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Summary
Food of animal origin, namely meat, seafood, milk and milk products, is the main protein source in human nutrition. These types of food are very complex mixtures that contain
proteins and other components, and proteomic techniques enable simultaneous study of
several hundred up to several thousand proteins. The use of proteomic methodology for
quality control and quality assessment in production as well as for the optimization and
development of new manufacturing processes is presented. Newly developed, faster and
more selective methods for sample preparation followed by more sensitive mass spectrometry for identification of less abundant proteins are discussed. These techniques will help
to understand variations in production, and to find markers for food quality criteria. Furthermore, biologically active peptides in food of animal origin have recently been the focus
of proteomic and peptidomic investigations. Isolation and production of biologically active
proteins and peptides, including the low abundance ones, will also be a focus of future research. The use of proteomics, peptidomics and metabonomics for the determination of
product quality and the detection of adulterations in meat production, seafood identification and in the production of milk and milk products is also discussed.
Key words: proteomics, processing, quality control, food of animal origin

Introduction
The topic of the first part of this review is the application of proteomics in food technology and biotechnology, especially in process development, quality control
and the utilization of proteomic methodology in order
to insure food safety (1). Two previously published reviews on this topic (2,3) gave an introduction to proteomic methods and discussed their use in order to assess
food quality (2) and optimize key production parameters (3). In a recent review, Pischetsrieder and Baeuerlein
(4) discussed the successful application of proteomics for
the analysis of food composition and quality, safety assess-

ment of genetically modified food, food authentication,
identification of food allergens, analysis of the physiological activity of food proteins and peptides, and the
analysis of the influence of the production process on
the chemical, physicochemical and (possibly) biological
properties of food proteins.
In the last 2–3 years, the number of publications dealing with the use of proteomics in food technology and
biotechnology has rapidly increased. This research, in turn,
has resulted in the publication of the first review articles
about the use of proteomics in food production of animal origin, namely meat (5), seafood (6) and dairy prod-
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ucts (7), the role of functional proteomics in lipid research (8), and also applications of proteomics in the
manufacturing of fermented dairy products (9). Recent
advances in whole genome sequencing of some plant
species that are important for human nutrition have removed the major obstacle for the use of proteomic
methods in order to support the optimization of production processes, quality assurance and quality control of
food of plant origin (10–12).
In fermented food of animal origin such as meat,
milk and milk products, changes in the proteome of the
substrate (e.g. sausages or fermented milk products) and
in the starter culture microorganisms (e.g. milk bacteria
in milk fermentation and cheese production, and bacterial and mixed microflora in fermented meat products)
as well as their interaction play a crucial role in the quality of the final product (9,13,14).
Finally, organic food of both plant and animal origin
plays an increasingly important role in the food market
in the developed countries, particularly in the European
Union and North America, therefore proteomics is used
for the identification and quality assurance of organic
food, and the discovery of potentially fake organic products (15,16).

essing parameters can be successfully used in order to
optimize the production of meat (5,9,17,20).
According to Hollung et al. (5) and Bendixen (17), in
meat science and technology proteomics can be used for:
(i) proteome mapping and meat identification; (ii) determination of proteome changes due to genetic variations;
(iii) determination of changes due to pre-slaughter conditions; (iv) determination of postmortem changes; (v)
study of changes associated with meat quality traits; (vi)
peptidomics – study and detection of changes in peptide
composition during meat storage and processing (26);
(vii) quality assessment of dry-cured and fermented meat
products.
Further topics that will be discussed are meat spoilage, especially during handling and distribution (27) and
the use of microbial starter cultures for production of fermented and dry-cured meat products (28,29). Food safety
issues, especially toxicological and microbiological safety
of meat and meat products, have already been discussed
(1), but some additional points regarding the use of proteomics in the identification of recently recognized safety
hazards, such as avian and swine flu, will also be mentioned (30).

Proteome mapping and meat identification
Meat and Meat Products
As defined by consumers, tenderness, juiciness, flavour and colour are the most important quality features
of meat (4). Especially for pork and poultry, water-holding capacity is an additional very important quality trait
that is closely related to postmortem fluctuations in meat
proteome. These changes have recently been investigated
by the use of proteomic methods (4,5,17–20).
The content and composition of the intramuscular
connective tissue is an additional, frequently neglected
factor that significantly influences meat quality, especially the tenderness of cooked meat (21). The content and
relative concentration of different types of collagen vary
and are dependent on the type of meat (22,23). Proteolysis is responsible for degradation of collagen and other
components of intramuscular connective tissue (e.g. proteoglycans) during postmortem storage of meat. This phenomenon is also partially responsible for increased tenderness of meat after conditioning. Turnover of connective
tissue, especially the turnover of different types of collagen seems to be controlled by matrix proteinases and
their specific inhibitors (24,25). However, the role of these
proteins in controlling meat quality still needs to be better explored. In conclusion, connective tissue containing
different collagen types, proteoglycans and other matrix
proteins is responsible for the so-called 'background' feature of the meat. Consequently, additional identification
and quantitation of collagens and collagen proteolysis,
also by use of proteomic methods, is necessary.
As discussed above, intramuscular connective tissue
is only one of the factors that influence the tenderness
and juiciness of meat products. These traits are further
influenced by both genetics and environmental factors,
and pre- and postmortem treatments. The knowledge gained by exploring and understanding the variations in the
proteome in connection with certain quality and/or proc-

Proteomic methods have become crucial tools for
identification of the meat origin (5,31). Because of the
economic importance of these products, most proteomic
investigations have been performed on beef (3,5,32) and
pork meat (5,18,20). Murgiano et al. (20) and Hollung et
al. (33) investigated the proteome in meat originating
from pigs of different breeds. In this investigation, after
extraction from the sample, proteins were separated by
2D electrophoresis and identified by mass spectrometry.
Altogether, 1125 protein spots were analyzed, and a total
of 63 proteins that were different in two different breeds
were identified (33). The proteome of bovine skeletal
muscle was investigated by Bouley et al. (34) and changes
in the abundance of 13 proteins as a consequence of
changes in muscle phenotype were identified. Morzel et
al. (35) gave a thorough investigation of the protein composition of the longissimus thoracis of 'Blonde d'Aquitaine'
young bulls. They found that the abundance of the enzyme succinate dehydrogenase was the best predictor (or
biomarker) of meat tenderness. Ovine muscle proteome
was analyzed by Hamelin et al. (36) in order to investigate muscle hypertrophy, which is important for the increase of the size of muscle cells. A possible role of transferrin and a-1-antitrypsin in myogenic proliferative signalling and yield of muscle proteins was discussed. The
proteome of chicken skeletal muscle during growth was
investigated by Doherty et al. (37), and 51 proteins were
identified. Unfortunately, some of the low abundance proteins detected by 2D electrophoresis and matrix-assisted
laser desorption/ionization time of flight (MALDI-TOF)
mass spectrometry could not be identified because of the
lack of chicken genome sequence.
Plant proteins, mostly originating from soybean, are
frequently added to processed meat products either for
economic reasons or to improve their functional properties. Leitner et al. (38) used liquid chromatography-mass
spectrometry (LC-MS) and liquid chromatography-tandem
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mass spectrometry (LC-MS/MS) in order to detect soybean proteins in meat products. In all soybean proteincontaining meat samples, the plant protein glycinin G4
subunit A4 was identified, and this protein can be used
as a target for simpler analytical methods in order to identify the addition of soybean proteins to meat products,
and possible adulteration of meat and meat products.

Determination of proteome changes due to genetic
variations
Genetic variation in animals, most often due to human selection, causes phenotypic differences that can be
studied by use of genomics and proteomics (5,20). In
cattle, breeds selected for milk production are different
from meat-producing ones. The Holstein Friesian and
Chianina cattle breeds are representative examples of animals that have undergone extreme selection for milk and
meat traits, respectively. Quantitative comparison of the
proteome in liver samples from these two cattle breeds
resulted in thirty-nine differently expressed proteins
(about 7 % out of over 550 identified ones) (39). Proteomic differences that are dependent on pig breed have
also been detected (20,33). Again, out of over 1200 identified proteins, approx. 8 % were differently expressed
when the proteomes of two different pig breeds, Norwegian Landrace and Duroc, were compared. In chicken,
significant differences in the skeletal muscle proteome
were detected in animals selected for meat production
when compared to those selected for egg production
(37).

Determination of proteome changes due to
pre-slaughter conditions
The treatment of animals before slaughter (pre-slaughter conditions) significantly influences meat quality by
modulating important parameters, such as water-holding capacity of pork meat and beef tenderness (5). Lametsch et al. (40) and Morzel et al. (41) detected several
differently expressed proteins in the meat of pigs that
were exposed to different pre-slaughter conditions. They
argue that these proteins are responsible for lower meat
quality in inappropriately treated pigs. Roncada et al. (42)
have demonstrated that a blood serum proteome analysis of pigs can be used to monitor animal pre-slaughter
treatment, and some proteins, mostly acute-phase proteins such as haptoglobin, annexin A6, apolipoprotein A1
and fetuin, can be used as biomarkers of the immunological and welfare conditions of pigs. By use of nuclear
magnetic resonance (NMR)-based metabonomics investigation, Bertram et al. (43) showed that improper treatment before slaughter causes changes in the plasma
metabolite profile in pigs, which could be ascribed primarily to an increased concentration of plasma lactate. A
resting period of 1–3 hours prior to slaughter reversed
these stress-induced perturbations. The pre-slaughter
conditions examined are not identical to improper cattle
treatment (44) or illegal treatment with antibiotics or performance enhancing agents (45), which have been discussed elsewhere (1).
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Determination of postmortem changes
The study of postmortem changes in proteomes has
significantly contributed to an increased understanding
of the biochemical mechanisms behind the facts about
meat quality, such as tenderness and colour of beef and
water-holding capacity of pork and poultry meat. For
beef and pork meat, a few genetic markers for lower
meat quality have been identified, and they have been
used to remove susceptible animals from the herd. Some
of these markers are linked to aberrant calcium regulation in early postmortem muscle (46).
Postmortem changes during storage of both beef and
pork have been the object of extensive studies, and the
calpain system is believed to be important for the degradation of myofibrilar proteins and development of
tenderness (5). Among the proteins degraded by these
proteolytic enzymes are desmin, actin, myosin, troponin,
tropomyosin and thioredoxin. Different isoforms of troponin and their fragmentation during beef storage have
been the subject of recent studies (47,48). However, other
proteins, such as chaperones and enzymes involved in
energy metabolism, also seem to play a role in meat aging
and tenderization (49–51). In a recent study, Laville et al.
(52) have followed proteomic changes in soluble and insoluble protein fractions during meat aging of both tough
and tender beef (Fig. 1).
They found that the solubility of some cytoplasmic
proteins, such as heat shock proteins and glycolytic enzymes, decreases. Some enzymes and structural proteins
were fragmented, and some full-length proteins, such as
actin and troponin, were released from cellular structures
like membranes and the myofibrilar network. In tender
meat immediately after slaughter, the abundance of protein from the mitochondrial membrane and other apoptosis-linked processes suggested that programmed cellular death had occurred. However, a direct link between
the presence of apoptotic markers and meat shear force
(tender and tough meat) still has to be confirmed (Fig. 1).
Small heat shock proteins, such as HSP27 (37) and
HSP20 (53), have also been extensively studied as members of a hypothetical underlying cellular mechanism with
consequences on tenderness development during meat
storage. As discussed above, the additional degradation
of collagen and other components of intramuscular connective tissue during postmortem storage of meat is responsible for the so-called 'background' feature and increased tenderness of meat after conditioning (21).

Study of changes associated with meat quality traits
Oxidation (54) and microbial contamination (30) are
the two leading causes of quality deterioration of meat.
Meat colour is one of the most important quality attributes that influences consumer's decisions at the point-of-sale. Carbon monoxide (CO) reacts with myoglobin
to form carboxymyoglobin. This reaction provides the
stable red colour of fresh meat, similar to oxymyoglobin
(55). Further oxidation of proteins, lipids and other meat
components can have significant negative impacts on
meat colour and taste (54). By use of a combined immunologic and proteomic approach, Stagsted et al. (56)
identified several reactive water-soluble (a-enolase) and
insoluble (actin) proteins in chicken muscle. They also
demonstrated differential susceptibility of water-soluble
muscle proteins towards oxidation in animals fed with a
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Fig. 1. Workflow in the proteome analysis using 2D electrophoresis or chromatographic separation methods and mass spectrometry: 1.
animal or sample chosen for the analysis; 2. sample extraction; 3. isoelectric focusing or first chromatographic step; 4. SDS-PAGE or next
chromatographic step as a second dimension; 5. alignments and comparisons of the images; 6. data analysis; 7. data interpretation and
selection of significantly changed proteins; 8. extraction of significantly changed protein spots; 9. protein identification by mass spectrometry; 10. interpretation of the results. Reproduced from Hollung et al. (5) with permission from Elsevier Ltd, copyright 2007

low-antioxidant diet compared to animals fed with a diet
supplemented with antioxidant-rich food, such as fruits
and vegetables (56). Frederiksen et al. (57) showed that a
species of myofibrilar muscle protein myosin from pork
can be oxidized by hypervalent myoglobin species. This
reaction was followed by cross-linking of myosin. Oxidized myosin in the cell could be visualized by use of
fluorescence microscopy. Most of the oxidized protein was
localized in plasma membranes (54). These data are in
contrast to the results of other investigations that were
obtained by use of proteomic techniques. According to
Marcos et al. (58) the most labile proteins of postmortem
muscle are those of the sarcoplasm, and most oxidized
proteins were detected in this organelle and in mitochondria. Marcos' group also demonstrated that the protein
fraction from the sarcoplasmic reticulum plays a key role
in colour development, water-holding capacity and protein solubility of beef (58). Newly introduced high-level
oxygen packing for fresh meat can also cause protein oxidation and formation of protein aggregates through both
covalent and non-covalent intermolecular bonds (59) as
described above (57).

Peptidomics – study and detection of changes in peptide
composition during meat storage and processing
Until recently, almost all proteomic studies in meat
science were based on a combination of 2D electrophoresis and mass spectrometry (1,4,5). Only a few studies used

liquid chromatography as a method for sample preparation before protein identification by mass spectrometry
(1,4,5,38). The use of liquid chromatography enables separation of small peptides generated in fresh and cooked
meat and their identification by mass spectrometry (26).
Proteolytic degradation of muscle that occurs postmortem as part of muscle transformation in meat and during the meat aging process results in the production of
protein fragments (60). These polypeptides can be further
digested, and this process leads to production of smaller
peptides and also to the release of some individual amino acids (61). Geesink et al. (62,63) have shown that
µ-calpain is responsible for postmortem proteolysis, and
that this process can be partially inhibited by the specific calpain inhibitor calpastatin.
Unfortunately, there are only a few studies dealing
with small peptides in aged and cooked meat (5,21). Bauchart et al. (26) showed that the concentration of some
small peptides, such as carnosine and anserine, is relatively constant during meat aging, but they registered a
significant decrease of glutathione during storage and
cooking. Other small peptides are the result of protein
degradation. Collagens I and IV, the main components
of the extracellular matrix, are relatively stable during
meat aging, but heating above 70 °C promotes peptide
bond hydrolysis, and explains the occurrence of collagen
breakdown products in cooked meat samples (21,26).
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Small peptides significantly influence the organoleptic and nutritional value of fresh and cooked meat, and
their further characterization should be the next step in
the assessment of meat quality.

Quality assessment of dry-cured and fermented meat
products
The texture and flavour of dry-cured ham is mainly
dependent on the intense proteolytic phenomena during
the ripening process. Proteolysis of muscle proteins has
been attributed to enzymes originating in the cytosol: lysosome, calpains and cathepsins (28). In both dry-cured
ham and sausages, proteolysis during processing significantly influences product quality. Proteases of microbial
origin also play a role in the development of flavour of
both products (28,29). The role of bacteria and other microorganisms has been investigated more thoroughly in
sausages than in ham (29,64).
As mentioned above, the quality of dry-cured ham
depends on the quality of the meat used for processing,
especially pork tenderness and water-holding capacity (5).
Di Luccia et al. (28) followed the changes in the proteome
during ham ripening by use of 2D electrophoresis followed by MALDI-TOF mass spectrometry. They showed
that in 12-month-old dry-cured ham, most fibrilar proteins
were completely hydrolyzed. During ripening, some sarcoplasmic proteins decreased or totally disappeared. Small
peptides, amino acids, as well as some amino acid degradation products, all originating from the hydrolysis of
these and other meat proteins, play a crucial role in the
development of the flavour of dry-cured ham (5,65,66).
The enzymes responsible for this process are proteases,
cathepsins and calpains, and different aminopeptidases.
Several oligopeptides are products of proteolytic degradation. In order to determine their role in flavour and
identify the origin of the dry-cured ham, these peptides
have been identified (65,66), and it was found that some
of them are typical for specific products (67,68). Unfortunately, the role of ham microflora, mainly bacteria, yeast
and fungi, has not been investigated sufficiently (29,64).
Europe is still the major producer of dry-fermented
sausages. There is a significant difference in the fermented
sausages between Northern and Southern Europe. Northern products have a pH below 5, while the Mediterranean products have a shift towards neutral (pH=5.3–6.2),
and this pH difference significantly influences protein
degradation in these fermented products. However, the
influence of microbial enzymes on the product features
seems to be lower than the influence of endogenous meat
proteases (28,68).

Seafood
Similar to meat, from nutritional and technological
points of view, proteins are the essential components of
seafood. In an early review, Piñeiro et al. (69) stressed
that 'the wide variability of proteins present in seafood
and their highly variable composition offer a strong potential to originate a large variety of different products'.
However, the complexity of seafood also implies the extreme complexity of seafood proteomes. Consequently,
only basic questions can be addressed in this short over-
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view. As expected, proteomic methods have already been
applied in order to insure seafood authenticity and quality, and there is a broad use of proteomics for the characterization of allergic components. The use of proteomic
methodology for the identification of human pathogens
in seafood also started a few years ago, and the first thorough investigations in this field have been published
(70). Proteomics is also used for the detection and identification of pathogens in different marine organisms (71).
However, the predicted use of proteomics for the optimization of specific steps in seafood processing, as proposed by Piñeiro et al. (69), is still infrequent.
There is broad literature data about the use of proteomics for the identification of allergens in seafood, and
this topic was already discussed in the first part of this
review (1). Newly developed methods in mass spectrometry have recently been introduced as a powerful tool
for the identification of bacterial pathogens in different
seafood products (72). Böhme et al. (70) used MALDI-TOF mass fingerprinting of polypeptides and low-molecular-mass proteins for identification of species of
pathogenic Gram-negative bacteria isolated from different types of seafood. In a model investigation, the main
26 bacterial species responsible for seafood spoilage were
investigated. For each of them, unique biomarker(s) were
identified. However, despite this highly valuable methodical work, where the specific fingerprints for protein biomarkers were obtained and a reference library was created, the bacterial strains were grown in marine broth, and
no interactions between the microorganisms and seafood
were investigated. Consequently, in order to assess the
practicability, this methodology should be applied for
the identification of bacterial pathogens in specific sorts
of seafood.

Fish
A recently published paper by Forné et al. (73) gives
an excellent overview on fish proteomics. The freshwater
teleost zebrafish (Danio rerio) has been selected as a model organism for biological research, and the genome of
this fish has also been sequenced. From our point of
view, there have been interesting model studies about
the changes to the skeletal muscle proteome under hypoxia (74), the cytosolic proteome of the liver (75) and
proteomic profiling of single organs of this fish (76).
The salmonids, especially Atlantic salmon (Salmo salar) and rainbow trout (Oncorhynchus mykiss), comprise
one of the most commercially interesting fish groups.
Further commercially important freshwater fish species
that have been investigated are crucian carp (Carassius
carassius), channel catfish (Ictalus punctatus), and the sea
fish cod (Gadus morhua) (73).
Important proteomic investigations were performed
in order to study the influence of different viral (e.g. infection with hematopoietic necrosis virus) or bacterial
(e.g. with the Renibacterium salmonarum) diseases. These
diseases can cause significant economic loss during fish
cultivation (71). Low and high susceptibility of the farmed
channel catfish (Ictalus punctatus) to enteric septicaemia
caused by bacteria Edwardsiella ictaluri was also investigated in order to identify novel genes associated with
disease resistance (77). Changes in the proteome and in
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posttranslational modifications of muscle proteins of rainbow trout during its life cycle have been documented
(78). Furthermore, changes induced by stress factors, such
as density, anoxia and handling of fish before slaughter,
and hence alterations in the quality of this food have
been the topic of extensive studies (76–80). In cultured
fish species, proteomic studies have been performed in
order to identify the influence of environmental conditions, food additives, and, recently, feeding with genetically modified crops on food safety and food quality
(6,81–83). Proteomics has also characterized postmortem
changes in the fish muscle under different storage conditions (6,84). Storage of fresh and frozen fish can cause
protein oxidation, reaction with other components, protein aggregation and hydrolysis. Storage conditions also
have a significant effect on the taste, flavour and colour
of fish muscle (85–87).
As predicted by Martinez and Jacobsen Friis (6), proteomic methodology has been used successfully for the
authentication of fish and fish products. Following the
new EU directives for authentication of food products,
Mazzeo et al. (88) used a method based on MALDI-TOF
mass spectrometry to identify 25 fish species. Signals generated from polypeptides with molecular mass of about
11 000 were selected as specific biomarkers for identification, and for the rapid detection of fraudulent substitution. Isoelectric focusing and 2D electrophoresis were
used as tools to differentiate wild from farmed cod (89)
and for the characterization of different freshwater fish
species (90,91).

Other seafood
Most proteomic investigations of other seafood, especially different species of crustaceans, have been focused on the detection of allergens (92), and this topic was
discussed in our previous review (1).
Martinez et al. (93) have investigated postmortem muscle degradation during ice-storage of different types of
shrimp. They demonstrated changes in several structural proteins, such as myosin and a-actinin, during the
storage period. These changes in polypeptide patterns
after partial hydrolysis were highly dependent on the investigated shrimp. Degradation of these two proteins was
also observed in different animal (17) and fish muscles
(6,84). Some other proteins, such as arginine kinase and
polyphenol oxidase, can be used as biomarkers for the
identification of commercially relevant shrimp species. Fingerprints of this protein obtained by MALDI-TOF mass
spectrometry could be used for the identification of six
studied species (94–96).
Marine aquaculture of crustaceans can also be hit by
infection with different pathogens. Such pathogens like
bacteria Vibrio alginolyticus can cause great losses during
cultivation. Xiong et al. (97) investigated differentially
expressed outer membrane proteins of this bacterium in
response to the treatment with six types of antibiotics.
These proteins can be potential targets for designing
new drugs in order to inhibit multi-resistant bacteria and
minimize economic loss. However, similar to the use of
antibiotics in animal breeding, the use of these substances
in marine aquaculture can support the spread of resistant

bacterial species, and have unpredictable consequences
for consumers (1).

Milk and Dairy Products
Because of their immense importance for human
(and also animal) health and nutrition, milk proteins
have been studied continuously for over 50 years, and
they can be grouped into three major classes: caseins;
mucins, a group of glycoproteins related to milk fat globule membrane (MFGM); and whey proteins. During milk
separation, which is one of the oldest manufacturing
processes in food industry, three fractions can be obtained through the following steps: (i) whole milk is
centrifuged to obtain the milk fat globule (MFG) and the
low fat milk fractions; (ii) protein-rich, skimmed milk is
ultracentrifuged and separated in two fractions, the
whey protein and pellet fraction; and (iii) in the last step
the casein protein fraction is obtained by washing the
pellet from the previous step (98). Additionally, fermented
milk products such as cheese and yogurt are of enormous
nutritional and economic importance, and the genomics
and proteomics of milk bacteria, and the mechanism of
their interaction with the substrate will also be discussed in this review. As already mentioned, the milk proteome and glycoproteome have been topics of extensive
investigations since the creation of the methodology
(9,13,99–101). However, unlike in meat processing, the
use of broad proteomic data for milk production started
only a few years ago, and it is still in early development
(21,102–105). Finally, milk of transgenic animals, primarily cows, goats and sheep, is also used for the production of genetically engineered proteins (106,107), but the
role of proteomics in the production of these biopolymers is beyond the scope of this review.
In dairy science and technology, proteomics is currently used for: (i) the analysis of high-abundance proteins; (ii) the analysis of low-abundance proteins; (iii) the
analysis of proteins in whey; (iv) the characterization of
milk fat globule (MFG) and milk fat globule membrane
(MFGM); and (v) the characterization of products containing complex dairy matrices such as cheese and yogurt.
Studies of biologically active peptides in milk and
changes in peptide and metabolite composition during
storage and processing of milk and milk products are
topics of milk peptidomics and metabonomics. There are
two main reasons for studying peptides and metabolic
products in milk and milk-derived food. Milk components, especially milk proteins, carbohydrates and lipids
exert a wide range of nutritional, functional and biological activities. The concentration of urea (108), fatty and
amino acids (109) and some peptides (110) can reflect
the quality of milk and the way it was handled during
transport and storage (109,110). Identification of peptides generated from the hydrolysis of bovine milk proteins, mainly caseins and a-lactalbumin, is the main tool
for the detection of adulteration of buffalo, caprine and
ewe’s milk products with the addition of cow’s milk
(109,111,112).
Peptides originating from milk proteins have various
health-promoting effects such as: regulation of digestive
enzymes and modulation of nutrient absorption (113); regulation of the cardiovascular system, e.g. anti-hyperten-
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sive effects (114); regulation of the immune system, e.g.
enhancing the immune cell functions and stimulation of
the phagocytic activities of macrophages (115); regulation of the nervous system, e.g. by their opoid activity
(116); antioxidative and other health-promoting activities
(117,118).
The physiological activity of milk-derived peptides
has been the topic of numerous studies during the last
ten years (117). Experimental evidence exists that bioactive peptides can be released from caseins (see above),
a-lactalbumin (a-LA), b-lactoglobulin (b-LG), lactoferrin
and serum albumin. Some of these bioactive petides have
received special names, such as a- and b-lactorphin,
b-lactotensin, serophin, albutensin A, lactoferricin B, lactoferrampin, osteopontin and many others. Their production and biological properties have been the subject of
two recently published comprehensive reviews (113,119).

Caseins and other high-abundance proteins in milk
and milk products
There are only a few highly abundant proteins that
are present in milk from all species. In bovine milk, these
proteins are casein (CN), b-lactoglobulin (b-LG), a-lactalbumin (a-LA) and bovine serum albumin (BSA) with
relative abundances of approx. 80:10:4:1 (99,100). Similar
to other biological fluids, such as blood plasma, despite
the fact that it contains a small number of primary proteins, the milk proteome is still extremely complex. A
great deal of this complexity is the consequence of posttranslational modifications and the presence of numerous
genetic variants of this limited list of proteins (7).
2D gels of milk proteins highlight the great complexity of milk proteins. However, despite the presence
of hundreds of spots, this study was not able to identify
any proteins other than caseins, b-LG, a-LA and cleavage
products of these proteins (120). Consequently, in order
to achieve a deeper analysis of the milk proteome and
detect low-abundance proteins, removal of these major
proteins and further fractionation are necessary (7).
Caseins are a group of unique milk-specific proteins.
These proteins represent about 80 % of the total protein
in bovine milk. Caseins are a mixture of proteins and
sub-classes of proteins. The most abundant caseins are
aS1-, aS2-, b- and k-casein (121). Isolation of k-casein revolutionized the ideas on the structure of the so-called casein
micelle in milk, and a realistic model of its structure became possible only after the characterization of the soluble
form of this most abundant milk protein (122). Many technologically important properties of milk, such as its white
colour, stability to heat or ethanol, coagulation by cheese-making enzymes, and gelation characteristics, are due
to the properties of casein micelles. It is for these reasons that properties of casein micelles are still a topic of
extensive studies (13,121–123). It has been known for more
than a hundred years that the colloidal caseinate particles
contain calcium. Therefore, in nutrition, milk is one of
the most important sources of calcium. The nature of the
association between the colloidal calcium phosphate and
casein, and its effect on casein micelle stability in milk is
still not fully understood (124). The colloidal stability of
milk is in many cases its most important physicochemical property, and it depends on the stability of casein

403

micelles. In good quality milk, the casein micelles are
stable in all usually applied technological processes, such
as concentration, dehydration, freezing, homogenization
and heat treatment. The phosphorylation of caseins and
other posttranslational modifications of this protein have
a vital role in the interaction with calcium phosphate and
the organization of the casein micelle (125). The micelles
are destabilized by hydrolysis of k-casein with selected
proteinases (rennets), acidification, ethanol, anionic detergents and by high pressure. Proteolysis of k-casein and
acidification are frequently exploited in the manufacturing of cheese, fermented milk and functional caseinate
products (9,13,101,121). It has to be stressed that the stability of the casein micelles and their size are highly dependent on milk composition, and are also critical for
the processing of most dairy products (101,121,123). Determination of posttranslational modification of major
protein components provides the scientific basis to coagulation and cheese making processes used in dairy
production. Further characterization of these proteins is
also of fundamental importance for identification of the
origin and quality assessment of milk and milk products
(124–128).
Some physiologically active peptides are natural
breakdown products of casein. The most common polypeptide originating from k-casein during milk clotting is
glycomacropeptide (GMP). This glycosylated and phosphorylated polypeptide that contains 64 amino acids is
released into whey after specific cleavage of k-casein by
chymosin or pepsin (129). Typical concentrations of GMP
in whey are between 20 and 25 % (by mass) of all proteins
(130). Because of its beneficial physiological properties,
this phosphorylated glycopeptide has been the subject
of extensive investigations for the last ten years. GMP
binds bacterial enterotoxins, inhibits bacterial and viral
infection, modulates the immune system’s response, suppresses gastric secretion, and regulates blood circulation
(129,130).
The other high-abundance milk proteins, b-LG,
a-LA and BSA, are major components of the whey (131).
The concentration of b-LG in skimmed milk is about
2–4 mg/mL. This protein occurs with high frequency in
cows as two genetic variants, variant A and variant B.
Because of the different physicochemical characteristics
of the two b-LG molecules, the presence of one or the
other of these variants significantly affects the properties
of the milk. The A variant is expressed at a higher level
than the B variant, or the less frequently occurring C variant (131,132). b-Lactoglobulin may also be glycosylated,
but lactosylation of this protein is a more important chemical modification, which is caused by heating of milk or
whey (133).
Bovine skimmed milk contains a-LA at a concentration of 1.2 to 1.5 mg/mL. In bovine milk, the mature
a-LA is also present in two genetic variants, variants A
and B. This protein binds bivalent metals such as zinc
and calcium. a-LA is important for normal function of
the mammary gland, such as milk secretion and lactose
content in milk (131).
The addition of less expensive bovine milk to the
milk of other species, such as sheep, goat or water buffalo, is of great concern in the field of dairy products
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(109). This kind of adulteration can be detected by characterizing the high-abundance proteins present in milk
or cheese products. Performing MALDI-TOF mass spectrometry analysis on the 'fingerprints' of high abundance
proteins, Cozzolino et al. (134) identified the fraudulent
addition of bovine milk to buffalo and ewe products
(Fig. 2).

quently, lactoferrin plays an important role in the host
defense against infection and inflammation (137). Antibacterial and antiviral activities of this protein against
both DNA and RNA viruses have been detected (138,
139), and lactoferrin is now being isolated and purified
from cheese whey and commercially utilized in the pharmaceutical and food industries (140). Multiple use of this
protein and the peptides originating from its partial digestion will be discussed later (140,141).

Whey proteins

Fig. 2. Detection of the addition of bovine milk to the water buffalo milk in the ratio of 50:50 (by mass); MALDI-TOF mass spectrum of a-lactalbumin obtained from the water-soluble protein
fraction from the mozzarella cheese. Mozzarella whey proteins
were extracted from the cheese, diluted 1:100 (by volume) with
0.1 % trifluoroacetic acid, and analyzed by MALDI-TOF mass
spectrometry. Reproduced from Cozzolino et al. (134) with permission from John Wiley&Sons Ltd, copyright 2002

Low-abundance proteins
After the removal of high-abundance proteins by selective precipitation and/or size-exclusion or ion-exchange chromatography, 2D electrophoresis and/or additional liquid chromatographic steps can be used for
further fractionation of the remaining components. These
low-abundance proteins can then be identified by mass
spectrometry (101,106,107). Blood plasma proteins, such
as BSA, serotransferrin and lactoferrin, are only observed
in colostrum, which may have special physiological importance for young animals in the early nursing period.
Among more than 400 spots in 2D electrophoresis that
were separated from bovine milk, identified proteins include b2-microglobulin, complement components, a1-antitrypsin, prealbumin, fructose-biphosphate aldolase A,
and casein fragments (135).
The immunoglobulin fraction accounts for about 1 %
(by mass) of total milk protein, and therefore these proteins can be classified as a kind of 'medium-abundance
proteins'. In milk, IgG, IgA and IgM have been isolated
and characterized. Immunoglobulins in colostrum and
milk have a protecting function, especially for the newborn (131). Some other proteins that are encoded by genes
of the Ig supergene family have also been detected in
milk (136), but their further classification is beyond the
scope of this review.
Lactoferrin is a specific, iron-binding protein that
also occurs in milk of most mammary species. The lactoferrin concentration in milk is relatively low, and varies
between 20 and 200 mg/L. This protein increases noticeably in response to inflammation or infection. Conse-

Whey is considered as a functional milk fraction with
a content of proteins and bioactive polypeptides that have
a positive effect on the health (117), and whey protein
fractions are increasingly incorporated as functional ingredients in food, not only in infant formulas, but also
for adults (142). As ingredients in food, whey proteins
can provide antimicrobial activity, immune modulation,
improve muscle strength, and may delay and/or ameliorate conditions in different diseases, such as osteoporosis and cardiovascular diseases (117,143).
The identification of low-abundance proteins in whey
is challenging due to their wide dynamic concentration
range. Namely, in comparison with highly abundant proteins, the concentrations of minor protein components
vary by at least a factor of 106 (142). These proteins may
play important physiological and eventually therapeutic
roles in nutrition and as additives to cosmetic products.
Analytical and preparative methods are used for their
investigation, such as isoelectric focusing, affinity tagging,
immunoabsorption and different chromatographic techniques (7,135,142,144). Fong et al. (145) used a combination of anion- and cation-exchange chromatography and
2D electrophoresis in order to detect both acidic and basic
biologically active proteins in bovine whey. By use of this
strategy, a large number of low-abundance whey proteins were identified, and a cluster of physiologically active osteopontin peptides was detected in the acidic protein fraction.

Milk fat globule and milk fat globule membrane
Lipid molecules are provided in milk via a unique
delivery system, milk fat globules (MFG) (146). In previous research, the lipid fraction in milk was oversimplified as a relative pure mixture of triacylglycerols (147),
and the unique structure and composition of MFG was
overlooked. In MFG, milk fat globule membrane (MFGM)
is the protective coat that surrounds lipid globules. The
MFGM prevents flocculation and coalescence of lipid droplets in milk and protects the milk fat against lipolysis
(146). In order to secrete MFG, portions of the mammary
epithelial cell membranes are sacrificed. This process results in a unique structure of MFG, which has been object of extensive studies during the past 20–25 years (147).
Recent investigations of MFG and MFGM proteome have
provided new insights into mammary function and the
mechanism of milk secretion (148). Mather (149) gave an
early overview of the proteins found in the MFGM. In
that paper, the eight most abundant MFGM proteins,
most of them glycosylated, were listed: mucin 1, xantine
dehydrogenase/oxidase, periodic acid Schiff III and
Schiff 6/7 proteins, CD36, butyrophilin, adipophilin, and
fatty-acid binding protein. The four-step protocol for the
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isolation of bovine MFGM given in that paper has been
modified, but it is still used today for the isolation of
MFGM for proteomic analyses (150). As shown in Fig. 3
(151), MFGM is organized as a trilayer. The inner
membrane face is composed of proteins and polar lipids
from the endoplasmic reticulum, and the outer bilayer
membrane contains the major MFGM proteins listed
above, other glycosylated integral membrane proteins and
membrane-associated proteins, cholesterol and glycolipids.
The outer membrane also contains membrane rafts, which
are derived from the apical membrane of the lactating
cell (146).

and Vanderghem et al. (154) used 2D electrophoresis and
mass spectrometry in order to establish a reference map
of cow MFG. Interestingly, although an optimized solubilization method and 2D electrophoretic separation were
used, only a few proteins were detected. These difficulties may have been caused by the analytical methods that
were used for protein separation prior to protein identification by mass spectrometry. It is well known that 2D
electrophoresis has certain limitations for the analysis of
low-abundance, hydrophobic membrane proteins, and
therefore alternative methods such as liquid chromatography may have to be used (152).
MFGM proteins also have other important functions,
such as defense against pathogens (155,156). One of the
major proteins in MFGM, xantine dehydogenase/oxidase,
has a direct antibacterial activity, and inhibits bacterial
growth through the formation of hydrogen peroxide or
the stimulation of lactoperoxidase in milk (157). Additional factors with beneficial health properties, such as
cholesterol lowering and inhibition of cancer cell growth,
were also documented for MFGM (158). A link between
MFGM proteins and certain diseases such as multiple sclerosis and coronary heart diseases was also reported (159).
These proteins also have an important role in milk
processing because the MFG is broken down during heating and homogenization, and subsequent structures and
surfaces, different from the native state, are formed (151,
160,161). Milk fat globule membrane can also be altered
by other factors, such as cooling, drying, separation, and
environmental and animal factors. Heat treatment causes
denaturation of some milk proteins, and denatured whey
components incorporate the MFG and MFGM. Disruption of fat globules by homogenization also increases the
surface area of MFG leading to the adsorption of proteins, mainly caseins (162). Individual animal-related factors include the changes to the MFGM that depend on
the diet, season, and breed, and also changes during lactation (148,163). In food technology, MFGM can also be
used as a natural emulsifying agent in the preparation
of emulsions, infant formulas and reduced-fat products
for health-related diets (151,154,164).

Fig. 3. Milk fat globule membrane. Schematic presentation of: a)
the structure of the milk fat globule membrane; and b) the pathways for the synthesis and secretion of milk fat globules. Reproduced from C. Lopez et al. (151) with permission of the American
Chemical Society, copyright 2008

Cheese and other milk products

The composition of both lipid and protein changes
during lactation, and is modified by diet (148,151). Similar
to solubilization and analysis of other membrane proteins (152), solubilization, sample preparation and identification of hydrophobic, frequently heavily glycosylated
MFGM proteins is a challenging task. In pioneering
work, Reinhardt and Lippolis (153) separated MFGM
proteins by sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE). The identification of proteins
excised from the 1D gel was performed by high-performance liquid chromatography (HPLC) and mass spectrometry. One hundred and twenty proteins were identified in this study. Most of them (71 %) are classified as
membrane proteins, but some cytoplasmic (24 %) and
secreted (5 %) proteins were detected. Bianchi et al. (150)

Studying the proteins of fermented milk products,
especially the enzymes released into complex dairy mixtures, is a challenging task. In cheese, the complexity is
due to the simultaneous presence of proteins originating
from milk and complex microbial ecosystems containing
bacteria, and sometimes also other microorganisms,
such as yeast and filamentous fungi (9,98,101,165,166).
The final content of released proteins as well as peptides
and other components is specific to each type of cheese
(98). The major components of cheese come from milk,
and they contain a multiphase matrix that contains not
only caseins but also some whey proteins, polypeptides
and short peptides, fat, mineral components, organic acids
and other low-molecular-size organic components such
as urea (108,167). Numerous proteins are released through
bacterial cell lysis of starter and adventitious microflora
in cheese. Proteolysis by bacterial proteases and endogenous proteases coming from milk (168,169) is the most
important enzymatic process responsible for typical textural and flavour characteristics of cheese (98,102,170).
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Principally, the statement published in 1984 by Lawrence et al. (171), and recently discussed by Johnson and
Lucey (13) is still valid. According to these authors, cheese
making is a relatively simple matter: the removal of moisture from rennet coagulum. The three major factors involved are acid production, proportion of fat in the curd
and scalding temperature rate. Furthermore, the manufacturing procedures must be as consistent as possible,
and the first (and most important) requirement is uniformity of the raw milk. The role of proteomics in cheese
production, and production and quality assessment in
other fermented dairy products was discussed by Manso
et al. (101) as follows: assessment of the raw milk quality, identification of casein hydrolysis and determination
of whey proteins and their truncated forms, monitoring
of the appearance of casein degradation products, specificity of microbial proteinases, selectivity of enzymes,
study of proteolysis throughout cheese ripening and identification of proteins liberated by microflora.
The clotting of milk is of key importance during the
production of cheese and other milk products. Milk quality and the uniformity of the raw material play essential
roles in this process and, besides good manufacturing
practice, they depend on the cattle breed, lactation stage
and cattle diet. The use of genomics and proteomics enables early identification and elimination of cattle that
carry genes encoding casein variants with a bad aptitude for milk clotting (172). Loss of milk clotting and
formation of weak gels can appear during the so-called
'spring flush period' (173), and milk composition also
changes during lactation (174). Such variations in the raw
material can be identified by the use of proteomics, glycomics and metabonomics. Proteomic tools also allow
characterization of proteolytic pathways that lead to degradation of casein and whey proteins (175,176). Wedholm et al. (176) used 2D electrophoresis and different
high-resolution mass spectrometric methods in order to
identify different casein and whey protein fragments that
have positive effects on the transfer of milk proteins to
cheese. Peptide identification also made possible the determination of polypeptides resulting from the first steps
in the degradation of the major casein isoforms (129).
Extraction of water-soluble proteins from cheese is a
useful strategy for further detailed proteomic study of
the enzymes released during cheese production (177–179).
This strategy is based on: prefractionation of water-soluble components, protein and peptide separation by 2D
electrophoresis or different chromatographic methods, and
protein and peptide identification by use of mass spectrometric methods.
Bacterial microflora in cheese manufacturing, their
proteomes and genomes, and their interaction with the
milk protein matrix have been the topics of recent reviews (9,98). Protein modification during milk fermentation, and especially during cheese ripening, is a dynamic
process and it still requires further proteomic investigation. The new challenge requires not only characterization of protein components in milk matrices, but also the
study of their sequential release during the fermentation
process and during cheese ripening. For example, the
bacterial peptidase from Lactobacillus helveticus was released during the ripening of Emmental cheese, but it
may also be partially degraded by other proteinases pres-

ent in the matrix (101,180). Some peptides are highly
typical for the cheese type and milk origin. Pappa et al.
(102) have shown that by identification of the peptides
specific for milk origin, it is possible to distinguish the
milk source used for cheese manufacturing. The manufacture of other processed milk products such as koumiss (181), kefir (182) and buttermilk (183) has also been
investigated by the use of proteomics.

Egg Proteomics
Eggs are a valuable source of protein and are important ingredients in many food products. Whole eggs
or egg ingredients (egg white and egg yolk) are often
used as coagulating, foaming and emulsifying agents,
while also contributing nutrients and flavour to different
foods (184,185). Individual components of eggs have potentially useful biological functions, such as antimicrobial activity, protease inhibitory function, and antigenic
or immunogenic characteristics (186). Potential allergens
in eggs, such as some genetic variants of the ovomucoid
from the egg white, are also important from food safety
point of view (187).
Raikos et al. (186) analyzed the chicken egg proteome by the use of SDS-PAGE and 2D electrophoresis followed by MALDI-TOF mass spectrometry. Unfortunately,
the high-abundance egg proteins ovalbumin and conalbumin were not separated during sample preparation,
and very few proteins were identified. Because of better
sample preparation, Guérin-Dubiard et al. (188) identified sixteen proteins in egg white, two of them for the
first time from this source. Again, a very high level of
polymorphism was found for some high-abundance proteins, such as ovotransferrin and ovomucoid. Because of
its technological properties, especially foaming and gelling, egg white represents an important raw material, and
its proteomic characterization is a valuable contribution
towards the understanding of these processes. Egg yolk
contains proteins with a very broad pI range, and it is
commonly used for production of oil-water emulsions.
Different egg yolk proteins, such as yolk plasma glycoproteins (YPG) and phosvitin, which play a major role
in emulsification, have been identified by mass spectrometry after separation by 2D electrophoresis (189,190).
Further thorough proteomic analyses of egg yolk (191,
192) and egg white (193,194) have been performed. By
the use of combinatorial ligand libraries in order to enrich the understanding of low-abundance proteins, D’Ambrosio et al. (192), Farinazzo et al. (194) and D’Alessandro et al. (195) listed 260 distinct gene products in egg
yolk, and 148 in egg white. New specific antimicrobial
proteins playing a crucial role in antimicrobial responses,
and vitamin-binding proteins were detected in egg yolk.
Although the chicken egg proteome is still not complete,
some of the already identified proteins may be of biopharmaceutical interest as physiologically active substances.

Conclusions and Future Outlook
Only a few proteins, and often only the high-abundance ones, can be studied if 'traditional' methods are
used for quality control and quality assessment of raw

D. GA[O-SOKA^ et al.: Proteomics for Quality Control of Animal-Origin Food, Food Technol. Biotechnol. 49 (4) 397–412 (2011)

material and final products in food manufacturing, or
are used for monitoring the optimization and development of new processes in food technology and biotechnology. Proteomic techniques enable simultaneous study
of several hundred up to several thousand proteins. As
already discussed (1), the most commonly used methods
for proteomic analysis of food of animal origin are 2D
electrophoresis followed by mass spectrometry, most frequently MALDI-TOF. The use of faster and more sensitive
methods for sample preparation followed by quantitative mass spectrometry (196) will direct future investigations towards understanding variations and finding
markers (or 'biomarkers') for food quality criteria. Utilizing these new tools is especially important for investigations of complex biological mixtures, such as meat and
meat products, seafood, and milk and milk products.
In fermented meat and milk products, complex interactions between proteins (and other mixture components)
and the microorganisms involved in fermentation process can be followed by proteomics. The use of proteomics has also resulted in the establishment of reference
maps in order to detect microbial stain-to-strain variation and in vivo adaptation to environmental conditions
(8). However, the complexity of microbial flora in fermented foods is still not fully understood.
Biologically active peptides and proteins have been
found in foods of animal origin, especially in milk and
milk products (119), and recently also in eggs (195). Their
isolation and use in food and food additives should be
the focus of the future research. The detection and investigation of these peptides in meat is still in the embryonic stage (26). Further development of this field is a
very interesting topic, but its results and directions are
difficult to predict.
Methods in proteomics, peptidomics and metabonomics are already very powerful tools for the determination
of product quality and the detection of adulterations in
meat production (38), seafood identification (88,95), and
in the production of milk and dairy products (109). The
optimization of high-throughput sample preparation together with the optimization of mass spectrometric methods towards the design and production of simpler, faster
and less cost- and work-intensive instruments and methods shall in the near future further support and enhance
this development.
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