams are washed/cleaned and can

enter the drying process which takes place at higher temperatures
and is carried out at relative humidity of 65–80% and a moderate
air speed to prevent excessive drying on surface (crust formation).
During this phase, water is removed from the product by evapora-
tion, driven by a humidity gradient between the air and the prod-
uct. The final salt content is the result of salt absorption, diffusion,
and concentration processes (Petrova et al., 2015b). Different dry-
ing techniques/conditions are used; either a short heating to 20–
22 �C for several days to accelerate the enzymatic processes on
proteins and lipids (described below) and then drying is continued
at a temperature of about 15 �C (Italian technique), while in tradi-
tional Spanish process, the temperature rise is progressive and can
go up to 26 �C or more. When the hams have lost about 25% of their
weight, the exposed surface is covered with a layer of fat in order
to slow down dehydration, while ripening continues until a prede-
termined processing loss and maturation period is reached, which
depends on the product. During this phase, the product develops
its organoleptic characteristics (colour, texture, taste); it may last
several weeks or even several months.

Biochemical and physical changes during the process and impacts on
product properties

The initial steps of processing are characterised by intense
water loss and salt absorption, which, in addition to bacteriostatic
function, strongly affect the activity of proteolytic and lipolytic
enzymes in the subsequent stages. During the ripening, muscle
proteins undergo an intense proteolysis due to the action of
endogenous endopeptidases (cathepsins B, D, H and L, and calpains
to a lesser extent) and exopeptidases (peptidases and aminopepti-
dases), resulting in a large amount of small peptides and free
amino acids (AAs) (Petrova et al., 2015a). These molecules are fur-
ther degraded to non-volatile taste precursors and volatile aroma
precursors (aldehydes, alcohols) (Toldrá, 1998). Proteolysis also
influences the texture, which becomes softer. The intensity of pro-
teolysis and the profile of resulting molecules, which strongly
influence the texture and flavour of the final product and thereby
its typicity, depend on raw material properties (e.g. a low pH
favours proteolysis) and ripening conditions (duration, tempera-
ture and salt diffusion) (Virgili and Schivazappa, 2002; Petrova
et al., 2015a). However, excessive proteolysis which can result
from high activity of cathepsin B due to high water activity and
law salt diffusion (Parolari et al., 1994) can be detrimental, leading
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to excessive softness and pastiness and unpleasant flavours (Virgili
et al., 1995). Control of the proteolysis in dry-cured hams is of great
importance, as texture is one of the most important traits that
influence consumer acceptance (Morales et al., 2013).

Besides, muscle and fat tissue lipids undergo lipolysis by
endogenous and exogenous i.e. bacterial lipases and phospholi-
pases, generating free FA. These are further oxidised, generating a
variety of aromatic compounds (alkanes, aldehydes, ketones, alco-
hols, esters, etc.) which contribute to the formation of fruity fla-
vours of dry-cured ham, but also to rancidity (Toldrá, 1998;
Gandemer, 2002). The profile of volatile compounds depends on
the tissue FA composition which mainly results from the pig rear-
ing conditions, in particular feed composition (Lebret and Čandek-
Potokar, 2021) and on processing conditions including tempera-
ture and salt content which can have a pro-oxidant effect
(Gandemer, 2002). While lipolysis is principally influenced by the
manufacturing temperature, proteolysis is under the influence of
salt and water activity (Toldrá et al., 1997).

Overall, the conditions inside the muscle (pH, salt concentra-
tion, water content and availability, temperature) combine with
the processing conditions, in particular the salting method, dura-
tion and temperatures during drying and ripening, to influence
the enzymatic activity and consequently the quality of the final
product, i.e. the development of texture and flavour characteristics.
The ‘Spanish’ processing technique leads to dry-cured hams with
darker red colour, firmer texture, and more or less pronounced oxi-
dation of FA (due to processing temperatures that favour the lipol-
ysis) giving a full-bodied flavour. The ‘Italian’ technique gives
products with a lighter red colour (due to natural red pigments
including zinc protoporphyrin, in the absence of nitrates and
nitrites (Wakamatsu et al., 2004)), softer texture, less oxidised fat
and sweeter taste due to predominance of proteolysis during
ripening. These Mediterranean types of dry-cured hams are charac-
terised by dry salting with salt equilibration phase, drying and long
ripening, whereas in northern and eastern European countries, the
hams are usually smoked and ripening time is much shorter. Thus,
the whole manufacturing period can last from few months (e.g.
7 months for the Serrano TSG or Bayonne PGI) to over 2 years for
some high added value products (e.g. PDO hams from Iberian pigs).

Product preparation for marketing
The marketing of dry-cured hams is practised in different ways,

as a (bone-in) whole ham, as a boneless ham in halves or quarters,
or sliced and prepacked. The preparation of boneless products
requires boning, trimming, shaping under an automatic press and
conditioning during approximately one week to allow the cohesion
of muscle masses, before cutting or slicing. The yield of the whole
ham with the bone is about 65–70% of the fresh weight used, while
it is about 35–50% for a sliced ham.

Quality attributes of dry-cured ham: Roles of primary production
factors and manufacturing processes

The main properties of the raw material that are important for
dry-cured ham manufacturing, which result from various factors
related to the pig production system (genotype, diet, housing)
and the conditions before and after slaughter (Čandek-Potokar
and Škrlep, 2012; Lebret and Čandek-Potokar, 2021), interact with
the processing conditions to elaborate the organoleptic, nutri-
tional, safety, convenience and societal image quality attributes
of the final products. These main relationships developed here
are summarised in Table 2.

Organoleptic attributes
To achieve appropriate drying intensity and salt uptake during

processing, sufficient backfat thickness of fresh ham is necessary,



Table 2
Major factors from farm to fork affecting the quality of dry-cured ham.1

Quality attributes

Factors Commercial2 Processing suitability Organoleptic Nutritional3 Safety Convenience Societal image4

Genotype +++ +++ +++ ++ � � +++
Sex ++ + +++ (flavour) + � � +++
Age/weight at slaughter +++ +++ +++ ++ � � +++
Muscle/Muscle cut5 +++ +++ +++ � � +
Feeding +++ ++ +++ +++ ++ � +++
Rearing conditions +++ +++ +++ +++ +++ � +++
Preslaughter handling +++ +++ +++ � +++ � ++
Slaughtering and carcass refrigeration conditions +++ +++ +++ � +++ � ++
Preparation of raw material +++ +++ + � ++ � +
Processing plant6 + +++ � ++
Salting +++ +++ +++ +++ � +++
Resting +++ +++ +++ +++ � +++
Drying- -ripening +++ +++ ++ ++ � +++
Preparation for marketing - Packaging +++ +++ + +++ +++ +++

1 Effect: none (�), weak (+), medium (++), strong (+++).
2 Commercial attributes of the raw ham before processing.
3 Nutritional characteristics of the final product: salt, nitrites and lipid contents, fatty acid composition.
4 Societal image attributes: preslaughter and slaughtering conditions relate to the perception of pig handling and transport conditions and the size of slaughtering plant.

Salting relates to whether or not nitrates, nitrites or other additives are added.
5 The whole raw ham is processed into dry-cured ham; however, some qualitative characteristics vary according to the muscle.
6 Geographical location (including specific practices and know-how).
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especially in the case of products subjected to long ripening. Too
rapid drying can lead to surface crusting, which hinders drying
and has a negative effect on maturation, in particular proteolysis,
and should be prevented. Besides, the beneficial role of IMF on
organoleptic characteristics of dry ham is well established and
associated with a less firm texture and better flavour due to aro-
matic compounds resulting from FA oxidation (Gandemer, 2002;
Pugliese and Sirtori, 2012). If pigs from the ’conventional’ pig pro-
duction for fresh meat market (i.e. fast-growing lean genotypes)
are used, sorting of fresh hams with minimal fat thickness is rec-
ommended. The use of heavy pigs or pigs of fat breeds is more suit-
able for dry-cured ham production. For example, the products
protected under the European quality policy (in particular PDO)
often require the use of fat pigs from local breeds (Čandek-
Potokar and Nieto Linan, 2019) or of heavy pigs (case of Italian
‘‘suino pesante” from modern breeds). However, when genetically
improved breeds are used, crossing with Duroc breed is often used
due to its high IMF content (Bonneau and Lebret, 2010). The supe-
rior texture and flavour of dry-cured hams from local breeds com-
pared to genetically improved lean genotypes or their crosses have
been clearly established by expert panellists, for example in Iberian
and Basque breeds (Carrapiso et al., 2003; Lebret et al., 2013) as
well as by consumers (Ventanas et al., 2007a). In the case of typical
Italian PDO dry-cured hams, Pagliarini et al. (2016) also showed
that specific pig genetic lines or crosses used for heavy pig produc-
tion give higher organoleptic quality of Parma, San Daniele and
Tuscan PDO hams, and a better consumer acceptance of Tuscan
ham compared to dry-cured ham from standard commercial
crosses. However, these authors also highlighted that the sensory
properties and consumer acceptance depended more on the ham
brand (i.e. processing conditions) than on the pig genotype. Geno-
type also determines the morphology of fresh ham and its muscle
biochemical properties, including (in interaction with preslaughter
and slaughter conditions) the postmortem pH decline and prote-
olytic potential, which influence texture development. Both a rapid
and a high magnitude of pH decline can lead to increased salt
uptake but also excessive proteolysis, which negatively affects tex-
ture (Virgili and Schivazappa, 2002; Čandek-Potokar and Škrlep,
2012; Petrova et al., 2015a).

Age and weight of pigs at slaughter are also important parame-
ters. Heavy, older pigs, whether of local or ‘‘conventional” breeds
selected on lean growth efficiency, are generally considered more
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suitable for processing into dry-cured ham as they have higher adi-
posity and muscle pigment content, and lower muscle proteolytic
potential which allows to avoid excessive proteolysis and too soft
texture (Virgili and Schivazappa, 2002; Čandek-Potokar and
Škrlep, 2012). Rearing these animals in extensive (free-range) sys-
tems, which combine a large space for freedom of movement and
feeding based on local resources (e.g. grass, acorns, chestnuts,
etc.) further contributes to the required meat characteristics i.e. a
more intense red colour and increased lipid (especially monoun-
saturated FA) and antioxidant deposition in backfat and muscle tis-
sues (Lebret, 2008; Pugliese and Sirtori, 2012). The combination of
raw material properties, resulting from pig genotype and produc-
tion system and adapted long ripening process, lead to products
with specific organoleptic properties and typicity (Flores, 1997;
Pugliese and Sirtori, 2012). The most representative examples are
the PDO dry-cured hams from pure Iberian pigs, where the last fat-
tening phase, after a period of restricted feeding, is carried out in a
sylvo-pastoral free-range system with feeding exclusively on
acorns and grass (Montanera). Compared to dry-cured hams from
Iberian pigs fattened in barns with concentrated feed mixtures,
the Montanera system provides hams with better appearance (col-
our), texture (less firm, fibrous, and juicier), aroma (including fru-
ity aroma) and taste, with less salty taste (Cava et al., 2000). These
differences are also perceived by consumers (Ventanas et al.,
2007a). Another recent study confirmed the preference of Spanish
consumers with regard to odour, texture, taste and overall appear-
ance of hams from 100% Iberian or Iberian � Duroc pigs acorn-fed
during finishing, compared to Iberian � Duroc pigs receiving con-
centrated feed (cereals and legumes) (Diaz-Caro et al., 2019). Thus,
feed resources are a way to improve organoleptic attributes of dry-
cured ham and depending on the geographical origin (Rentfrow
et al., 2012) or pig finishing season (Lebret et al., 2021), leading
to flavour variations that can be valorised by quality labels. How-
ever, as shown in a study with Basque pigs kept in extensive sys-
tem with local feedstuffs and concentrates vs indoors and fed
with concentrates, sensory differences are smaller when feeding
resources are less contrasted (Lebret et al., 2013).

Apart from extensive production systems associated with speci-
fic feeding practices, pig nutrition in general, including feed intake
and diet composition, exerts a strong influence on carcass fatness
and IMF content and composition (Lebret and Čandek-Potokar,
2021) and thereby on fresh ham properties. The FA profile plays
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a key role in product flavour, especially in the case of long ripening
due to the high sensitivity of polyunsaturated fatty acids to oxida-
tion and the nature of the volatile compounds produced (Toldrá,
1998; Pugliese and Sirtori, 2012). Feed supplementation with
antioxidants (a-tocopherol) or grass consumption by pigs in exten-
sive systems is effective in increasing the tissue oxidative stability
and the aroma and taste intensities of the final products (Ventanas
et al., 2007b).

As described in companion review (Lebret and Čandek-Potokar,
2021), sex of pigs influences carcass fatness and the FA profile of
subcutaneous and IMF lipids, the saturated FA content increasing
with fatness and being higher in castrated males than females,
and the lowest in entiremales. Thus, the rawmaterial fromcastrates
is the most suitable and that of entire males the most problematic
for dry-cured production due to insufficient subcutaneous fat thick-
ness and IMF content, and high polyunsaturated fatty acid content.
With respect to females, studies generally show no significant dif-
ferences compared to castrates (Banon et al., 2003), however,
Tomažin et al. (2020) found that hams originating from gilts were
more proteolysed which was associated with differences in texture
and colour. Dry-curing also does not mask or reduce the perception
of boar taint; moreover, a recent study showed that dry-cured ham
from entire males has a significant devaluation of sensory traits
other than boar taint, hams from immunocastrated pigs being inter-
mediate (Čandek-Potokar et al., 2020). Quality differences in dry-
cured hams from entire and castrated males are also perceived by
consumers, especially by women and by regular consumers of this
product (Banon et al., 2003). Therefore, the abandonment of castra-
tion of male piglets strongly concerns the sector of dry-cured ham
production, because of i) the increased risk of boar taint with
increasing pig slaughter age andweight (heavy pigs are usually used
for dry-cured ham processing), ii) the use of breeds at higher risk
such as early maturing and fat local (Čandek-Potokar and Nieto
Linan, 2019) or Duroc breeds, and iii) the change inmeat technolog-
ical quality (Lebret and Čandek-Potokar, 2021).

In addition to factors related to the pig and its rearing condi-
tions, preslaughter handling, slaughter and chilling conditions
may influence the organoleptic properties of dry-cured hams via
their effects on postmortem muscle pH. A rapid pH decline (PSE
meat) increases salt absorption and proteolysis, and a high pHu
(dark, firm and dry meat) slows down salt diffusion and desicca-
tion, possibly leading to pasty and soft products, and increasing
the bacteriological risk (Virgili and Schivazappa, 2002; Čandek-
Potokar and Škrlep, 2012).

Nutritional attributes
The nutritional properties of dry-cured ham can be modulated

by pig production factors. As detailed, the lipid content of the
raw material mainly depends on pig genotype and feeding inten-
sity, while the FA and micronutrients composition (including
antioxidants) depend on the diet composition. Supplementing pig
diets with n-3 polyunsaturated fatty acids to improve nutritional
value is not favourable for a dry-cured product, because of the sig-
nificant peroxidation of polyunsaturated fatty acids during the pro-
cess which can be detrimental to the flavour (risk of rancidity) and
nutritional properties (formation of toxic compounds) (Hugo and
Roodt, 2007). The addition of antioxidants (tocopherols) can limit
lipid peroxidation but the dietary antioxidant level must be suffi-
cient. Santos et al. (2008) thus demonstrated that 220 vs 20 mg
tocopherol acetate per kg feed with 3% linseed oil was necessary
to avoid sensory depreciation of dry-cured hams by consumers.
In extensive systems, pig consumption of grass containing n-3 FA
but also antioxidants (including a- and c-tocopherols) increases
their tissue content (Ventanas et al., 2007b; Pugliese and Sirtori,
2012), thus limiting the polyunsaturated fatty acid oxidation in
pork products.
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Healthy eating trends to reduce salt consumption have been the
catalyst for the meat industry’s efforts to reduce salt content in
processed products, here comprised dry-cured hams. Since salt is
the essential preservative (the only one allowed in many dry-
cured ham specifications), its reduction is a challenge to ensure
product safety and desired sensory quality (control of proteolysis
and lipid peroxidation) (Andres et al., 2004; Čandek-Potokar and
Škrlep, 2012). During processing, salt uptake can be managed
and reduction achieved by adding a smaller amount of salt or
(more commonly) by shortening the salting time. However, the
resting step must be prolonged to reach the water loss and water
activity considered as safety thresholds (18–19% and 0.96, respec-
tively) before proceeding to the drying phase (Pinna et al., 2020).
Since salt lowers water activity and thus enzyme activities, reduc-
ing ham salting increases the risk of excessive proteolysis (Pinna
et al., 2020), especially at low pH and in the deep muscles of the
ham, to which salt diffusion takes longer. Thus, effects of salt
reduction on sensory quality are mainly manifested in deep mus-
cles such as the biceps femoris, with reduced salty taste, greater
proteolysis, softer texture and less intense flavour (Andres et al.,
2004; Tomažin et al., 2020). In summary, reducing the salt content
of dry-cured ham to promote nutritional benefits requires a bal-
ance between salt reduction and product safety without too much
altering the sensory characteristics. This requires adjustments and
controls of the raw material and of the salting, drying and ripening
phases to avoid undesirable changes in organoleptic properties.

Safety
Dry-cured ham belongs to the group of ready-to-eat shelf-stable

processed meat products that can be stored unrefrigerated
(T > 10 �C) and are safe to eat without additional preparation
(Hui, 2012). The microbiological stability is achieved by the preser-
vation method (i.e. dry-curing) which reduces water content
(<60%) and water activity (<0.93). The addition of curing salts
sodium chloride, and of potassium and sodium salts of nitrite
and nitrate as preservatives contributes to the product safety, but
the use of nitrite and nitrate salts represents risks for human
health with regards to nitrosamines development. However, in
several traditional dry-cured hams of Mediterranean type with
long processing duration, sodium chloride is the only preservative
used.

Dry-cured safety assurance concern ingoing raw material con-
tamination (Lebret and Čandek-Potokar, 2021) and control mea-
sures in the processing steps. In general, the presence of
pathogenic bacteria in the processing of dry-cured ham does not
pose a major problem, as the process itself is not conducive to their
growth and release of toxins, so they occur only when there are
errors in the process. Considering the nature of dried meats, Sal-
monella spp., E. coli O157:H7, Staphylococcus aureus and Listeria
monocytogenes are of main safety concern (Hui, 2012). During pro-
cessing, bacterial spoilage can occur before sufficiently low water
activity and increased internal salt concentration can stop bacterial
proliferation. These bacteria are mainly Enterobacteriaceae and
Clostridium spp. (most commonly C. perfringens) (Ockerman et al.,
2002; Scolari et al., 2003). They cannot act on the surface due to
unfavourable conditions, but can grow inside in case of deficiencies
in the processing. Spoilage bacteria enter tissues during cutting
manipulations or earlier by bloodstream. Their action leads to pro-
found putrefaction, bloating and the associated repulsive sour,
putrid odour and consequent unsuitability of the product for con-
sumption. Putrefaction close to the bone is the most common fault,
with Serratia spp. and Proteus spp. of the Enterobacteriaceae family,
which can grow at low temperatures and under anaerobic condi-
tions, considered as the main cause of spoilage (Ockerman et al.,
2002; Scolari et al., 2003). Once dry-cured ham is dried, only
moulds (Aspergillus and Penicillium) can grow, which can cause
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an abnormal flavour and unacceptable appearance, lowering the
quality of the product. Moreover, the issue of toxigenic moulds
belonging to Penicillium and Aspergillum genus is of great concern
for dry-cured ham safety and is receiving increasing attention
(Vipotnik et al., 2017). Spoilage problems have been related to sea-
son, with deep muscles being affected more in the cold months,
while the superficial parts in the summer. Diagnosis of spoilage
is simple - by puncturing with horse’s fibula at specific places
and sniffing. With past microbiological research establishing salt
concentration and water activity levels that inhibit the growth of
spoilage bacteria, the incidence of spoilage has decreased signifi-
cantly. Most processing plants nowadays are equipped to maintain
appropriate climatic conditions all over the year. Maintaining low
temperatures reduces the incidence of deep muscle spoilage. In
contrast, surface defects are less dependent on temperature condi-
tions, and their reduction requires intensive cooling and dry air in
the early stage with fast water activity reduction (Parolari, 1996).

The predominant normal microflora that develops on dry-cured
ham during drying and ripening is from the Micrococcaceae family
(Vilar et al., 2000). Among these, the Staphylococcus genus largely
predominates, followed by the genus Micrococcus, whose prolifer-
ation is limited by higher salt concentration. They accumulate
mainly on ham surface, their halotolerance ensuring their constant
presence at all stages of processing. Due to their complex metabo-
lism, Micrococcaceae perform technologically very important basic
functions: as they consume oxygen, they significantly reduce lipid
oxidation and the occurrence of rancidity. They also reduce nitrates
to nitrites which exert an inhibitory effect against dangerous
microorganisms, including Clostridia (Scolari et al., 2003; Vilar
et al., 2000). In summary, the hurdles to respect in dry-cured
ham production depend on the product and process, with pH and
water activity being of primary importance for product safety.
Thus, raw material with pH > 6.0 is to be avoided to prevent the
microbial growth. For non-fermented cured products like dry-
cured ham, the salting and drying steps are critical. Salting step
has to be carried at the refrigeration temperatures because the pro-
duct is not yet stabilised, whereas temperature, time, relative
humidity and airspeed must be controlled in drying and ripening
stages to prevent incorrect drying and to achieve sufficiently low
water activity.

Convenience attributes
Dry-cured ham has two characteristics that are of great interest

to consumers: convenience of use, especially when the ham is sold
in slices (which nowadays accounts for a large proportion of sales
volume), and long shelf life, which is 4 months for slices and many
months more for boned pieces that are vacuum-packed and stored
at 4 �C. However, shelf life of slices or dry-cured ham pieces
depends on product size, ageing time, packaging type (vacuum or
protective atmosphere), presence of interleaf (Kilcast and
Subramaniam, 2000). New purchasing formats with vacuum or
modified atmosphere packaging are more in line with the current
consumer habits and trends, and are efficient to protect
dry-cured ham from colour changes or lipid peroxidation during
storage (Parra et al., 2012). The development of new active and
intelligent packaging will further improve the freshness and shelf
life through a better control of storage conditions from the point
of production to the final consumer (Sohail et al., 2018). Bone-in
dry-cured ham can be stored at room temperature or in the cellar
for up to 12 months, if previously foreseen by the processing plant
(in particular by covering muscle surface with fat during process)
to avoid problems and defects due to protracted stay in ripening
room. This product therefore fits well with the eating habits and
lifestyle of the modern consumer, who values long shelf life of
products, ease of meal preparation, multiplication of meals, snack-
ing and nomadic consumption.
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Societal image attributes
Societal image, which corresponds to the consumer’s percep-

tion of the product and its attributes, is particularly important in
the case of dry-cured ham, as confirmed by numerous products
protected as geographical designations (PDO, PGI) or traditional
specialty (TSG) and/or other quality brands in Europe (Spain, Por-
tugal, Italy, France, Germany, Slovenia, Croatia, etc.). Societal image
attributes are associated with the tradition, culture and eating
habits of a region or country, where a particular product is pro-
duced and includes the way in which pigs are raised and the pro-
duct is processed. There are many varieties of dry-cured hams
which differ in terms of origin, pig farming system and resulting
raw material quality, processing technique, and of course market-
ing price for the consumer. We can distinguish between ‘‘standard”
products, which use raw material from modern lean breeds raised
in intensive production systems and represent very large volumes
of dry ham production, and high added value dry-cured hams with
requirements for the raw material providing the products known
for their high quality. Among the latter, the most distinguished
are the products originating from traditional local breeds, generally
associated with extensive systems and feeding, which mainly rep-
resent niche productions (Čandek-Potokar and Nieto Linan, 2019).
Within this ‘high added value’ category, one of the economically
most important are Italian PDO dry-cured hams arising from mod-
ern breeds but with specific requirements regarding the raw mate-
rial properties and pig (heavy pig production). Thus, this can
generate some confusion for the consumers who may not be well
aware of the differences between products related to pig breed
and production system used. For example, there are four categories
of dry-cured hams with Iberian designation as defined by the Ibe-
rian Quality Standard (MAGRAMA, 2014), depending on the pig
breed (pure Iberian or crossbred) and production system especially
the outdoor access and feed provided (acorn, pastures and/or feed-
stuffs), etc. This generates great variability in the final products and
sensory differences among ham categories that are perceived by
consumers, even though this perception ability greatly varies
among consumers (Diaz-Caro et al., 2019). Another misperception,
linked to the reputation of Iberian hams, exists between these
products and the TSG Serrano whose name may be associated by
(non-Spanish) consumers with this geographical origin. However,
Serrano specifications are much less binding, focusing only on
the processing conditions but not on pig origin, genotype or rearing
conditions, allowing much higher production volumes and lower
marketing prices than for ‘‘Iberian” hams.

Despite the reputation and special quality of some (mainly
PDO) dry-cured hams, the research with consumers shows their
marked regional or national preferences towards locally produced
hams, which can be explained by their familiarity with the product,
combined with emotional aspects (Resano et al., 2010; Font-i-
Furnols and Guerrero, 2014). Information about product origin
contributes strongly to its acceptability but may be perceived dif-
ferently depending on consumers. A study conducted in Norway
showed that one group of consumers preferred high quality dry-
cured ham of Spanish origin while the other group preferred Nor-
wegian product (Hersleth et al., 2011). Consumers are also very
attentive to information relating to pig breed or production system
and ham ripening time when associated with a quality label, which
all influence their product perception, as shown in a recent study
with PDO Noir de Bigorre dry-cured ham (Vitale et al., 2020).

Conclusions

This review considers the main factors from farm to fork and
their interactions on various quality attributes of two pork
products of the highest economic importance, cooked ham and
dry-cured ham. Moreover, these products are issued from integral
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pieces, for which the quality of the raw material and thus primary
production factors are of great importance. For cooked ham pro-
duction, a desired raw material (meat) corresponds to a lean fresh
ham with physicochemical quality criteria corresponding to a nor-
mal pHu value range and colour, and without destructured meat
and visual defects. These traits depend mainly on pig genotype
and preslaughter handling, and carcass processing. Among the
pig production conditions, diet composition can modulate the
nutritional value of cooked ham. The quality of the final product
depends also strongly on the processing technique, especially the
curing method, brine composition, tumbling, and thermal treat-
ment conditions. However, the reduced use of additives in cooked
ham manufacturing and the growing consumer expectations
regarding the nutritional and societal image attributes of pork
products reinforce the importance of the raw material quality
and therefore the way pigs are reared, in the quality of cooked
ham. Pig rearing conditions contribute to shaping the quality of
the final product even more in the case of dry-cured ham. Their
organoleptic, nutritional, technological, safety and societal image
attributes depend largely on the properties of the raw material
which in turn are determined by a combination of primary produc-
tion factors. Furthermore, the manufacturing of dry-cured ham is
more diversified and the conditions in salting, resting, drying and
ripening stages are adapted to raw material, which contributes to
the great diversity of dry-cured hams. Optimisations and/or syn-
ergies between raw material and processing factors lead to specific
products of high quality (luxury) and typicity, which are often
recognised by quality labels. With some exceptions (e.g. Mediter-
ranean PDO dry-cured hams), less research has been conducted
to establish the link between pig production factors and the final
quality of processed pork products, compared to studies on the
quality of pork consumed as fresh meat. One reason could be that
a major objective of the meat industry is to erase variability of the
raw material to adapt better to the manufacturing processes, and
that a standardised product of constant quality is assured for the
market. Namely, it is difficult to accommodate the processing to
the highly variable raw material. However, meat consumption
issues related to health and societal image dimensions require
more knowledge about the upstream and downstream factors
and their interactions and/or synergies that determine the final
qualities of meat products.
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