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ABSTRACT

Proteomics is a powerful tool that can simultaneously 
analyze several hundred proteins in complex mixtures, 
either through the use of high-resolution 2-dimensional 
gel electrophoresis or by mono- and multi-dimensional 
liquid chromatography coupled with mass spectrom-
etry. Since the last review in 2005, proteomics has 
mainly been applied to describe minor proteins in the 
bovine milk fat globule membrane and soluble proteins 
in human colostrum. At least 130 new minor proteins 
have been identified. These proteins play roles in cell 
signaling, host defense, and transport as suggested by 
sequence homology. Proteomic approaches have also 
been applied to milk of other species such as donkey, 
horse, and marsupial. Peptides produced in food matri-
ces that can exhibit functional or bioactive properties 
have been identified as have the proteases leading to 
their release in situ. However, the most spectacular 
proteomic development has been in the field of bacte-
ria used in dairy products. Proteomics has resulted in 
the establishment of reference maps to detect strain-
to-strain variations and to elucidate the mechanisms 
of in vitro and in vivo adaptation to environmental 
conditions. Proteomic analysis of bacteria entrapped in 
cheese has been achieved and revealed which predomi-
nant metabolic pathways are active depending on the 
strain. Proteomic approaches are often evoked as time-
consuming procedures that provide a list of identified 
proteins without efficient quantification of each one. 
New quantitative proteomic methods have emerged and 
the most promising ones and their application to dairy 
products and bacteria will be presented.
Key words:  proteomics, lactic acid bacteria, propi-
onibacteria, bifidobacteria

INTRODUCTION

Proteomics is a powerful tool that can simultaneously 
analyze several hundred proteins in complex mixtures, 

either through the use of high-resolution 2-dimensional 
gel electrophoresis (2DE) or mono- and multi-dimen-
sional liquid chromatography (LC) coupled with MS 
(Mann et al., 2001; Patterson and Aebersold, 2003).

Proteomics has been applied to milk since the be-
ginning of the 1990s. Significant advances have been 
made in 1) the detection and identification of new 
proteins, in particular minor proteins or proteins lo-
cated in subcellular compartments such as the milk 
fat globule membrane (MFGM), 2) variations in the 
protein profiles depending on the mammalian species 
or on the stage of lactation, and 3) posttranslational 
modifications (glycosylation, phosphorylation, and so 
on), which occur at extremely high frequency, either 
naturally or induced by processes such as lactosylation. 
All of these advances have recently been discussed in 
2 very comprehensive reviews (O’Donnell et al., 2004; 
Manso et al., 2005). However, during the last 5 yr a 
large increase in the identification of the minor milk 
proteins has been observed and these findings will help 
in the characterization of pathways and mechanisms 
that occur during lactation and give information on the 
biological activity and functionality of these important 
proteins.

Proteomic approaches have also been applied to sev-
eral microorganisms used in dairy fermented products, 
as reviewed by Champomier-Verges et al. (2002) and 
Manso et al. (2005). The main bacterial species con-
sidered in these reviews were Lactococcus lactis, Strep-
tococcus thermophilus, Lactobacillus delbrueckii ssp. 
lactis, Lactobacillus acidophilus, and Propionibacterium 
freudenreichii. A proteomics approach has been applied 
to establish reference maps. In parallel, adaptation of 
probiotic lactobacilli, bifidobacteria, and propionibac-
teria to digestive stress has been investigated using a 
proteomic approach. One proteomic study attempted 
to identify bacterial proteins released through lysis of 
the microflora in Emmental cheese, a complex dairy 
matrix (Gagnaire et al., 2004).

This review will focus on the advances in proteomic 
analysis of milk since 2004 as well as proteomic ap-
proaches to investigate the adaptation of lactic acid 
bacteria, propionibacteria, and bifidobacteria to milk 
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processing and gastrointestinal environments. Proteom-
ic approaches have been supported by the exponential 
increase in protein sequence databases from mamma-
lian and bacterial genomes in parallel with significant 
progress in MS technology. Quantitative proteomics 
is clearly the next challenge to be overcome so that 
many more biological questions can be answered. Thus, 
this review will also present the latest developments in 
2DE and LC quantification methods using isotopically 
labeled products, and their first application to dairy 
products.

PROTEOMICS OF MILK COMPONENTS  
AND DAIRY PRODUCTS

Milk is a complex mammalian fluid that contains 
several hundred proteins, whose range of concentration 
can vary by at least a factor of 106 (Fox and Kelly, 
2003; O’Donnell et al., 2004). The main proteins are 
caseins (about 25 g/L of bovine milk corresponding to 
78% of the total milk proteins) and whey proteins (5.4 
g/L of bovine milk: 17% total milk proteins; β-LG, 2.7 
g/L; α-LA, 1.2 g/L; BSA, 0.25 g/L; these latter 3 pro-
teins corresponding to 8, 3.8, and 0.8%, respectively). 
Milk also contains a large number of minor proteins, 
which together represent 5% of the total milk protein 
and which are either soluble in whey or located in the 
MFGM. Because of the wide range in concentration 
and subcellular location, no single perfect protocol yet 
exists in which the entire milk proteome can be exam-
ined in its entirety.

To increase the coverage of the milk proteome, pre-
fractionation steps have been used to reduce the sample 
complexity before 2DE analyses. These steps exploit 
different properties of the proteins (charge, hydropho-
bicity, and size). Detection of the more acidic, basic, 
and hydrophobic proteins can be improved by using dif-
ferent separation mechanisms, alone or in combination, 
such as size exclusion, reversed phase, and ion exchange 
chromatography. Increasing interest has also been fo-
cused on LC separations, which have several distinct 
advantages over 2DE. The use of a 1-dimensional or 
2-dimensional (2D) LC approach permits the separa-
tion of not only the full-length native proteins but also 
their tryptic digests. In contrast to proteins, peptides 
are more soluble, have similar size, and the resulting 
peptide fragments are more easily ionized by the mass 
spectrometer (Delahunty and Yates, 2005). Moreover, 
peptide separations by 2D LC actually exhibit greater 
sensitivity, superior dynamic range, are more easily 
automated, and are faster than 2DE (O’Donnell et al., 
2004).

The first studies in the 1990s were dedicated to the 
characterization of the major milk proteins (i.e., caseins 

and whey proteins) to determine their heterogeneity 
(variants, posttranslational modifications, lactosyla-
tion), their differential expression between mammalian 
species, and their bioactive components (O’Donnell et 
al., 2004; Manso et al., 2005). Interest is now more 
focused on the minor milk proteins to aid in the search 
for their biological role and implications for animal and 
human health (D’Ambrosio et al., 2005; Lippolis and 
Reinhardt, 2005; Lippolis et al., 2006; Reinhardt and 
Lippolis, 2006; Fong et al., 2007, 2008; Smolenski et al., 
2007; Reinhardt and Lippolis, 2008). Minor proteins 
identified from Bos taurus in various bovine milk frac-
tions are reported in Tables 1, 2 and 3. Comprehensive 
tables including the names of the protein, accession 
numbers, method of detection, and putative function 
are reported in supplemental material available online 
(http://jds.fass.org/content/vol92/issue3/). Besides 
the well-known proteins xanthine dehydrogenase/
oxidase, butyrophilin, cluster of differentiation (CD) 
36, and lactadherin (PAS6/7), more than 120 other 
proteins have been identified in the MFGM. Among 
them, 23% were associated with cell signaling and 11% 
with transport/metabolism (Reinhardt and Lippolis, 
2006). Eight additional minor proteins in MFGM were 
identified by Fong et al. (2007) that can have functions 
in secretory processes and protection of the neonate 
from various viral and bacterial infections. In another 
study on bovine skim milk, whey, and MFGM fractions 
extracted from colostrum, late-lactation milk, and mas-
titic milk, 15 of the 95 proteins identified were involved 
in host defense (Smolenski et al., 2007).

In human colostrum, 151 minor proteins were identi-
fied, 83 of which were not previously reported in human 
colostrum or milk (Palmer et al., 2006). Many of the 
newly identified proteins could participate in important 
functions of colostrum such as provision of immunity, 
regulation of growth, and nutrient transport.

Proteomic approaches have also been applied to a 
lesser extent to milk from other species (e.g., donkey, 
horse, marsupial). Heterogeneity both in casein and 
whey protein fractions were shown in pony mare’s milk 
(Miranda et al., 2004), donkey’s milk (Marletta et al., 
2007), and in a comparative study of human, horse, 
donkey, goat, sheep, cow, and water buffalo (D’Auria 
et al., 2005).

For the common brushtail possum (Trichosurus vul-
pecula), all the caseins possess various forms arising from 
multiple phosphorylations of proteins and glycosylation 
of α- and κ-caseins (Kuy et al., 2007). However, hetero-
geneity of the κ-casein further increased during lacta-
tion stages from d 17 and 71, with more basic forms of 
greater apparent mass present in the later stage. Such 
a modification could be related to altered phosphory-
lation and glycosylation of this protein. The altered 
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glycosylation could change micelle size and stability as 
well as susceptibility of the κ-casein to proteolysis. Nine 
minor components of whey were differentially expressed 
on 2DE during lactation. Lysozyme was more abundant 
in the d 71 whey, whereas the other 8 proteins (cathep-
sin B, clusterin, ganglioside M2 activator, late lactation 
protein, neutrophil gelatinase-associated lipocalin, and 
3 unidentified proteins) were more abundant in the d 
17 whey (Kuy et al., 2007). In addition, a novel gly-
cosylated protein named very early lactation protein 
(VELP) was also shown as a major component of the 
whey. So far, very early lactation protein has not been 
described in any other mammalian milk. A similar 
protein has been identified in another marsupial, the 
tammar wallaby (Macropus eugenii), as well as 38 other 
proteins (Joss et al., 2007). Fourteen of these proteins 
have not previously been identified in marsupial milk 
(Joss et al., 2007).

Comparison between results of these studies is diffi-
cult because milk from different stages of lactation was 
used and various methods of preparation and separa-
tion were employed. In milk, a permanent equilibrium 
exists between soluble and colloidal phases, and hence, 
great care must be used in reaching any conclusions 
relative to the distribution of many proteins within dif-
ferent milk fractions (Table 3).

Peptidomics

Peptides together with proteins can affect both func-
tional and biological properties of food products, and a 
new “omic” technique named “peptidomics” has emerged 
(Soloviev and Finch, 2005; Minkiewicz et al., 2008; Saz 
and Marina, 2008). The peptidome can be defined as 
the whole peptide pool present in food products or raw 
materials, or obtained during processing and storage. 
One example is the array of peptides produced by 
proteolysis during ripening of cheeses such as Cheddar 
(Singh et al., 1994), Parmigiano Reggiano (Addeo et 
al., 1992; Addeo et al., 1994), Grana Padano (Ferranti 
et al., 1997), and Emmental (Gagnaire et al., 2001). 
Food peptidomics provides information about product 
authenticity, origin, and history, biological activities of 
peptides, functional properties, allergenicity, and sen-
sory properties. In dairy products, many studies have 
been dedicated to identify peptides displaying various 
biological activities (Fitzgerald and Murray, 2006; Kor-
honen and Pihlanto, 2006). Ferranti et al. (2004) studied 
casein proteolysis in human milk collected from mothers 
of pre-term and full-term infants in the first week after 
parturition to trace the pattern of casein breakdown 
and the formation of potential bioactive peptides by 
the use of tandem MS. The greater susceptibility of 
human milk to casein proteolysis compared with bovine 

milk was confirmed. A large number of peptides were 
identified and most of them were derived from β-casein 
through the combined action of a plasmin-like enzyme 
and endo- or exopeptidases. Some bioactive peptides 
were found only in normal milk: βH-casomorphin(1–8) 
[sequence β-CN(51–58)], αs1-casomorphin [αs1- CN(158–
162)], and an antithrombotic peptide from κ-casein [κ-
CN(98–162)] (Ferranti et al., 2004). Conversely, only 
the largest precursors were observed in the pre-term 
milk. This showed the dynamic nature of maternal 
milk, which seems capable of providing a succession of 
potentially bioactive peptides to the newborn infant. 
Numerous other studies have focused on bioactive 
peptides from bovine milk and, in particular, on the 
antihypertensive peptides (Gomez-Ruiz et al., 2002; 
Hernandez-Ledesma et al., 2004; Gomez-Ruiz et al., 
2006; Quiros et al., 2006, 2007; da Costa et al., 2007; 
Hayes et al., 2007; Hernandez-Ledesma et al., 2007) 
and to a lesser extent on antimicrobial peptides (Riz-
zello et al., 2005; Lopez-Exposito et al., 2006; Losito 
et al., 2006), and phosphopeptides as mineral carriers 
(Lund and Ardo, 2004).

The analytical approach used in peptidomics cov-
ers the development of computational tools for the 
identification of peptides and their protein precursors, 
including genetic variants and chemical and enzymatic 
modifications by MS (Minkiewicz et al., 2008). Peptides 
result from the activity of various proteolytic enzymes. 
In addition to the action of plasmin in milk, other pro-
teinases can be present in milk after leakage of somatic 
cells, which comprise neutrophils, macrophages, lym-
phocytes, and some epithelial cells, during mastitis (Le 
Roux et al., 2003; Wedholm et al., 2008). Such prote-
olytic action in milk with high SCC may have negative 
consequences for milk quality. Some peptides identified 
in milk with high SCC showed the potential activity of 
elastase, cathepsin B, cathepsin D, or a combination, as 
well as other unidentified proteinases (Wedholm et al., 
2008). When protein profiling of bovine milk produced 
by cows with subclinical mastitis was performed by 
matrix-assisted laser desorption ionization (MALDI) 
MS, cathepsins D and G were shown to have predomi-
nant proteolytic activity (Napoli et al., 2007).

PROTEOMICS OF BACTERIA USED  
IN FERMENTED DAIRY PRODUCTS

Various bacteria—lactic acid bacteria, bifidobacteria, 
and dairy propionibacteria—are used in dairy process-
ing for their technological or probiotic properties. 
Reference proteomic maps have been established from 
strains grown either in synthetic medium or in milk. 
Expression patterns differ depending on the medium, 
strain, and the stress applied, and hypotheses have 
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been created regarding the metabolic pathways and 
proteins involved. However, some limitations have to 
be underlined: so far, 2D proteomic approaches have 
allowed the simultaneous detection of a maximum of 
about 700 proteins, which is about one-third of the 
open reading frame deduced from the genomes of most 
dairy bacteria. In particular, envelope proteins, because 
of their hydrophobicity, are mostly excluded from the 
analysis. However, innovative in vivo proteomic studies 
as well as studies in situ in dairy products have been 
developed and are presented below.

Early 2D Investigations and Reference Maps

Although proteomic studies are essentially based on 
a comparative approach, the preparation of a complete 
and reproducible reference gel is a prerequisite. Over 
the last 10 yr, in vitro reference maps as well as proteins 
overexpressed following stress adaptation have been es-
tablished for most bacteria useful for dairy processing 
grown in either synthetic medium or in milk. For lactic 
acid bacteria, these have been established for Lc. lactis 
(Anglade et al., 2000; Drews et al., 2004; Gitton et 
al., 2005), Lb. delbrueckii ssp. bulgaricus (Gouesbet et 
al., 2002), Lactobacillus casei (Maze et al., 2004), Lb. 
acidophilus (Wang et al., 2005), Lactobacillus salivarius 
(Kelly et al., 2005), Lactobacillus plantarum (Cohen et 
al., 2006), and Strep. thermophilus (Perrin et al., 2000; 
Guimont et al., 2002a; Arena et al., 2006). A proteomic 
approach has also been performed on dairy propionibac-
teria (Jan et al., 2001; Leverrier et al., 2003), in which 
733 distinct spots were visualized, while the genome 
analysis predicted 2,439 open reading frames (H. Falen-
tin, INRA, UMR1253, STLO, Rennes, France; personal 
communication), and variations were also observed de-
pending on the strain and adaptation conditions. A first 
inventory of Bifidobacterium longum NCC2705 proteins 
has only recently been reported by Yuan et al. (2006). 
In the pH 4 to 7 range, 708 spots corresponding to 369 
different proteins were identified by MS, corresponding 
to 21.4% of the predicted 1,727 open reading frames. 
This study constituted the first reference map for this 
important probiotic bacterium. The proteomic profile 
was shown to vary in vitro depending on the carbon 
source used by B. longum. An alternative method was 
proposed by Vitali et al. (2005). They performed a gel-
free inventory of the Bifidobacterium infantis proteome 
using the MudPIT methodology. Vitali et al. (2005) 
identified 136 proteins, including high mass and basic 
isoelectric point proteins generally not resolved on 2D 
gels.

Proteomics and Adaptation of Bacteria  
to Milk and Dairy Products

Thermal stress is one of the stresses generally encoun-
tered during milk processing. The effect of this stress 
on bacteria has been investigated using a proteomic 
approach (Wouters et al., 2001; Gouesbet et al., 2002; 
Guimont et al., 2002b; Wang et al., 2005; Anastasiou et 
al., 2006). A general feature of thermal stress adaptation 
is the induction of chaperones and proteases involved in 
protein turnover. Thermotolerant variants are associ-
ated with overexpression of such proteins (Gouesbet et 
al., 2002; Anastasiou et al., 2006).

Using proteomic approaches, cheese processing was 
shown to impose harsh stress conditions on bacteria. 
The heat stress response of Lactobacillus helveticus 
PR4 during propagation in cheese whey was found to 
involve expression of 48 proteins related to heat adap-
tation. Among these were stress proteins (e.g., DnaK 
and GroEL), glycolysis-related machinery (e.g., enolase 
and GAPDH), and other regulatory proteins or fac-
tors (e.g., DNA-binding protein II and ATP-dependent 
protease; Di Cagno et al., 2006).

Stress proteins from P. freudenreichii, Lb. helveti-
cus, and Strep. thermophilus were found to be highly 
expressed in Emmental cheese (Gagnaire et al., 2004) 
showing adaptation of bacterial species to various 
stresses that occur during cheese manufacturing and 
ripening, such as acid, thermal, and osmotic stresses. 
This result is consistent with the observation that this 
food matrix confers enhanced tolerance toward diges-
tive stresses (Jan et al., 2000); that is, greater resistance 
to acid and bile stresses encountered during passage 
into intestinal tract, compared with pure cultures of 
the same propionibacterium strain. A similar protective 
effect was observed for yogurt-type fermented milks in 
vitro (Leverrier et al., 2005) and in vivo (Herve et al., 
2007).

Using both metabolomic and proteomic approaches, 
the differential behavior of 2 strains of Lc. lactis was 
investigated in a model cheese made from milk concen-
trated by ultrafiltration (Gitton et al., 2008). Bacterial 
cells were harvested at d 1 and 7 and 2D electropho-
resis was performed. A total of 300 spots were identi-
fied by MS; 60 of which were specific to each strain. 
The main differences concerned enzymes involved in 
metabolism of purines/pyrimidines, lactose, and cit-
rate. This work represents the first proteomic map of 
bacteria entrapped in a model of solid dairy matrix 
and opened the way to explore the bacterial proteome 
in all cheese varieties.
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Proteomics and Adaptation of Bacteria  
to Acid and Bile Stresses

Fermented dairy products constitute the main food 
source of bacteria beneficial for health—the so-called 
probiotics. Acid stress is the major limit to bacterial 
growth in fermented products and to survival in vivo 
in the gastrointestinal tract. Adaptation to bile limits 
probiotic efficacy in vivo. Effects of both stresses on the 
proteome of probiotic bacteria have been studied.

Stress adaptations have been reviewed for lactic acid 
bacteria in general by Champomier-Verges et al. (2002) 
and specifically for lactobacilli by De Angelis and Gob-
betti (2004). A common feature to acid adaptation in 
all species studied is the overexpression of the conserved 
molecular chaperones involved in protein folding, in-
cluding GroES, GroEL, DnaK, and DnaJ. Indeed, DNA 
and protein repair enhancement is a conserved response 
common to many adaptive mechanisms. In addition to 
these, acid adaptation also caused overexpression of en-
zymes involved in protein turnover (Clp protease) and 
different modulations of proteins involved in energy 
metabolism and nucleotide synthesis in Lb. delbrueckii 
ssp. bulgaricus (Streit et al., 2008). In Lb. reuteri, 40 
proteins were modulated by acid adaptation. They are 
involved in diverse cell processes and were distributed 
into 6 major classes: 1) transport and binding proteins; 
2) transcription–translation; 3) nucleotide metabolism 
and amino acid biosynthesis; 4) carbon energy metabo-
lism; 5) pH homeostasis and stress; and 6) unassigned. 
Although some stress proteins are specific to one stress, 
others can respond to a set of stimuli. This is the case 
of glycolytic enzymes such as those involved in the 
pentose-phosphate pathways in Lb. reuteri (Lee et al., 
2008). Modulation of these proteins indicates that the 
cells undergo metabolic changes that may help them 
cope with new energy demands and maintain a trans-
membrane potential.

Previous studies on the adaptation of P. freudenre-
ichii to acid stress at pH 4.5 or to moderate doses of 
bile salts showed that such adaptation conditions confer 
total survival to a subsequent extreme acid challenge at 
pH 2.0 and tolerance toward elevated doses of bile salts 
above those encountered in the human gut, respectively 
(Jan et al., 2000; Leverrier et al., 2003). The study of the 
corresponding adaptation-inducible proteins led to the 
establishment of an annotated reactive map (Leverrier 
et al., 2004). Acid adaptation enhanced the expression 
of proteins involved in protein and DNA repair, trans-
lation, glycolysis, and propionic fermentation. Adapta-
tion to bile salts induces expression of proteins involved 
in stress perception, signal transduction, and reactive 
oxygen species remediation, molecular chaperones, and 
proteins involved in energy metabolism. Enzymes of 

propionic fermentation, including methylmalonyl tran-
scarboxylase, were overexpressed during both acid and 
bile adaptation. Moreover, P. freudenreichii methylma-
lonyl transcarboxylase, one of the main stress proteins 
induced by both acid and bile salts stress, was expressed 
during the transit through the digestive tract of rats 
and humans (Herve et al., 2007; Lan et al., 2007).

Recently, low-pH adaptation and acid tolerance have 
been investigated using a proteomic approach in B. 
longum NCIMB8809 and its acid-tolerant derivative 
8809dpH (Sanchez et al., 2007a). Both adaptation and 
tolerance responses enhanced the expression of en-
zymes of the carbon catabolic pathway, including those 
involved in complex carbohydrate degradation, bifid 
shunt, and branched-chain amino acid catabolism. This 
response should lead to enhanced carbon utilization, 
including amino acids as alternative carbon sources, 
and thus to greater ATP levels and increased proton 
extrusion. In vitro, bile extracts triggered general stress 
response chaperones and proteins involved in transcrip-
tion and translation in B. longum NCIM8809, as re-
ported by Sanchez et al. (2005), using similar 2D gels. 
In vitro, bile salts induced in B. longum changes in the 
metabolism of carbohydrates, amino acids, and nucle-
otides, suggesting a complex physiological response to 
the intestinal environment.

Proteomics and In Vivo Adaptation  
to Intestinal Conditions

The physiology of lactic acid bacteria in the gastro-
intestinal tract has been studied by in vivo expression 
technology that yields information on genes essential for 
the colonization or specific expression in the digestive 
environment (Bron et al., 2004). However, few stud-
ies have given a global view of the physiology of these 
bacteria in such an environment. One study by Roy 
et al. (2008) combined a model of axenic mice mono-
associated with Lc. lactis IL2661 with a proteomic 
analysis of the cytoplasmic content of bacteria isolated 
from the feces or intestinal contents. They observed 
that the cecum rather than the feces was the favorite 
niche of Lc. lactis in monoxenic mice. Only 51 of the 
identified protein spots were differentially expressed 
between Lc. lactis isolated from feces and Lc. lactis 
grown in M17 medium. Among these variable proteins, 
27 were upregulated and 24 downregulated compared 
with cells grown in M17. Three stress-related proteins 
were upregulated in the mouse gut and 2 of them were 
associated with the oxidative stress response, DNA 
binding protein from starved cells (DpsA) and superox-
ide dismutase (SodA), as reported in vitro during acid 
adaptation of this bacterium (Budin-Verneuil et al., 
2005). There was also an induction of proteins involved 
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in the catabolism and transport of alternative carbon 
sources in vivo, suggesting that Lc. lactis simultane-
ously activates several energy-producing pathways in 
the gastrointestinal tract. Among them, the upregula-
tion of glucose-6-phosphate-1-dehydrogenase (G6PDH) 
could be associated with detoxification function.

Yuan et al. (2008) conducted an original proteomic 
study of B. longum NCC2705 adaptation to the intesti-
nal environment. A culture of B. longum was placed in 
the intestine of a rabbit or, as control, left in de Man, 
Rogosa, and Sharpe medium at 37°C. Differential pro-
teomic analysis of the 2 cultures revealed overexpres-
sion in the intestine of many well-known adaptation 
proteins such as chaperones, trigger factor chaperone, 
ATP-dependent and Clp protease, proteins involved in 
translation, and transcriptional regulators. These stress 
proteins were also induced by various stresses such as 
salt stress, mild acid stress, and UV irradiation in B. 
longum NC2705. Such induction reflects the stressful 
conditions encountered within the intestine and indi-
cates the ability of this bacterium to trigger an ad-
equate cell response for adaptation to this environment. 
Interestingly, proteins related to carbon metabolism, 
especially the bifid shunt pathway, were also induced in 
the intestine (Yuan et al., 2008), as described in vitro 
during adaptation to bifidobacteria to acid stress (San-
chez et al., 2007a) and bile salt stress (Sanchez et al., 
2005). The stimulus for induction within the intestine 
is most probably the presence of bile salts. Indeed, bile 
salt exposure triggers in vitro overexpression of xylulose 
5-phosphate/fructose 6-phosphate phosphoketolase, 
the key enzyme of the bifid shunt, and several other 
enzymes of the carbon catabolic pathway in B. longum 
NCIMB8809 (Sanchez et al., 2005). These enzymes, 
together with carbohydrate hydrolyzing enzymes, may 
provide an advantage to B. longum in the use of fiber-
derived oligosaccharides, a key component of bifidobac-
teria adaptation to the intestine, including nutritional 
competition.

The expression of a bile salt hydrolase was also in-
duced in vivo in B. longum NCC2705, probably by the 
presence of its substrate, bile salts. Moreover, phos-
phorylation of autoinducer-2 production protein LuxS 
was enhanced, suggesting involvement of the regulation 
of quorum sensing in intestinal adaptation. A similar 
approach was applied to study differences between B. 
animalis ssp. lactis IPLA4549 and its bile-resistant de-
rivative 4549dOx (Sanchez et al., 2007b). Some of the 
bile salt-inducible proteins were constitutively overex-
pressed in the derivative, whereas others were induced 
by bile in both. These bile adaptation proteins were 
identified as enzymes involved in the carbon catabolic 
pathway and the bifid shunt, as in B. longum, plus 
proteins involved in formate/oxalate metabolism. Bile 

adaptation also comprised overexpression of several 
proteins involved in the redox status of the cells, includ-
ing methionine synthase, keto-acid reductoisomerase, 
and O-acetylhomoserine sulfhydrolase. Accordingly, the 
redox ratio was higher within the mutant strain and 
further enhanced by the presence of bile.

It should be noticed that spontaneous mutants of B. 
infantis, resistant to rifaximin, also display overexpres-
sion of chaperonins (groES, GroEL) and classical stress 
proteins including regulatory factors and metabolic 
enzymes (Vitali et al., 2007). The tolerance of this 
mutant toward digestive stresses, unfortunately, was 
not investigated in this study. However, the authors 
propose this spontaneous mutant as a probiotic aimed 
at treating gastrointestinal disease in conjunction with 
antibiotics.

In 2D gels and Western blot assay, Candela et al. 
(2007) confirmed the binding of human plasminogen 
to B. lactis BI07. They first reported the interaction 
of this glycoprotein with diverse bifidobacteria species. 
Then, a cell wall fraction of BI07 was separated on a 
2D gel, and transferred onto a membrane that was used 
for the interaction assay. The results suggest binding 
of plasminogen to the surface-located chaperone DnaK 
and, to a lesser extent to enolase. Such a binding, al-
ready shown for intestinal pathogens, may constitute 
an advantage in colonizing the human gastrointestinal 
tract.

TOWARD QUANTITATIVE PROTEOMICS

Although the main objective of proteomics research 
is the systematic identification of proteins, the next 
step will be to bridge the gap between identification 
and quantification of proteins with quantitative esti-
mates of differential expression of milk proteins dur-
ing lactation, as well as changes in milk composition 
during technological processes. Elucidation of proteins 
expressed by the microflora is essential to understand 
bacterial metabolism. Knowing how the abundance of 
the proteins expressed varies in situ over time will pro-
vide important information about microbial adaptation 
to changing environmental parameters. Such knowledge 
will also allow elucidation of the changes in the mixture 
composition and relative protein abundance under dif-
fering physiological conditions.

The last 10 yr have been rich in emergent quantita-
tive technologies based either on gel electrophoresis or 
on chromatographic separations and mass spectrometry 
analyses.

Quantitative Proteomics: Principle and Reagents

Generally, differential protein expression has been 
studied by 2DE and direct comparison of gels after 
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classical staining (Coomassie Blue or silver nitrate) 
or autoradiography. This approach requires statistical 
analyses of numerous sets of gels to circumvent vari-
ability between them. Two-dimensional difference gel 
electrophoresis (2D DIGE) presented by Ünlü et al. 
(1997) represents a real advance in protein quantitation 
by 2D electrophoresis. This technique consists of cova-
lently derivatizing proteins with fluorophores in com-
plex protein mixtures before 2D gel electrophoresis. The 
technique is robust and allows for a gain in sensitivity 
and quantitative analyses of a wide dynamic range of 4 
to 5 orders of magnitude. Detection and quantification 
of the differences in the abundance of proteins between 
different biological samples are therefore possible within 
a single gel, except if proteins present had highly acidic, 
basic, or hydrophobic properties, or are present at very 
high or low concentrations (Wu et al., 2006). Advan-
tages of using fluorescent labeling include the ability 
to label biological samples during their growth and the 
rapidity and simplicity of labeling without modification 
of culture conditions. The 2D-DIGE method has largely 
been applied for biomarker purposes in cancer therapy 
(for reviews, see Fenselau, 2007; Hoffman et al., 2007) 
but to date no study has been performed in dairy prod-
ucts or in probiotic bacteria to our knowledge.

To circumvent the limitations of 2D gels, great ad-
vances have taken place in chromatographic separation 
of samples and online coupling with MS. This tech-
nique requires specific labeling because 1) ionization 
yield for molecules with different molecular formulae 
is not the same; and 2) intensity of ion detection by 
electron multiplier is dependent on the molecular mass 
of the detected ions. The labeling techniques involve 
differential isotopic composition of molecules with iden-
tical chemical structures to bypass these limitations. 
Different techniques using isotopic labeling have been 
developed for protein or peptide labeling: isotope coded 
affinity tag (ICAT) technology (Applied Biosystems, 
Foster City, CA) and isobaric tagging for relative and 
absolute quantitation (iTRAQ, Applied Biosystems).

The ICAT technology, the first isotopic labeling 
presented in the literature, uses isotopic labeling of 
cysteine residues by using a light or heavy tag contain-
ing biotinylated reagents differing by 8 Da (Gygi et 
al., 1999). The 2 samples derivatized with the isotopic 
light or heavy reagent are combined and enzymatically 
cleaved, generally with trypsin, to generate peptide 
fragments that are further analyzed by LC coupled on-
line with MS/MS (tandem MS). The specificity of the 
ICAT labeling technique to cysteine residues renders it 
less widely used than, for example, the iTRAQ labeling 
strategy because about 15% of proteins do not contain 
any cysteine residues.

The iTRAQ technique, commercially available since 
2004, has been exponentially used since its introduc-
tion and permits relative quantitation of 2 to 8 samples 
simultaneously (Choe et al., 2007). It has been utilized 
in very different fields such as biomarker discovery 
(Fenselau, 2007), elucidation of cellular signaling path-
ways (Sui et al., 2007), posttranslational modification 
analysis such as phosphorylation (Sachon et al., 2006), 
correlations between genomic and proteomics (Scherl 
et al., 2006), time-course analysis (Cong et al., 2006; 
Jagtap et al., 2006), bacterial analysis (Chong et al., 
2006; Danielsen et al., 2007), and membrane or subcel-
lular analysis (Lund et al., 2007).The iTRAQ technique 
was first applied to Saccharomyces cerevisiae to identify 
global protein expression trends in a set of isogenic 
yeast strains by Ross et al. (2004). In contrast to ICAT, 
differentially labeled peptides appear as single peaks in 
MS thanks to the presence of a mass balancing moiety 
that render all labels isobaric. During MS/MS fragmen-
tation, the isotope-encoded reporter ions are released 
to allow relative quantification. This method has the 
double advantage of permitting the identification of the 
proteins and their quantification in a single LC-MS/
MS run.

In a comparative study of 2D DIGE, cleavable ICAT, 
and iTRAQ quantification methods, Wu et al. (2006) 
used reconstituted protein mixtures containing 6 pro-
teins from bovine (BSA, β-LG, α-LA) or other origin 
(lysozyme, aprotransferrin, and β galactosidase, or hu-
man plasma depleted in major proteins). Results of the 
comparison showed that all 3 methods yielded good 
quantitation of the proteins when applied to a relatively 
complex sample and gave complementary information. 
However, partial or complete comigration of proteins 
in 2D DIGE diminished the accuracy of quantification. 
The cICAT method was shown to be as sensitive as 2D 
DIGE but failed to detect proteins without cysteine 
residues. Although iTRAQ was considered the most 
sensitive method, the reliability of the results obtained 
depended on the time-ion selector resolution chosen on 
the mass spectrometer used, in that case MALDI-time 
of flight-time of flight. The iTRAQ technique was also 
shown to avoid the problems of quantitation due to mul-
tiple protein spots or comigration of protein inherent to 
2D gel quantitation (Wolff et al., 2006). Regardless of 
technique, a difficulty remains for the proteins present 
at very low signal-to-noise ratio whether quantitation is 
gel-based or gel-free.

For bacterial growth studies, other less commonly 
used methods have been utilized to obtain metabolic 
information. Stable isotope from amino acids in cell 
culture (SILAC) can be incorporated into proteins dur-
ing growth (Ong et al., 2002; Coute et al., 2007). How-
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ever, the disadvantage of the technique is the doubling 
of the peaks during chromatography and the difficulty 
in the interpretation of the resulting mass spectra. An-
other method, surface-enhanced laser desorption ion-
ization-time of flight (SELDI-TOF), has been applied 
to different bifidobacteria species grown on different 
carbohydrates (lactose, glucose, galactose) to identify 
enzymes specifically expressed in response to the pres-
ence of these substrates. One such technique uses a 
protein chip array, which has varying chromatographic 
properties, such as anion exchange, cation exchange, 
metal affinity, and reverse phase and is combined with 
MS. The level of expression of cytoplasmic proteins 
was different according the nature of the carbohydrate 
used for growth in terms of number and intensity. The 
differentially expressed proteins were further shown as 
enzymes involved in the metabolism of these carbohy-
drates using SDS-PAGE coupled to LC-MS/MS (He et 
al., 2007). The proposed method may prove useful in 
studying carbohydrate metabolism in complex ecosys-
tems.

Quantitative Proteomics: Application  
to Milk and Dairy Products

In the dairy field, few studies have yet been performed 
using quantitative proteomics; the studies that have 
been done used iTRAQ. The first example is given by 
Lippolis et al. (2006), who labeled the bovine neutrophil 
proteome and assessed the changes in neutrophil pro-
tein expression under different experimental conditions. 
They contrasted the proteomes of prepartum neutrophils 
(obtained 28 d before calving) to those isolated within 
3 d of calving to examine relative changes in neutrophil 
protein expression associated with neutrophil immuno-
suppression at parturition in dairy cows. More than 
40 proteins were found to be differentially expressed 
at parturition compared with prepartum. In addition, 
when cows were treated with an immunosuppressive 
dose of glucorticoid (dexamethasone), more than 70 
proteins were differentially expressed. Identification of 
which proteins are differentially regulated during im-
munosuppression may lead to a greater understanding 
of the pathways and mechanisms that lead to immuno-
suppression. It may also point toward new research into 
therapeutics that could reverse dysfunction of immune 
cells and thus aid in reducing the incidence of mastitis. 
A second example is focused on the quantification of 
up- and down-regulation of protein from MFGM when 
they are secreted in colostrum at d 1 and milk at d 7 
after parturition (Reinhardt and Lippolis, 2008). These 
authors identified and quantified more than 130 proteins 
from MFGM using iTRAQ technology. Among them, 
70% were identified as membrane-associated proteins, 

whereas the others were cytosolic or secreted proteins. 
A total of 26 proteins were up-regulated in milk on d 
7 of lactation compared with colostrum. Among them, 
adipophilin, butyrophilin, and xanthine dehydrogenase 
were individually up-regulated at the same time. The 
other up-regulated proteins have functions associated 
with protection of the cow or calf from infection (mucin 
15 and mucin 1) and with lipid transport, synthesis, 
and secretion [acyl-CoA synthetase, lanosterol syn-
thase, lysophosphatidic acid acyltransferase, cell death-
inducing DFFA-like effector A (CIDEA), and fatty acid 
binding protein]. In contrast, 19 proteins were down-
regulated in milk on d 7 of lactation compared with 
colostrum. Among these were lipoproteins, clusterin, 
and lactoferrin. The remaining identified proteins re-
mained unchanged. Such a study emphasizes the use 
of proteomic analysis as a powerful tool for the better 
understanding of the mechanisms of lactation.

Numerous bacterial proteins have been shown to be 
released into Swiss-type cheese through lysis of the 
lactic starters Strep. thermophilus and Lb. helveticus 
(Gagnaire et al., 2004). Proteins including various pep-
tidases, glycolytic enzymes, and stress proteins were 
identified using 2D gel electrophoresis and MS/MS. The 
new challenge involves the quantification of these pro-
teins in the cheese matrix at different stages of ripening. 
Such a dynamic approach can give an insight into the 
sequential release of the bacterial proteins throughout 
ripening. Preliminary results were obtained on a time-
course analysis of the bacterial proteins released into 
experimental Swiss-type cheeses into the cheese matrix 
using iTRAQ labeling reagents (Gagnaire et al., 2007). 
These were manufactured using microfiltered milk 
and, as starter lactic acid bacteria, Strep. thermophilus 
ITGST20, Lb. helveticus ITGLH1, and dairy propioni-
bacteria P. freudenreichi ITGP23 (Actilait, Bourg en 
Bresse, France). At 3 ripening times, cheese aqueous 
phases were extracted and fractionated to separate the 
bacterial proteins from the major milk proteins, mainly 
caseins, β-LG, and α-LA (Gagnaire et al., 2004). Each 
fraction enriched in bacterial proteins was digested with 
trypsin and labeled with specific iTRAQ tags, one per 
ripening time. The labeled samples were mixed togeth-
er and analyzed by nano-reversed phase LC coupled 
online with electrospray ionization-hybrid quadrupole 
time of flight MS and MALDI-hybrid quadrupole time 
of flight MS. An example of the quantification is given 
in Figure 1. Proteins arising from the 2 lactic acid bac-
teria starters L. helveticus and S. thermophilus as well 
as bovine proteins were identified in the aqueous phase 
of cheese. As expected, bovine proteins present in the 
cheese aqueous phase remained constant and bacterial 
proteins increased in quantity throughout ripening. 
Interestingly, the magnitude of the increase was differ-
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ent depending on the protein and varied from a 5- to 
21-fold increase for different proteins belonging to the 
same species.

CONCLUSIONS

Many new minor proteins have been identified in milk 
over the last 5 yr, in particular in the bovine MFGM 
and in human colostrum. The physiological roles of 
these proteins must now be elucidated. Their location 
in the membrane or in the soluble fraction of milk can 
depend on the method of preparation for proteomics 
analysis and care must be taken in their interpreta-
tion. Peptidomics on dairy products has provided use-
ful information about product authenticity, origin, and 
history, and regarding the presence of bioactive pep-
tides. As far as dairy bacteria are concerned, in vitro 
proteomic studies have confirmed, in a larger number of 
species including probiotics, the general mechanisms of 
stress adaptation. Innovative in vivo experimentation 
has provided data regarding the proteome expressed in 
the gastrointestinal tract, corroborating largely what 
has been observed in vitro. The exploration of the pro-
teomes of bacteria entrapped in cheese also resulted in 

interesting findings, highlighting the overexpression of 
different metabolic pathways depending on the strain, 
and the nature of the stresses encountered in the cheese. 
With the spectacular development in MS quantitative 
methodology, quantitative proteomics is now accessible 
and will be a decisive turning point in our knowledge on 
proteins from milk and bacteria involved in fermented 
dairy products.
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