
Edited by

Proteomics and 
Food Analysis
Principles, Techniques, and 
Applications

Mónica Carrera
Printed Edition of the Special Issue Published in Foods

www.mdpi.com/journal/foods



Proteomics and Food Analysis:
Principles, Techniques, and
Applications





Proteomics and Food Analysis:
Principles, Techniques, and
Applications

Editor

Mónica Carrera

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editor

Mónica Carrera

Food Technology

Spanish National Research

Council (CSIC), Institute of

Marine Research (IIM)

Vigo

Spain

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Foods (ISSN 2304-8158) (available at: www.mdpi.com/journal/foods/special issues/Proteomics

Food Analysis Principles Techniques Applications).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-2441-2 (Hbk)

ISBN 978-3-0365-2440-5 (PDF)

© 2021 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.

www.mdpi.com/journal/foods/special_issues/Proteomics_Food_Analysis_Principles_Techniques_Applications
www.mdpi.com/journal/foods/special_issues/Proteomics_Food_Analysis_Principles_Techniques_Applications


Contents

About the Editor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface to ”Proteomics and Food Analysis: Principles, Techniques, and Applications” . . . . . ix

Mónica Carrera

Proteomics and Food Analysis: Principles, Techniques, and Applications
Reprinted from: Foods 2021, 10, 2538, doi:10.3390/foods10112538 . . . . . . . . . . . . . . . . . . . 1

Dahlia Daher, Barbara Deracinois, Philippe Courcoux, Alain Baniel, Sylvie Chollet, Rénato

Froidevaux and Christophe Flahaut

Sensopeptidomic Kinetic Approach Combined with Decision Trees and Random Forests to
Study the Bitterness during Enzymatic Hydrolysis Kinetics of Micellar Caseins
Reprinted from: Foods 2021, 10, 1312, doi:10.3390/foods10061312 . . . . . . . . . . . . . . . . . . . 5
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Preface to ”Proteomics and Food Analysis: Principles,

Techniques, and Applications”

This book, Proteomics and Food Analysis: Principles, Techniques, and Applications, edited by Dr.

Mónica Carrera and published by MDPI, is an excellent collection of a wide range of proteomics

approaches applied in food analysis.

Proteomics methodologies are an advantageous strategy for food science studies, where research

institutions, agencies, food industries, and regulatory laboratories are combining efforts to acquire

necessary knowledge on food composition, quality and safety.

The potential of proteomics in food analysis is highlighted in this book, which contains

one editorial article and six scientific manuscripts covering different applications of proteomics

methodologies to ensure food quality and safety. This book is an ideal and up-to-date guide for

researchers seeking to understand the proteomics methodologies applied to different foods.

Finally, the editor wants to express her gratitude to all the coauthors for their assistance in the

preparation of this book.

Mónica Carrera

Editor
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Proteomics can be considered the discipline of the large-scale analysis of proteins
in a particular biological system. Proteomics comprises the study of the structure and
function of proteins, the quantification of protein abundance, the determination of protein
intracellular location, the analysis of protein modifications and the study of protein–protein
interaction networks. Mass spectrometry (MS)-based proteomics has been recognized as an
indispensable tool to precisely identify and quantify thousands of proteins from complex
protein samples, and is used in the majority of proteomics studies. Moreover, bioinformatics
treatment of MS data has increased the scale of proteomics tools, representing a powerful
strategy for high-throughput protein and peptide identification and quantification. In
this regard, two sequential food proteomics approaches (discovery food proteomics and
targeted food proteomics) are the main proteomic tools used for food quality and safety
studies. The aim of discovery food proteomics is to analyze a particular proteome to identify
potential food protein/peptide biomarkers, commonly using a bottom-up proteomics
strategy in which the proteins of interest are digested into peptides using proteases (i.e.,
trypsin), and the resulting peptides are analyzed by MS. Then, targeted food proteomics
methods are used to search for the peptide biomarkers selected in the discovery phase in
biological samples or in food products with high precision, sensitivity and reproducibility.
Thus, proteomics methodologies are an advantageous strategy for food science studies,
where research institutions, agencies, food industries, and regulatory laboratories are
combining efforts to acquire necessary knowledge on food composition, quality, and safety.
The potential of proteomics in food analysis is highlighted in this special issue on different
subjects concerning food quality and safety. The six scientific papers that contribute to this
Special Issue, “Proteomics and Food Analysis: Principles, Techniques, and Applications”,
provide an excellent overview of the wide-ranging proteomics approaches applied to
food analysis.

In this context, the manuscript published by Daher et al., “Sensopeptidomic kinetic
approach combined to decision trees and random forest to study the bitterness during
enzymatic hydrolysis kinetics of micellar caseins”, reports the proteomic characterization
of protein hydrolysates responsible for the unpleasant taste in milk [1]. Milk protein
hydrolysates have significant advantages in sport nutrition and elderly and infant nutrition,
as the use of these hydrolysates induces a very rapid release of amino acids in the blood,
which maximizes muscle protein anabolism and facilitates body recovery and nutrition.
However, hydrolyzed proteins can sometimes have an unpleasant bitter taste or off flavors,
which limits the breadth of their applications in nutrition. In this article, the authors
performed an interesting investigation of peptide characterization of micellar caseins
using proteolytic enzymes and liquid chromatography-electrospray-quadrupole-time-
of-flight-tandem mass spectrometry (LC-ESI-Q-TOF-MS/MS) analysis. Moreover, they
correlated the amino acid structure of the identified peptides with the bitterness properties
of micellar casein hydrolysates by using different statistical and bioinformatics tools based
on differential expression analysis, heat maps, regression trees and random forests. The
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authors concluded that the formulated hydrolysates may be used in the development of
future food formulations such as new peptide-fortified ready-to-drink infant formulas.

An interesting proteomics approach reported by Abril et al. in “Proteomic charac-
terization of bacteriophage peptides from the mastitis producer Staphylococcus aureus by
LC-ESI-MS/MS and bacteriophage phylogenomic analysis” describes the characteriza-
tion of bacteriophage peptides from the mastitis-causing bacterium Staphylococcus aureus
(S. aureus) isolated from dairy products [2]. S. aureus is considered one of the major food-
borne pathogens that can cause serious food intoxication in humans due to its production
of endotoxins. This bacterium remains a major problem in the dairy industry due to its
persistence in cows, its pathogenicity, its contagiousness and its ability to easily colonize
the skin and mucosal epithelia. The authors used a shotgun proteomics approach (in a
gel-free strategy where a complex mixture of food proteins is digested in solution with
a protease such as trypsin, and the resulting mixture of peptides is then analyzed by
LC-MS/MS) for the characterization of 20 different S. aureus strains. For this purpose, they
utilized an LC-ESI-MS/MS-based workflow using an LTQ-Orbitrap instrument to identify
relevant phage-specific peptides of several S. aureus strains to identify both phages and
bacterial strains. Additionally, phylogenomic trees were developed to demonstrate a link
between phage phylogeny and their ability to infect the same bacterial species. The authors
concluded based on the data obtained for the different models of mastitis that the phage
therapy using bacteriophages in this study may be considered an innovative alternative to
antibiotics for the treatment of mastitis caused by S. aureus.

The manuscript published by Monaci et al., “Validation of a MS-based proteomics
method for milk and egg quantification in cookies at the lowest VITAL levels: an alternative
to the use of precautionary labeling”, presents for the first time the development of a
targeted proteomics approach based on the multiple reaction monitoring (MRM) method
on a triple quadrupole MS instrument for milk and egg identification and quantification
in processed foods such as cookies [3]. The method allows the detection of milk and
egg proteins at levels lower than the 0.2 mg recommended by the Voluntary Incidental
Trace Allergen Labeling (VITAL) program as necessary to help food producers avoid cross-
contamination. As stated by the authors, this could be used as an alternative method for
precautionary allergen labeling, alongside other common detection methodologies based
on proteins or nucleic acids. The authors conclude that this targeted proteomics method
could represent, a promising tool to be implemented along the food chain to detect even
tiny amounts of allergens contaminating food commodities.

In the article written by Ham et al., “Increasing coverage of proteome identification
of the fruiting body of Agaricus bisporus by shotgun proteomics”, the authors provide an
overview on the protein identification of the fruit body of Agaricus bisporus, analyzing
the crude protein fraction of the fruit body using a shotgun proteomics approach using
multidimensional protein identification technology (MudPIT) by LC-MS/MS in an LTQ
mass spectrometer [4]. Their protocol involved biphasic column separation prepared
with reversed-phase resins followed by strong cation exchange material. The relative
quantification of the identified proteins revealed several protein signatures that are highly
abundant in the fruiting body. Functional classifications of the identified proteins were also
provided by bioinformatics tools.

The manuscript produced by Stryinski et al., “Proteomic insights into the biology
of the most important foodborne parasites in Europe”, provides an excellent overview
of the applications of proteomic methods in studies on foodborne parasites and their
potential use in targeted diagnostics [5]. Discovery proteomics methods were described for
the characterization and selection of protein biomarkers for selected foodborne parasites
such as waterborne parasitic species (e.g., Cryptosporidium spp., Giardia lamblia, Entamoeba
histolytica, etc.), soil- and plant-borne parasitic species (e.g., Echinococcus multilocularis,
Toxocara spp., Ascaris spp., Fasciola spp., Trypanosoma cruzi, etc.), meat-borne parasitic
species (i.e., Toxoplasma gondii, Trichinella spp., Taenia spp., and Sarcocystis spp.) and seafood-
borne parasitic species (i.e., Opisthorchiidae, Angiostrongylus cantonensis, Diphyllobothrium
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spp., Paragonimus spp., and Heterophyidae). Targeted proteomics methods were also
described to search for peptide biomarkers selected in the discovery phase with high
precision, sensitivity and reproducibility. This paper was mainly focused on the description
of targeted proteomic methods proposed for Anisakidae detection in food products.

Finally, the article published by Carrera et al., “Proteomic strategies to evaluate
the impact of farming conditions on food quality and safety in aquaculture products”,
presents different proteomic strategies (discovery and targeted proteomics) to evaluate
the impact of farming conditions on food quality and safety in aquaculture products [6].
Food quality, dietary management, fish welfare, stress response, food safety (biotic and
abiotic hazards) and antibiotic resistance are the main proteomic techniques and strategies
that are successfully covered in this review. The authors conclude by outlining future
directions and potential perspectives, as the development and practical implementation of
new advances based on protein microfluidics, protein biosensors and device digitalization
offer promising research areas for the aquaculture industry and food authorities.

The “Proteomics and Food Analysis: Principles, Techniques, and Applications” Special
Issue is an ideal and timely guide for researchers seeking to understand the proteome of
any food biological sample. Finally, the Guest Editor, Dr. Carrera, wishes to express her
gratitude to all the authors for their contribution in the preparation of this Special Issue.

Funding: This work was funded by the GAIN-Xunta de Galicia Project (IN607D 2017/01) and the
Spanish AEI/EU-FEDER PID2019-103845RB-C21 project.
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Abstract: Protein hydrolysates are, in general, mixtures of amino acids and small peptides able to
supply the body with the constituent elements of proteins in a directly assimilable form. They are
therefore characterised as products with high nutritional value. However, hydrolysed proteins
display an unpleasant bitter taste and possible off-flavours which limit the field of their nutrition
applications. The successful identification and characterisation of bitter protein hydrolysates and,
more precisely, the peptides responsible for this unpleasant taste are essential for nutritional research.
Due to the large number of peptides generated during hydrolysis, there is an urgent need to develop
methods in order to rapidly characterise the bitterness of protein hydrolysates. In this article, two
enzymatic hydrolysis kinetics of micellar milk caseins were performed for 9 h. For both kinetics, the
optimal time to obtain a hydrolysate with appreciable organoleptic qualities is 5 h. Then, the influence
of the presence or absence of peptides and their intensity over time compared to the different sensory
characteristics of hydrolysates was studied using heat maps, random forests and regression trees.
A total of 22 peptides formed during the enzymatic proteolysis of micellar caseins and influencing
the bitterness the most were identified. These methods represent simple and efficient tools to identify
the peptides susceptibly responsible for bitterness intensity and predict the main sensory feature of
micellar casein enzymatic hydrolysates.

Keywords: bitterness; enzymatic hydrolysis; micellar caseins; off-flavours; peptidomics; random
forests; regression trees; sensory analysis

1. Introduction

The enzymatic hydrolysis of milk proteins displays a generally unpleasant bitter taste.
The perception of bitter taste plays a crucial role in their use in various application fields.
Indeed, the bitter flavour of extensively hydrolysed proteins has been and continues to
be a major hindrance for their use. In addition, bitterness is sometimes combined with
off-flavours that also appear during hydrolysis. However, these milk protein hydrolysates
have significant advantages such as in sport nutrition where the use of these hydrolysates
induces a very rapid release of amino acids in the blood, which may maximise muscle
protein anabolism and facilitate recovery [1]. Moreover, these hydrolysates make it possible
to boost muscle synthesis in sensitive subjects such as the elderly [2]. They are also used in
clinical and infant nutrition where milk protein hydrolysates are recommended for a rapid
supply of amino acids while ensuring low protein allergenicity. Indeed, the allergenicity of
a protein is reduced or eliminated when the protein is hydrolysed into a low molecular

5



Foods 2021, 10, 1312

weight peptide composition. Moreover, milk protein hydrolysates cater to the nutritional
requirements of infants and toddlers, improving milk protein digestibility and reducing
frequent spit-up.

For many years, scientists have performed important studies on explaining the ap-
pearance of bitterness in hydrolysates. For example, Murray and Baker were the first
authors interested in the taste of protein enzymatic hydrolysates [3]. They found a bitter
taste in enzymatic hydrolysates from caseins and lactalbumin, obtained with commercial
proteinases, and a neutral taste in hydrolysates obtained from gelatine. Ichikawa et al. hy-
drolysed caseins, soy protein, ovalbumin and gluten with a proteinase from Bacillus subtilis
and reported the development of a pronounced bitter taste with casein hydrolysates [4].
Various factors can influence the appearance of undesirable flavours in protein enzymatic
hydrolysates, such as the nature of protein substrate(s) and enzyme(s), the hydrolysis dura-
tion, the selected pH and the temperature conditions. Concerning the casein proteins, β-,
αS1- and κ-caseins produce the most bitter hydrolysates [5]. The causes for the bitterness
were identified as early as 1970 by Fujimaki et al. and Matoba et al. [6,7] as being the
presence of specific peptides rather than free amino acids in the protein hydrolysate. For ex-
ample, the free forms of L-leucine and L-phenylalanine residues are bitter, with thresholds
of 15–20 mM, but Leu-Leu or Ile-Leu and Leu-Phe are more than 10 times more bitter. Kim
and Li-Chan (2006) and Iwaniak et al. (2018) confirmed that the bitter taste of peptides is
determined by the presence of amino acids with high hydrophobicity [8,9]. According to
Iwaniak’s data, the bitterness of peptides results from the presence of residues with bulky
and branched side chains such as Leu, Ile, Val, Tyr, Phe and Trp. The bitterness of peptides
also increases as the number of amino acids increases. Moreover, some structural charac-
teristics, such as the diastereoisomer of the L series, the presence of a proline residue at
the geometric centre and/or close to a basic amino acid, hydrophobic amino acids at N-
and C-terminal positions in the peptide, and two and three residues of Leu, Tyr, Phe at the
C-terminal of the peptide, influence the bitterness. In addition, it has been claimed that
there are no bitter peptides for lengths greater than 25 residues [7].

In a previous study [10], the comparison between the sensory characteristics and the
principal components of the principal component analysis (PCA) of mass spectrometry data
reveals that peptidomics constitutes a convenient, valuable, fast and economic intermediate
method to evaluate the bitterness of enzymatic hydrolysates as a trained sensory panel
can conduct it. Nevertheless, to go further in the understanding of the peptide-related
bitterness appearance/disappearance during the hydrolysis time, an enzymatic hydrolysis
kinetic study gathering a sensory evaluation and a peptidomics approach combined with
machine learning algorithms were carried out. Herein, we have studied the enzymatic
hydrolysis kinetics of micellar caseins subjected to hydrolyses using commercially available
and food-grade proteases, allowing the production of more or less bitter hydrolysates.
Organoleptic characteristics, and more particularly the bitterness, were quantified for
each sample collected during the kinetics using a trained sensory panel. Then, peptides
generated during hydrolysis were characterised by a peptidomics approach combining the
peptide chromatographic separation by reversed-phase high-pressure liquid chromatogra-
phy (RP-HPLC), the detection and fragmentation of peptides by tandem mass spectrometry
(MS/MS) and the mass data management. Finally, we studied the nature of the generated
peptides and their influence in the appearance of bitterness during the hydrolysis process
by using a method based on differential expression analysis, heat maps, regression trees
and random forests.

2. Material and Methods

2.1. Enzymatic Hydrolysis Kinetics

Micellar caseins (ratio micellar caseins/whey proteins (92:8)) were prepared by the In-
gredia S.A. manufacturer (St-Pol-Sur-Ternoise, France) using industrial processes. These pro-
teins were hydrolysed with the food grade enzymes (Table 1) Flavourzyme and Protamex
that were obtained from Novozymes (Bagsvaerd, Denmark) and allowed the preparation
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of a kinetics named 109, and Promod 523MDP ™ and FlavorPro 937 ™ were obtained from
Biocatalysts and allowed the preparation of a kinetics named 125 (Wales, UK).

Table 1. Characteristics of Novozymes proteases.

Proteases Description Activity * Origin
Optimum

pH
Optimum

Temperature (◦C)

Flavourzyme
exoprotease

(aminopeptidase)/endoprotease
complex

1100 LAPU/g Aspergillus oryzae 5.5–7.5 50–55

Protamex endoprotease (subtilisin)/serine
endoprotease

1.5
AU-N/g

Bacillus licheniformis
Bacillus

amyloliquefaciens
7.0–8.0 50

Promod 523MDP TM endoprotease complex 1200 Bromelain
GDU/g Ananas comosus 5.0–7.0 45–55

Flavorpro 937MDP TM
exoprotease (leucine

aminopeptidase)/endoprotease
complex

350 U/g Aspergillus oryzae 5.0–7.0 50

* Leucine amino peptidase units per gram (LAPU/g); Anson unit per gram (AU-N/g); Gelatin digestion units per gram (GDU/g).

The enzymatic hydrolyses were performed for nine hours using a confidential recipe.
Overall, the protein solution of micellar caseins (92%) was diluted with distilled water to a
concentration of 10% of total nitrogenous matter and brought to the desired pH by adding
NaOH (4N). The necessary enzyme quantity was then added directly if it was in liquid
form or solubilised in distilled water if it was in powder form. The hydrolysis monitoring
was carried out by collecting data from pH, temperature and osmometry. Then, the degree
of hydrolysis (DH) was determined using Nielsen et al.’s method based on the reaction of
primary amino groups with ortho-phthaldialdehyde (OPA) [11], and the DH was calculated
as previously described [10].

Samples were taken every hour and the enzymes were inactivated by heating at 98 ◦C
for 3 min. About 1.5 L of hydrolysates was dried by atomisation using the Mini Spray
Dryer B-290 from BUCHI (Rungis, France). The drying process was performed following
the same procedure described previously [10]. Each hour, an aliquot of each hydrolysis
was frozen at −20 ◦C before further analyses.

2.2. Analyses of Samples

2.2.1. Sensory Analysis

Panel Composition and Training
The sensory analysis was carried out with a total of 19 healthy adults (12 females

and 7 males, aged from 45 to 65 years old). They were enrolled in a training program,
for 20 months, designed to identify and quantify the different descriptors chosen to charac-
terise the hydrolysates. The descriptors were: (i) five odours (milk, fermented milk, rancid,
soymilk and smelly), (ii) eleven flavours (bitter, sour, milk, sweet, mild, cheese, vanilla,
salty, rancid, barn and whey) and (iii) five persistence flavours (bitter, sour, milk, sweet and
cheese). The quantification of each descriptor was performed using a scale from 1 (low) to 7
(high). In this study, only bitterness data will be processed. Before starting this experiment,
the performance of the assessors in terms of discrimination, repeatability and agreement
was validated.

Tasting Conditions
The assessors evaluated the nine samples in a duplicate manner during four sessions

(two sessions with four samples and two with five), for both kinetics. Those sessions were
performed under standard sensory conditions (ISO 13299, 2003). Samples were presented
in a sequential monadic way and their presentation order was based on a Williams’ Latin-
square arrangement. Samples were dissolved in mineral water at a concentration of 10% of
dry matter and 20 mL was presented in white plastic tumblers to each assessor and served
at room temperature. The tests were performed in individual booths under white lighting
and at 20 ± 2 ◦C. No time restriction was imposed on the assessors to perform this test.
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Sensory Data Analyses
For both hydrolysis kinetics (109 and 125), sensory data were first assessed by a two-

way ANOVA considering the samples and the consumers as factors and the bitterness
scores as the dependent variable. A Duncan’s multiple range test (p ≤ 0.05) was performed
to compare the samples two by two. These statistical analyses were computed using XLStat
(XLStat 2020 1.1, Paris, France).

2.2.2. Mass Spectrometry: Sample Preparation and Peptide Characterisation Using
HPLC-ESI-Qtof-MS/MS and Bioinformatics Treatment

The samples were prepared and analyzed in duplicate with the same method used in
a previous study [10]. Briefly, peptides were purified and concentrated using a C18 solid
phase extraction and 10 µL was separated using a reversed-phase high-performance liquid
chromatography and an apolar gradient of 60 min: 1% ACN/0.1% of formic acid (FA) (v/v)
for 3 min, then 1 to 30% ACN/0.1% FA (v/v) for 42 min, 30 to 95% ACN/0.1% FA (v/v) for
10 min and finally 95 to 99% ACN/0.1% FA (v/v) for 5 min. The analysis of eluted peptides
was performed with a Synapt-G2-Si (Waters) mass spectrometer in sensitivity, positive
and data-dependent analysis (DDA) modes (HPLC-MS/MS). Several quality control (QC)
samples corresponding to (i) the mixture in equivalent volume of all C18-purified samples
of both kinetics, (ii) the mixture of samples of kinetics 109 and (iii) those of kinetics 125
were also analysed at the beginning, middle and end of the HPLC-MS/MS analysis session.

Raw data from all HPLC-MS/MS runs were imported in Progenesis QI for proteomics
software (Version 4.1, Nonlinear Dynamics, Newcastle upon Tyne, UK). First, data filtering
was conducted before peak picking where a maximum charge of +4, a retention time
defined between 5 and 50 min and a minimum intensity of 1000 were applied. Then, data
alignment was automatically managed by Progenesis software using one of all QC runs as
reference. Subsequently, manual alignment was performed if necessary, to optimise run
alignment, and data normalisation was automatically performed for principal component
analysis (PCA). The filtering criteria used for the statistical comparison of mass signals
of HPLC-MS/MS runs were set as follows: (i) a maximum coefficient of ANOVA less or
equal to 10−10 and (ii) only the identified peptides. Concomitantly, Progenesis software
reported the quantitative evolution of peptides in terms of normalised abundance in the
different hydrolysates. The variables used are derived from the comparison of peptide
maps, i.e., the position of the isotopic massifs and their intensity. The reprocessing of mass
spectrometry data and database searches to identify the peptides were performed via Peaks
Studio version 10+ (Bioinformatics Solutions Inc., Waterloo, ON, Canada) using the UniProt
database (10 September 2018) restricted to the complete proteome of Bos taurus organism.
The parameters of mass tolerance thresholds, number of missing cleavage sites tolerated,
choice of enzyme, and false discovery rate (FDR) were the same as previously [10].

2.3. Relationship between Sensory and Mass Data

The link between identified peptides and sensory perception of the samples was
investigated using various methods: a heat map with differential expression analysis, and
regression trees and random forest methodologies.

2.3.1. Heat Map

A heat map was drawn from the MS-data corresponding to identified peptides from
micellar caseins and their quantification in the 18 samples of both kinetics 109 and 125;
the peptides corresponding to the features and the hydrolysis samples to the individuals.
The heat map reflects the matrix data so that the values (normalised peptide abundance)
are replaced by colour intensities ranging from yellow (low abundance) to red (high
abundance). Cluster analysis was also carried out based on the heat map and the results
were drawn as tree maps in the heat map [12].

Differential expression was also used to identify peptides that significantly influence
the bitterness of hydrolysates. This latter was performed by merging kinetics 109 and 125.
For the differential expression test, two groups were established: the group named “1”
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will be considered as more bitter and the “2” as less bitter. The split between these two
groups was determined visually as follows: the samples were ranked in descending order
of bitterness and the split was defined at the point where the greatest difference between
two successive values was observed.

2.3.2. Regression Trees and Random Forest

Regression trees (RTs) optimally subdivide the samples by a set of decision rules.
These rules are constructed by iteratively separating the dataset with binary splits based
on the choice of one predictor variable and an associated threshold value. The random
forest (RF) algorithm generates multiple trees without pruning, improving the stability of
the model. This is achieved by a double process of randomisation: (i) a random selection
of the predictors at each node of each tree and (ii) each tree is grown on a different
random data subset, selected by bootstrapping, i.e., sampling from the initial samples
with replacement. The data portion used for the training phase is known as the “in-bag”
data, whereas the rest is called the “out-of-bag” data. The latter will provide estimates of
predicting errors [13]: the root mean square error of this predicted value is computed on
the out-of-bag samples (RMSEOOB).

In our case, RFs consist of modelling a sensory variable (bitterness descriptor) as
a function of a number of predictors (presence or absence of peptides as well as their
normalised abundance). The variables correspond to the 116 identified peptides. The aim
here is to find out which peptides have a strong importance in understanding the intensity
of the bitter descriptor. For this purpose, 50 forests of 5000 trees have been built. RFs will
allow us to obtain the importance of each peptide and a confidence interval is computed
around the importance of the peptides. All the peptides whose lower bounds of the
confidence interval are greater than 0 are selected and are thus involved to predict the
intensity of the studied attribute.

RTs and RFs have been carried out using language R 3.5.1 [14] and the R packages
rpart [15] and random Forest [16].

3. Results

3.1. Influence of Hydrolysis Kinetics on the Sensory Characteristics of Hydrolysates

Figure 1 shows the evolution of bitterness intensity and DH during kinetics 109 (a)
and 125 (b). ANOVA shows that samples are significantly discriminated (p ≤ 0.05) for
both kinetics.

− ≤ 

(a) (b) 

■ ▲
■ ▲

−
≤ 0.05

−

75 peptides from β casein, 19 from α
casein, 10 from α from β
tides from α

Peptides identified from β
V224. The α and α

κ and β

Figure 1. Evolution of bitterness and DH during hydrolysis kinetics 109 (a) and 125 (b). The black
kinetics 109 (�) and kinetics 125 (N), respectively. The dotted orange lines represent the evolution of
DH for kinetics 109 (�) and kinetics 125 (N), respectively. The bitterness intensity values from 1 (low)
to 7 (high) are means +/− standard deviation (n = 2): the different letters (a, b, c) indicate means that
significantly differ among the nine samples at p ≤ 0.05 according to Duncan’s multiple range test.

Globally, the bitterness intensity (black line, Figure 1a) of the samples of the hydrolysis
109 decreases over the time. During the first three hours, the intensity is at its highest
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level and stagnates at the value of 5.20. Then, a decrease begins from 5.20 to 3.00 in 2 h of
hydrolysis (between 3 and 5 h of hydrolysis) and remains stable at the bitterness level of 3
for the kinetics’ remaining time. After nine hours of hydrolysis, the DH (dotted orange
line, Figure 1a) reaches a value of 50.8%. A consequent increase in the DH is observed
between the 4th (13.9%) and 5th hour (44.1%), which is concomitant with the decrease in
the bitterness intensity. A Pearson correlation coefficient (r = −0.933; p ≤ 0.001) between
DH and bitterness score suggests that the higher the DH, the less bitterness in the samples.

Concerning kinetics 125 (black line, Figure 1b), the bitterness appears to be stable
over time. The minimum bitterness value is observed after two hours of hydrolysis with
an intensity of 2.18 ± 0.37. A progressive increase in bitterness is observed after the 5th
hour of hydrolysis and until the end of the hydrolysis, as indicated by the bitterness values
which increase from 2.23 ± 0.46 to 3.59 ± 0.50. The DH (dotted orange line, Figure 1b)
increases over time to reach the maximum value of 28.9% after nine hours of hydrolysis.
Here, again a high increase, ranging from 10.9% to 22.6%, is observed between the 3rd and
5th hour of hydrolysis. However, contrary to kinetics 109, the bitterness intensity increase
follows the DH increase, especially from the fifth hour of kinetics.

3.2. Peptide Characterisation and Peptide Abundance Evolution during the Hydrolysis

The HPLC-MS/MS raw data obtained for the 36 withdrawn samples (nine collected
samples × two kinetics × two replicates) and the nine QCs (QC 109 × three replicates,
QC 125 × three replicates and QC109–125 × three replicates) were imported in Progenesis
QI for proteomics software. Among the 2635 peak picked mass signals, 479 mass signals
have an ANOVA < 10−10, and among them, 116 mass signals were identified as milk
protein peptides (Supplemental Table S1). These latter represent the global diversity,
all hydrolysates combined, of identified peptides. Overall, 75 peptides from β-casein,
19 from α-S1 casein, 10 from α-S2 casein, 9 from kappa-casein, and 3 from β-lactoglobulin
and no peptides from α-lactalbumin were identified. Between 114 and 116 peptides were
identified per sample collected during the kinetics. The size features of identified peptides
are: (i) a length comprising between 6 and 23 amino acids with a length mean of 11 amino
acids and (ii) a molecular mass mean of 1303.37 ± 335.46 Da.

Peptides identified from β-casein corresponded mainly to three protein regions: Y75-
G109, A116-F134 and T142-V224. The α-S1 casein- and α-S2 casein-peptides corresponded
to three protein regions (G25-G48, L114-M138 and P192-P212) and two protein regions
(L111-N130 and R185-A204), respectively. The κ-casein- and β-lactoglobulin-peptides
corresponded to two protein regions (F39-G60 and F76-L95) and one protein region (V57-
L73), respectively.

PCA was performed using the 116 identified peptides (shown as light grey numbers
in Figure 2) whose amino acid sequences are gathered in Supplemental Data S1. Figure 2
shows the first two principal components and illustrates the correlations between the 36
withdrawn samples. These principal components #1 and #2 explain 82.16% of the variance,
and in such PCA, the more distant the groups, the more different in terms of peptide
population. In the biplot presented in Figure 2, the technical replicates (same colour points)
of each sample (including QCs) are close to each other, as can be seen with the examples
shown with a red arrow on the PCA, indicating good technical repeatability. Moreover, the
QCs of kinetics 109 (in yellow) are found at almost equal distance between the two groups
formed by kinetics 109, and it is the same for those of kinetics 125 (in dark to light blue)
and the QC of kinetics 109–125, which are found between the three groups represented on
the PCA.
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(αS1 β

αS
β

Figure 2. Principal component analysis corresponding to the 116 identified peptides of kinetics 109
and 125. In yellow the quality controls, corresponding to the equimolar mixture of the samples of
kinetics 109 (QC 109), in blue “water green” those of kinetics 125 (QC 125) and in black those of
all the samples combined (QC 109–125). Each QC appears as three replicates corresponding to an
injection at the beginning, middle and end of the LC-MS/MS analysis. Each sample of both kinetics
was analysed in replicates (samples with the same colour on the PCA as shown for the sample 109-5
(red arrows)), corresponding to a total of 36 samples: nine samples of hydrolysis kinetics 125 ranging
from dark blue (125-9) to light blue (125-1) and nine samples of hydrolysis kinetics 109 ranging from
brown (109-9) to very light red (109-1).

An agglomerative hierarchical clustering (AHC) allowed us to display three groups
on the PCA: (i) a group circled in brown (top right) gathering samples 109-1, -2, -3, (ii) a
group circled in burgundy red (top left) gathering samples 109-4, -5, -6, -7, -8, -9, and (iii) a
central group circled in blue gathering all samples of kinetics 125. Notably, the evolution,
according to the hydrolysis time, of peptide heterogeneity is clearly evidenced on the PCA
of T1 to T9 of kinetics 125, which moves from right to left (from dark blue to light blue).
As for the sensory analysis, a difference is observed between samples 109-1, -2, -3, which
are significantly more bitter than the other samples of the kinetics. The samples of kinetics
125 are positioned between the two groups of kinetics 109 and thus appear to have peptide
sequences common to both groups and with intermediate normalised abundances.

The Progenesis QI software uses the peptide identities and their MS-based abun-
dance data to generate an explicit picture of the evolution of normalised abundance of
the peptide during hydrolysis kinetics (Figure 3a,b). As illustrated in Figure 3a,b, the pep-
tides FVAPFPE (αS1-CN (39–45)) and LYQEPVLGPVRGPFPI (β-CN (207–222)) are more
abundant during the first three hours of kinetics 109 (left part of curves), and conversely
have negligible normalised abundance in the other samples collected during kinetics 109
and 125. On the other hand, Figure 3b shows normalised abundance curves according to
hydrolysis times of peptides LQYLYQGPIVL (αS2-CN (111–121)) and YPFPGPIPNSLPQN
(β-CN (75–88)), more abundant during kinetics 125. The latter are not or only very weakly
present in samples 109-1, -2, -3, considered as the most bitter, suggesting that they do not
bring significant bitterness to the samples. They would therefore not be responsible for the
difference in bitterness between samples 109-1, -2, -3 and the others.

3.3. Relationship between Generated Peptides and Bitterness during Hydrolysis

3.3.1. Heat Map

The heat map presented Figure 4 shows the differences in terms of normalised abun-
dances between the samples of both kinetics in a more visual way than a table. On the heat
map, the peptides are grouped in rows and the samples withdrawn during the hydrolysis
kinetics (109 and 125) in columns. The peptides are divided into two groups: A’ and B’
(left dendrogram) and the samples are divided into two groups: A and B (top dendrogram).
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Figure 3. Examples of two opposite evolutions of the normalised abundance of peptides (a) whose
abundance is highest at the beginning of kinetics 109 and (b) whose abundance is highest at the end
of kinetics 125. The red and blue colour represent kinetics 109 and kinetics 125, respectively. (HM:
highest mean; LM: lowest mean).

In order to identify the peptides responsible for the difference in bitterness, a differ-
ential expression analysis was performed by merging kinetics 109 and 125. Among the
18 samples, two different groups were formed according to the bitterness scores obtained
by sensory analysis (group #1 and group #2). Group #1 includes the samples 109-1, 109-2,
and 109-3, which all had a bitterness intensity greater than 3.91, and group #2 includes the
remaining 15 samples of both kinetics with an intensity equal to or lower than 3.91. Among
the 116 identified peptides, only 54 are significant (p ≤ 0.05—noted with an asterisk (*) in
Figure 4) which means that they contribute to the difference in terms of bitterness between
groups #1 and #2.

The peptide group B’ corresponds to the 54 significant peptides discriminated by
the differential analysis, and explains the difference in bitterness between the samples in
groups A and B. The peptide group A’, corresponding to the non-significant peptides of the
differential analysis, explains the difference between the samples of kinetics 125 and 109
(without the samples 109-1, 2 and 3). The sample group A corresponds to the three samples
109-1, 109-2 and 109-3 with the highest bitterness intensities according to the sensory data
obtained by the panel. These three samples are well differentiated on the heat map: the red
colour (corresponding to the peptide group B’) and the yellow colour (corresponding to
the peptide group A’) rectangles on the left show that for the first samples of hydrolysis
109, we have a relatively high normalised abundance of group B’ peptides compared to
group A’. According to their normalised abundance, these peptides as well as their quantity
tend to explain the high bitterness of the first samples at the beginning of the hydrolysis.
The second group of samples (B) includes the subgroup of the samples of kinetics 125 in
the following order: 125-2, 125-1, 125-3, 125-4, 125-5, 125-8, 125-9, 125-6, and 125-7, and
the subgroup of the remaining samples of kinetics 109: 109-4, 109-8, 109-9, 109-5, 109-6
and 109-7. The samples of the kinetics 109 subgroup with the exception of 109-1, 2 and 3
are characterised by high normalised abundances of the A’ peptide group. The kinetics
125 subgroup samples are characterised by high normalised abundances of the first eight
peptides of group A’ and intermediate normalised abundances of the remaining peptides.
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Figure 4. Heat map related to mass spectrometry data. The peptides marked with * correspond to the peptides that explain
the significant difference between the two groups of hydrolysates obtained with the differential analysis (p ≤ 0.05). Peptides
marked with an “x” are the peptides identified through random forests as the most influential in explaining the bitterness of
hydrolysates.
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3.3.2. Regression Trees and Random Forests

RT and RF were also performed by merging the samples of kinetics 109 and 125.
The importance of peptides as predictors of the main taste characteristic of enzymatic
hydrolysates, namely bitterness, is presented in Figure 5. The measure of this importance
quantifies the contribution of each peptide to the prediction of the sensory profile. Based on
the confidence interval, we noticed that more than three quarters (94) of the peptides
influenced bitterness. In order to build an accurate and parsimonious model and to identify
the best subset of predictors from the 94 pre-selected predictor variables, we reduced the
number of predictors by adding the peptides sequentially, from the most important to
the least important one: all possible subsets from 5 to k variables are considered in turn.
For each subset, an RF is constructed with the same parameters as before. The quality of
the prediction was computed for each model generated and evaluated using the RMSEOOB
index. The lower it is, the better the quality of the prediction will be. The optimal RF was
obtained for 22 peptides with a RMSEOOB of 0.3405. The latter therefore corresponds to the
first 22 peptides presented in Figure 5.

 

Figure 5. Random forests on the descriptor bitter: importance of the 116 peptides. The confidence intervals (95%) were
obtained with 50 random forests of 5000 trees.

The model obtained with these selected 22 peptides was applied to both kinetics for
predicting hydrolysate bitterness profiles (Figure 6). Figure 6 represents the evolution of
the bitterness intensity of samples during kinetics 109 and 125 over time, with the observed
values (full lines associated with full circles and triangles) and the predicted values (dotted
lines associated with red empty circles and black triangles). The prediction is quite good,
with a mean error of 0.34 for the predicted perception of bitterness and a correlation of 0.93
between observed and predicted values.

Thanks to the 22 peptides, an optimal RT has been built (Figure 7). The first peptide
which splits the initial 18 samples into 2 groups was FVAPFPE at a normalised abundance
threshold value of 2,431,772. The three samples (node 7, n = 3) with a value higher than this
threshold were considered as the most bitter. These latter are the three first samples of ki-
netics 109 (109-1, 109-2 and 109-3). On the other hand, fifteen hydrolysates with a FVAPFPE
value below this threshold were grouped together (nodes 3, 5 and 6 with, respectively, 6,
8 and 1 sample(s)). Then, when the normalised abundance of NIPPLTQTPVVVPPF was
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lower than 56,200.67, six samples were separated from the others and revealed the least
bitterness perception. A last split was performed another time with the peptide FVAPFPE
and beyond the abundance of 656,107.8. The hydrolysate was again considered more bitter
when the peptide abundance was higher than this value.

 

Figure 6. Prediction of the bitterness of out-of-bag (OOB) samples. The red colour represents the
evolution of the intensity of samples during kinetics 109 and the black colour represents the samples
of kinetics 125. The full lines with full-circles or -triangles represent the observed values and the
open-circles and -triangles represent the predicted values.

called “ki-
netics 109” and “kinetics 125”. 
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Figure 7. Optimal regression tree built to predict the hydrolysate bitterness from the 22 identified
peptides. The boxplots represented below the tree show the intensity and the gradual evolution of
bitterness. n = number of hydrolysates for each group defined by a different level of bitterness with
sample reference number. Node 3 (n = 6) corresponds to hydrolysates 125-1, -2, -3, -4, -5 and -6; Node
5 (n = 8) corresponds to hydrolysates 125-7, -8, -9/109-5, -6, -7, -8 and -9; Node 6 (n = 1) corresponds
to hydrolysate 109-4; Node 7 (n = 3) corresponds to hydrolysates 109-1, -2 and -3.
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4. Discussion

The enzymatic hydrolysis of caseins is especially known for the appearance of bitter-
ness, which is a hindrance to their use in the agri-food industry [17]. The first step of this
study was to analyse the bitterness profile of two different hydrolysis kinetics called “kinet-
ics 109” and “kinetics 125”. For these given hydrolysis conditions, the sensory evaluation,
driven with a trained sensory panel, reveals that significantly different bitterness levels are
obtained depending on the hydrolysis time. This latter is more visible for kinetics 109, for
which we obtained a significant drop in bitterness after about three hours of hydrolysis,
reaching an intensity of 3. It is well known that the development of a specific sensory
profile in protein hydrolysates depends on the protein source, enzyme specificity and the
conditions of the hydrolysis [18,19]. Based on all these rules, we selected and combined
some specific enzymes known in the literature to aid in the development of low bitterness
hydrolysates for applications in nutrition and the agri-food market. These enzymes are
Flavorpro 937MDP ™, a mixture of endo- and exoproteases, which according to the manu-
facturer Biocatalysts, has been developed to remove the excessive bitter-tasting peptides
produced when using animal and bacterial proteases; Promod 523MDP ™, an endoprotease
with a bromelain activity, which is effective in the production of highly digestible pro-
teins [20]; Protamex, which also substantially reduces bitterness when hydrolysing caseins,
as indicated by the company Novozymes [21]; and finally Flavourzyme, which contains
both endo- and exoprotease activities and has shown its efficiency in obtaining less bitter
milk protein hydrolysates compared to other enzyme preparations [22]. This efficiency has
been linked to the presence of high exopeptidase activity within this preparation [23,24].
Indeed, the exopeptidases cleave peptides from their C- or N-terminal extremities, allow-
ing a reduction in the bitterness due to terminal hydrophobic amino acid residues, for
example [25].

The sensory study of kinetics 109 and 125 allowed us to monitor on one hand the evo-
lution of certain sensory features, and on the other hand the physico-chemical parameters,
such as the DH. Concerning the latter, it emerged that it was not always correlated with
the bitterness of the hydrolysates, as already confirmed by a lot of studies [26–29].

The second step was to identify the peptides generated during the time course of
hydrolyses and concomitantly quantify their normalised abundance. These mass spec-
trometry data were then analysed by performing a heat map combined with a differential
expression analysis of both kinetics combined. These statistical tests are very often used in
the presence of big data such as OMICS-type data [30]. This heat map brings an overview of
the peptide abundance evolution during hydrolysis kinetics and an image of the proximity
of the samples. For kinetics 109, the lower peptide cluster is very abundant at the beginning
of hydrolysis, then decreases over time while remaining stable during the last hours of the
hydrolysis. Combined with the differential expression, 54 peptides have been identified as
responsible for the bitterness difference. These latter are the most abundant peptides in the
first three bitterest samples 109-1, 109-2 and 109-3, except LKKYKVPQLE, VYQHQKA and
LSQSKVLPVPQgKA. The evolution of peptide abundance during kinetics 125 seems to be
almost identical for all the samples constituting it, except for samples 125-1, -2, -3, which
would explain the stability of its bitterness over time.

One of the main strengths of this study concerns the use of RT and RF methodologies
to predict the bitterness of samples. It is important to note that single trees are easy to
interpret and to establish the relationships inside the dataset. However, they are unstable,
and small perturbations in the dataset can completely change their structure. Therefore,
for the prediction of the sample taste, the use of the whole RF is more convenient. In fact,
we obtained a very satisfactory quality index with a value of 0.34, meaning that the bitter-
ness intensity can be predicted with a confidence interval of 0.34. Such a value is a good
estimation in sensory evaluation. Moreover, the results showed that the RF highlighted
the importance of peptides in explaining the bitterness of the 18 samples. As shown
in Figure 5, the 22 most influential peptides selected to construct the RF are among the
54 peptides most involved in the differentiation of the two sample categories #1 and #2
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derived from differential expression. The simultaneous presence of this set of peptides
and their abundance are the cause of the difference in bitterness existing between the
samples. An additional verification was made with the BIOPEP database. Available online:
http://www.uwm.edu.pl/biochemia/index.php/en/biopep (accessed on 10 February
2021) [31] and the literature to determine if some of those 22 peptides were already reported
as being bitter. In this database, all data about the taste of the peptides were obtained from
sensory studies described in the literature. The peptides YQEPVLGPVRGPFP, YQEPVL-
GPVRGPFPIIV, APKHKEMPFPKYPVEPF, MAPKHKEMPFPKYPVEPF, AMAPKHKEMPF-
PKYPVEP and PVLGPVRGPFP had already been identified [17,32–34]. The studies of
Karametsi et al. highlighted the following bitter peptides: GPVRGPFPIIV and YQEPVL-
GPVRGPFPI [33], and those of Toelstede et al. the sequence GPVRGPFP [35]. These re-
sults show that their primary structure is similar to peptides LLYQEPVLGPVRGPFPIIV,
LYQEPVLGPVRGPFPI, LYQEPVLGPVRGPFP, LYQEPVLGPVRGPFPIIV and LLYQEPVL-
GPVRGPFP that we have identified in this study, suggesting that this protein region of the
β-casein is conducive to the release of bitter peptides. Besides that, the FVAPFPE peptide
is already known to display angiotensin converting enzyme inhibitory activity [36], but no
information on its taste has been given. However, a peptide of close structure “FFVAPF-
PEVFGK”, referenced in the BIOPEP database, has been identified as bitter. Moreover, a cor-
relation between the bitter taste of a peptide and bioactivity has been demonstrated [19].
The VEELKPTPEGDLEIL peptide was also characterised as bitter by Spellman et al. (2015).
No information was found on the other peptide sequences. Thus, a large majority of
peptides highlighted by RFs have already been identified in the literature. However, it
is worth to note that it is the combination of the presence and/or the absence and the
association of different peptides which is responsible for hydrolysate’s bitterness.

However, this prediction model has a major limitation since it can only be used with
the same enzymes used in this study. The use of RFs makes it possible to take into account
the entire complex mixture represented by a peptide hydrolysate. Indeed, the synergistic
and antagonistic effects that may exist between peptides and their impact on bitterness
are considered.

5. Conclusions

The impact of bitterness on food rejection has been studied extensively. Therefore, the
development of protein hydrolysates with low levels of bitterness is an essential challenge
for their incorporation in various foods. The hydrolysates formulated here may be used
in the development of future food formulations such as peptide-fortified ready-to-drink
infant formulae and low pH beverages such as fruit juices, for instance.

The data generated may be employed to inform the selection of a certain type of
enzyme preparation and target the degree of hydrolysis values to generate hydrolysates
with adequate sensory properties. A peptide hydrolysate is a complex mixture where inter-
actions between peptides can complicate their study. However, random forests appear to
be a useful tool for their analysis. Moreover, the use of RT and RF methodologies allows us,
on one side, to highlight peptides involved in the explanation of the bitterness of samples,
and on the other side to predict the bitterness profile of a micellar casein hydrolysate.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10061312/s1, Table S1: list of peptides identified by the HPLC-MS/MS analyses.

Author Contributions: D.D.: investigation, formal analysis, visualization, data curation, writing—
original draft; B.D.: investigation, formal analysis, validation, data curation, supervision, writing—
original draft; P.C.: investigation, formal analysis, validation, data curation, writing—original draft;
A.B.: methodology, supervision, writing—reviewing and editing; S.C.: methodology, formal analysis,
data curation, supervision, funding acquisition, writing—reviewing and editing; R.F.: methodology,
supervision, funding acquisition, writing—reviewing and editing; C.F.: conceptualization, methodol-
ogy, visualization, validation, data curation, supervision, funding acquisition, writing—reviewing
and editing. All authors have read and agreed to the published version of the manuscript.

17



Foods 2021, 10, 1312

Funding: This work has been carried out in the framework of the joint laboratory between the Charles
Viollette institute and the Ingredia project (Allinpep) and in the framework of the Alibiotech research
program which is financed by the European Union, French State and the French Region of Hauts-
de-France. The HPLC-MS/MS experiments were performed on the REALCAT platform funded by
a French governmental subsidy managed by the French National Research Agency (ANR) within
the frame of the “Future Investments’program (ANR-11- EQPX-0037)”. The Hauts-de-France region
and the FEDER, the Ecole Centrale de Lille and the Centrale Initiatives Foundation are also warmly
acknowledged for their financial contributions to the acquisition of REALCAT platform equipment.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data is contained within the article or supplementary material.

Conflicts of Interest: The project was funded by Ingredia S.A. Dahlia Daher and Alain Baniel are
employed by Ingredia S.A.

References

1. Manninen, A.H. Protein hydrolysates in sports nutrition. Nutr. Metab. 2009, 6, 38. [CrossRef] [PubMed]
2. Fujita, S.; Glynn, E.L.; Timmerman, K.L.; Rasmussen, B.B.; Volpi, E. Supraphysiological hyperinsulinaemia is necessary to

stimulate skeletal muscle protein anabolism in older adults: Evidence of a true age-related insulin resistance of muscle protein
metabolism. Diabetologia 2009, 52, 1889–1898. [CrossRef] [PubMed]

3. Murray, T.K.; Baker, B.E. Studies on protein hydrolysis. I.—Preliminary observations on the taste of enzymic protein-hydrolysates.
J. Sci. Food Agric. 1952, 3, 470–475. [CrossRef]

4. Ichikawa, K.; Yamamoto, T.; Fukomoto, J. Bitter-tasting Peptides Produced by Proteinases. I. The Formation of Bitter-tasting
Peptides by the Neutral Proteinase of Bacillus Subtilis and Isolation of the Peptides. J. Agric. Chem. Soc. 1959, 33, 1044.

5. Sebald, K.; Dunkel, A.; Schäfer, J.; Hinrichs, J.; Hofmann, T. Sensoproteomics: A New Approach for the Identification of
Taste-Active Peptides in Fermented Foods. J. Agric. Food Chem. 2018, 66, 11092–11104. [CrossRef]

6. Fujimaki, M.; Yamashita, M.; Arai, S.; Kato, H.; Gonda, M. Enzymatic Modification of Proteins in Foodstuffs: Part I. Enzymatic
Proteolysis and Plastein Synthesis Application for Preparing Bland Protein-like Substances Part II. Nutritive Properties of Soy
Plastein and its Bio-utility Evaluation in Rats. Agric. Biol. Chem. 1970, 34, 1325–1337. [CrossRef]

7. Matoba, T.; Hayashi, R.; Hata, T. Isolation of Bitter Peptides from Tryptic Hydrolysate of Casein and their Chemical Structure.
Agric. Biol. Chem. 1970, 34, 1235–1243. [CrossRef]

8. Kim, I.; Kawamura, Y.; Lee, C.-H. Isolation and Identification of Bitter Peptides of Tryptic Hydrolysate of Soybean 11S Glycinin
by Reverse-phase High-performance Liquid Chromatography. J. Food Sci. 2006, 68, 2416–2422. [CrossRef]

9. Iwaniak, A.; Hrynkiewicz, M.; Bucholska, J.; Minkiewicz, P. Understanding the nature of bitter-taste di- and tripeptides derived
from food proteins based on chemometric analysis. J. Food Biochem. 2018, 1–7. [CrossRef]

10. Daher, D.; Deracinois, B.; Baniel, A.; Wattez, E.; Dantin, J.; Froidevaux, R.; Chollet, S.; Flahaut, C. Principal Component Analysis
from Mass Spectrometry Data Combined to a Sensory Evaluation as a Suitable Method for Assessing Bitterness of Enzymatic
Hydrolysates Produced from Micellar Casein Proteins. Foods 2020, 9, 1354. [CrossRef]

11. Nielsen, P.M.; Petersen, D.; Dambmann, C. Improved Method for Determining Food Protein Degree of Hydrolysis. J. Food Sci.

2001, 66, 642–646. [CrossRef]
12. Guo, H.; Zhang, W.; Ni, C.; Cai, Z.; Chen, S.; Huang, X. Heat map visualization for electrocardiogram data analysis. BMC

Cardiovasc. Disord. 2020, 20, 277. [CrossRef] [PubMed]
13. Breiman, L. Random Forests. Mach. Learn. 2001, 45, 5–32. [CrossRef]
14. R Core Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing; R Core Team: Vienne,

France, 2018.
15. Therneau, R.; Atkinson, B.; Ripley, B. Rpart: Recursive Partitioning and Regression Trees; 2019. Available online: https://cran.r-

project.org/web/packages/rpart/rpart.pdf (accessed on 7 July 2020).
16. Liaw, A.; Wiener, M. Package “randomForest”: Breiman and Cutler’s random forests for classification and regression. R Dev. Core

Team 2018, 4, 6–10.
17. Lemieux, L.; Simard, R.E. Bitter flavour in dairy products. II. A review of bitter peptides from caseins: Their formation, isolation

and identification, structure masking and inhibition. Le Lait 1992, 72, 335–385. [CrossRef]
18. Tanimoto, S.; Watanabe, M.; Arai, S. Bitter Flavor of Protein Hydrolysates and Synthetic Peptides. In Developments in Food

Science; Charalambous, G., Ed.; Off-Flavors in Foods and Beverages; Elsevier: Amsterdam, The Netherlands, 1992; Volume 28, pp.
547–566.

19. Murray, N.M.; O’Riordan, D.; Jacquier, J.-C.; O’Sullivan, M.; Holton, T.A.; Wynne, K.; Robinson, R.C.; Barile, D.; Nielsen, S.D.;
Dallas, D.C. Peptidomic screening of bitter and nonbitter casein hydrolysate fractions for insulinogenic peptides. J. Dairy Sci.

2018, 101, 2826–2837. [CrossRef] [PubMed]

18



Foods 2021, 10, 1312

20. Pavan, R.; Jain, S.; Shraddha; Kumar, A. Properties and therapeutic application of bromelain: A review. Biotechnol. Res. Int. 2012,
2012, 976203. [CrossRef] [PubMed]

21. Cheung, I.W.Y.; Li-Chan, E.C.Y. Application of taste sensing system for characterisation of enzymatic hydrolysates from shrimp
processing by-products. Food Chem. 2014, 145, 1076–1085. [CrossRef]

22. Uluko, H.; Zhang, S.; Liu, L.; Chen, J.; Sun, Y.; Su, Y.; Li, H.; Cui, W.; Lv, J. Effects of microwave and ultrasound pretreatments on
enzymolysis of milk protein concentrate with different enzymes. Int. J. Food Sci. Technol. 2013, 48, 2250–2257. [CrossRef]

23. Saha, B.C.; Hayashi, K. Debittering of protein hydrolyzates. Biotechnol. Adv. 2001, 19, 355–370. [CrossRef]
24. FitzGerald, R.; O’Cuinn, G. Enzymatic debittering of food protein hydrolysates. Biotechnol. Adv. 2006, 24, 234–237. [CrossRef]

[PubMed]
25. Cheung, L.K.Y.; Aluko, R.E.; Cliff, M.A.; Li-Chan, E.C.Y. Effects of exopeptidase treatment on antihypertensive activity and taste

attributes of enzymatic whey protein hydrolysates. J. Funct. Foods 2015, 13, 262–275. [CrossRef]
26. Slattery, H.; Fitzgerald, R.J. Functional Properties and Bitterness of Sodium Caseinate Hydrolysates Prepared with a Bacillus

Proteinase. J. Food Sci. 1998, 63, 418–422. [CrossRef]
27. Barry, C.M.; O’Cuinn, G.; Harrington, D.; O’Callaghan, D.M.; Fitzgerald, R.J. Debittering of a Tryptic Digest of Bovine p-casein

Using Porcine Kidney General Aminopeptidase and X-Prolydipeptidyl Aminopeptidase from Lactococcus lactis subsp. cremoris
AM2. J. Food Sci. 2000, 65, 1145–1150. [CrossRef]

28. Bouchier, P.J.; O’Cuinn, G.; Harrington, D.; FitzGerald, R.J. Debittering and Hydrolysis of a Tryptic Hydrolysate of β-casein with
Purified General and Proline Specific Aminopeptidases from Lactococcus lactis ssp. cremoris AM2. J. Food Sci. 2001, 66, 816–820.
[CrossRef]

29. O’Sullivan, D.; Nongonierma, A.B.; FitzGerald, R.J. Bitterness in sodium caseinate hydrolysates: Role of enzyme preparation and
degree of hydrolysis. J. Sci. Food Agric. 2017, 97, 4652–4655. [CrossRef]

30. Williams, J.R.; Yang, R.; Clifford, J.L.; Watson, D.; Campbell, R.; Getnet, D.; Kumar, R.; Hammamieh, R.; Jett, M. Functional
Heatmap: An automated and interactive pattern recognition tool to integrate time with multi-omics assays. BMC Bioinform. 2019,
20, 81. [CrossRef]

31. Minkiewicz, P.; Iwaniak, A.; Darewicz, M. BIOPEP-UWM Database of Bioactive Peptides: Current Opportunities. Int. J. Mol. Sci.

2019, 20, 5978. [CrossRef]
32. Tamura, M.; Miyoshi, T.; Mori, N.; Kinomura, K.; Kawaguchi, M.; Ishibashi, N.; Okai, H. Mechanism for the Bitter Tasting Potency

of Peptides Using O -Aminoacyl Sugars as Model Compounds. Agric. Biol. Chem. 1990, 54, 1401–1409. [CrossRef]
33. Karametsi, K.; Kokkinidou, S.; Ronningen, I.; Peterson, D.G. Identification of Bitter Peptides in Aged Cheddar Cheese. J. Agric.

Food Chem. 2014, 62, 8034–8041. [CrossRef]
34. Singh, T.K.; Young, N.D.; Drake, M.; Cadwallader, K.R. Production and Sensory Characterization of a Bitter Peptide from

β-Casein. J. Agric. Food Chem. 2005, 53, 1185–1189. [CrossRef] [PubMed]
35. Toelstede, S.; Hofmann, T. Sensomics Mapping and Identification of the Key Bitter Metabolites in Gouda Cheese. J. Agric. Food

Chem. 2008, 56, 2795–2804. [CrossRef] [PubMed]
36. Durak, M.Z.; Turan, N.A. Antihypertensive Peptides in Dairy Products. Available online: https://biomedgrid.com/index.php

(accessed on 25 January 2021).

19





foods

Article

Proteomic Characterization of Bacteriophage Peptides from the
Mastitis Producer Staphylococcus aureus by LC-ESI-MS/MS and
the Bacteriophage Phylogenomic Analysis

Ana G. Abril 1 , Mónica Carrera 2,* , Karola Böhme 3, Jorge Barros-Velázquez 4 , Benito Cañas 5,

José-Luis R. Rama 1, Tomás G. Villa 1 and Pilar Calo-Mata 4,*

����������
�������

Citation: Abril, A.G.; Carrera, M.;

Böhme, K.; Barros-Velázquez, J.;

Cañas, B.; Rama, J.-L.R.; Villa, T.G.;

Calo-Mata, P. Proteomic

Characterization of Bacteriophage

Peptides from the Mastitis Producer

Staphylococcus aureus by

LC-ESI-MS/MS and the

Bacteriophage Phylogenomic

Analysis. Foods 2021, 10, 799.

https://doi.org/10.3390/foods10040799

Received: 8 March 2021

Accepted: 6 April 2021

Published: 8 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Microbiology and Parasitology, Faculty of Pharmacy, University of Santiago de Compostela,
15898 Santiago de Compostela, Spain; anagonzalezabril@hotmail.com (A.G.A.);
joserodrama@gmail.com (J.-L.R.R.); tomas.gonzalez@usc.es (T.G.V.)

2 Department of Food Technology, Spanish National Research Council, Marine Research Institute,
36208 Vigo, Spain

3 Agroalimentary Technological Center of Lugo, 27002 Lugo, Spain; KarolaBoehme@gmx.de
4 Department of Analytical Chemistry, Nutrition and Food Science, School of Veterinary Sciences,

University of Santiago de Compostela, 27002 Lugo, Spain; jorge.barros@usc.es
5 Department of Analytical Chemistry, Complutense University of Madrid, 28040 Madrid, Spain;

bcanas@quim.ucm.es
* Correspondence: mcarrera@iim.csic.es (M.C.); p.calo.mata@usc.es (P.C.-M.)

Abstract: The present work describes LC-ESI-MS/MS MS (liquid chromatography-electrospray
ionization-tandem mass spectrometry) analyses of tryptic digestion peptides from phages that infect
mastitis-causing Staphylococcus aureus isolated from dairy products. A total of 1933 nonredundant
peptides belonging to 1282 proteins were identified and analyzed. Among them, 79 staphylococcal
peptides from phages were confirmed. These peptides belong to proteins such as phage repressors,
structural phage proteins, uncharacterized phage proteins and complement inhibitors. Moreover,
eighteen of the phage origin peptides found were specific to S. aureus strains. These diagnostic
peptides could be useful for the identification and characterization of S. aureus strains that cause
mastitis. Furthermore, a study of bacteriophage phylogeny and the relationship among the identified
phage peptides and the bacteria they infect was also performed. The results show the specific
peptides that are present in closely related phages and the existing links between bacteriophage
phylogeny and the respective Staphylococcus spp. infected.

Keywords: pathogen detection; LC-ESI-MS/MS; proteomics; mass spectrometry; phage peptide biomarker

1. Introduction

The vast majority of mastitis cases are due to an intramammary infection caused
by a microorganism belonging to either the Staphylococcus or Streptococcus genus [1,2].
Staphylococcus aureus is considered one of the major foodborne pathogens that can cause
serious food intoxication in humans due to the production of endotoxins; this pathogen
remains a major issue in the dairy industry due to its persistence in cows, its pathogenicity,
its contagiousness and its ease of colonization of the skin and mucosal epithelia [3–5].

It is well-known that S. aureus bacteriophages encode genes for staphylococcal viru-
lence factors, such as Panton-Valentine leucocidin, staphylokinase, enterotoxins, chemotaxis-
inhibitory proteins or exfoliative toxins [6]. These phages are usually integrated into bacte-
rial chromosomes as prophages, wherein they encode new properties in the host, or vice
versa, as transcriptions may hardly be affected by gene disruptions [7]. Phage-encoded
recombinases, rather than the host recombinase, RecA, are involved in bacterial genome
excisions and integrations [8,9]. These integrations may occur at specific bacterial genome
sites that are identical to those present in the DNA of the phage, or, as in the case of phage
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Mu (as long as the given gene is not expressed), some phages can integrate randomly within
the bacterial genome. In addition, bacteriophage and staphylococcal species interactions
may substantially alter the variability of the bacterial population [10,11].

All known S. aureus phages are composed of an icosahedral capsid filled with double-
stranded DNA and a thin, filamentous tail, and they belong to the order Caudovirales (tailed
phages) [12,13]. Some Podoviridae family phages, such as the Staphylococcus viruses S13′

and S24-1, have been reported, characterized and used in phage therapy against S. aureus
infections [14]. There are some well-known Siphoviridae phages of S. aureus, such as the
prophage ϕSaBov, which is integrated into a bovine mastitis-causing S. aureus strain [15].

The interaction between bacteria and bacteriophages leads to an exchange of genetic
information, which enables bacteria to rapidly adapt to challenging environmental con-
ditions and to be highly dynamic [11,16]. As closely related phages normally occupy the
same genome location in different bacteria, a specific site in different bacterial strains can
be occupied by completely different phages or can be empty.

Conventional culture-based methods have been used for the detection of pathogenic
bacteria [17,18] and their phages [19,20]; however, at this point, these procedures are time-
consuming and laborious. For this reason, new, rapid molecular microbial diagnostic
methods based on genomics and proteomics tools have been developed to achieve faster
and more efficient bacterial and bacteriophage identification [1,21–24]. Specifically, phage
typing is a classic technique for such purposes [25]. Moreover, biosensors based on phage
nucleic acids, receptor-binding proteins (RBPs), antibodies and phage display peptides
(PDPs) have been used for pathogen detection [26–30].

Mass spectrometry techniques, such as MALDI-TOF MS (matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry) and LC-ESI-MS/MS (liquid chromatography-
electrospray ionization-tandem mass spectrometry), have been used for the analysis and
detection of specific diagnostic peptides in pathogenic bacterial strains [31,32]. In addi-
tion, LC-ESI-MS/MS methods have been employed for the identification and detection of
bacteriophages [19]. In the case of bacteriophage detection and identification by a mass
spectrometry analysis, the required production of viruses may be time-consuming. The
detection of prophages based on protein biomarkers can be an alternative to genomic
detection, and in this sense, proteomic techniques can be cheaper and faster and can
ascertain different bacteriophage species by using a single analysis [33]. Based on the
specificity of many bacteriophages with their hosts, bacteriophages are considered sig-
nal amplifiers; therefore, the detection of peptides from phages is suitable for pathogen
identification. For example, Serafim et al. 2017 [33] identified bacteriophage lambda by
a LC-ESI-MS/MS analysis. Moreover, the identification of peptides by means of LC-ESI-
MS/MS from bacteriophage-infected Streptococcus has been performed, which revealed
new information on phage phylogenomics and their interactions with the bacteria they
infect [19]. However, no study has been published on S. aureus phage detection and identifi-
cation by LC-ESI-MS/MS or on S. aureus phage characterization without a previous phage
purification step. Viral genomic detection and phage display are time-consuming methods.
Here, we describe an easy, fast and accurate method for the detection of bacteriophages
without the need for the pretreatment of bacterial lysis for bacteriophage replication. This
method led to the identification of putative temperate and virulent phages present in the
analyzed strains.

A previously published work performed by our laboratory [3] studied the global
proteome of several strains of S. aureus by shotgun proteomics. Important virulence protein
factors and functional pathways were characterized by a protein network analysis. In this
work, and for the first time, we aimed to use proteomics to characterize phage contents in
different S. aureus strains to identify the relevant phage-specific peptides of several S. aureus
strains and to identify both phages and bacterial strains by LC-ESI-MS/MS.
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2. Materials and Methods

2.1. Bacteria

In this study, a total of 20 different S. aureus strains obtained from different sources
were analyzed (Table S1 in Supplemental Data 2). These strains were previously charac-
terized by MALDI-TOF mass spectrometry [1] after being obtained from the Institute of
Science of Food Production of the National Research Council of Italy (Italy) and from the
Spanish Type Culture Collection (Spain). The majority of the strains are from food origins,
except for strain U17, which is a human clinical strain. Strains ATCC (American Type Cul-
ture Collection) 9144 and ATCC 29213 are classified as S. aureus subsp. aureus, while strain
ATCC 35845 is categorized as S. aureus subsp. anaerobius. In previous works, the species
identification of S. aureus and the presence of enterotoxins were evaluated by multiplex
polymerase chain reactions (multiplex PCRs) [3,34,35]. The strains were reactivated in a
brain–heart infusion medium (BHI, Oxoid Ltd., Hampshire, UK) and incubated at 31 ◦C
for 24 h. Bacterial cultures were then grown on plate count agar (PCA, Oxoid) at 31 ◦C for
24 h [1,3,36]. Tubes of broth were inoculated under aerobic conditions.

2.2. Protein Extraction and Peptide Sample Preparation

Protein extraction was prepared as described previously [37]. All analyses were
performed in triplicate. Protein extracts were subjected to in-solution tryptic digestion [38].

2.3. Shotgun LC-MS/MS Analysis

Peptide digests were acidified with formic acid (FA), cleaned on a C18 MicroSpin™
column (The Nest Group, South-borough, MA, USA) and analyzed by LC-ESI-MS/MS
using a Proxeon EASY-nLC II Nanoflow system (Thermo Fisher Scientific, San Jose, CA,
USA) coupled to an LTQ-Orbitrap XL mass spectrometer (Thermo Fisher Scientific, San
Jose, CA, USA) [3]. Peptide separation (2 µg) was performed on a reverse-phase (RP)
column (EASY-Spray column, 50 cm × 75 µm ID, PepMap C18, 2-µm particles, 100-Å pore
size, Thermo Fisher Scientific, San Jose, CA, USA) with a 10-mm precolumn (Accucore
XL C18, Thermo Fisher Scientific, San Jose, CA, USA) using a linear 120-min gradient
from 5% to 35% solvent B (solvent A: 98% water, 2% ACN (Acetonitrile) and 0.1% FA and
solvent B: 98% ACN, 2% water and 0.1% FA) at a flow rate of 300 nL/min. For ionization, a
spray voltage of 1.95 kV and a capillary temperature of 230 ◦C were used. Peptides were
analyzed in the positive mode from 400 to 1600 amu (1 µscan), which was followed by
10 data-dependent collision-induced dissociation (CID) MS/MS scans (1 µscan) using an
isolation width of 3 amu and a normalized collision energy of 35%. Fragmented masses
were set in dynamic exclusion for 30 s after the second fragmentation event, and unassigned
charged ions were excluded from the MS/MS analysis.

2.4. LC-MS/MS Mass Spectrometry Data Processing

LC-ESI-MS/MS spectra were searched using SEQUEST-HT (Proteome Discoverer
2.4, Thermo Fisher Scientific, San Jose, CA, USA) against the S. aureus UniProt/TrEMBL
database (208,158 protein sequence entries in July 2020). The following parameters were
used: semi-tryptic cleavage with up to two missed cleavage sites and tolerance windows
set at 10 ppm for the precursor ions and 0.06 Da for the MS/MS fragment ions. These
additional identified semi-tryptic peptides increased the sequence coverage and confidence
in protein assignments. The variable modifications that were allowed were as follows:
(M*) methionine oxidation (+15.99 Da), (C*) carbamidomethylation of Cys (+57.02 Da) and
acetylation of the N-terminus of the protein (+42.0106 Da). To validate the peptide assign-
ments, the results were subjected to a statistical analysis with the Percolator algorithm [39].
The false discovery rate (FDR) was kept below 1%. The mass spectrometric data were
deposited into the public database PRIDE (Proteomics Identification Database), with the
dataset identifier PXD023530.
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2.5. Selection of Potential Peptide Biomarkers

For each peptide identified by LC-ESI-MS/MS, we used the BLASTp program to
determine the homologies and exclusiveness with protein sequences registered in the NCBI
(National Center for Biotechnology Information) database [40]. For the BLASTp search, the
Staphylococcus taxon was included and excluded with the aim of finding the peptides that
belonged to the Staphylococcus phages, Staphylococcus spp. and only to S. aureus.

2.6. Phage Genome Comparison and Relatedness

Genomes of all studied Staphylococcus spp. phages were downloaded from the Gen-
Bank database, analyzed and compared using the Web server VICTOR (Virus Classifica-
tion and Tree Building Online Resource, http://ggdc.dsmz.de/victor.php, accessed on
27 November 2020) for the calculation of the intergenomic distances and the construction
of the phylogenomic tree [41].

3. Results

3.1. S. aureus Proteome Repository

Protein mixtures from each of the 20 different S. aureus strains (Table S1 in Supplemen-
tal Data 2) were digested with trypsin and analyzed by LC-ESI-MS/MS.

A total of 1933 nonredundant peptides corresponding to 1282 nonredundant annotated
proteins were identified for all S. aureus strains (see the Excel dataset in Supplemental Data 1).
Among them, 79 phage peptides were identified. These peptides belong to proteins
such as phage repressors, structural phage proteins, uncharacterized phage proteins and
complement inhibitors. Figure 1 shows a comparative representation of the different types
of phage proteins identified in this study. These phage peptides were selected and analyzed
using the BLASTp algorithm. For the BLASTp search, Staphylococcus was included and
excluded with the aim of finding peptides belonging to Staphylococcus bacteriophages.

 

Figure 1. Comparative representation of different types of phage proteins identified in this study for the different strains
(represented by different colors). The number of each type of protein is shown in parentheses.
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The obtained staphylococcal phage-specific peptides shared homology with the Staphy-
lococcus phages and Staphylococcus spp. in the NCBI database. Among them, all shared ho-
mology with S. aureus; however, eighteen peptides were specific to S. aureus (IRLPYYDVK,
LYVGVFNPEATK, SIINGKLDSQWTVPNEHK, M*NDSNQGLQANPQYTIHYLSQEITR,
PCPALM*NKRNSIATIHR, SQDSNLTPELSTKAPK, ESINANTYINQNLEK, VAVLSTPLVTS-
FESK, KDGEILFDAIDIYLRNK, MPVYKDGNTGKWYFSI, KTTSEALKEVLSDT, EPKPV-
DATGADDPLKPDDRM*ITNFHANLVDQKVSY, MSHNALTTGIGIGAGAG, VQHPGK-
LVNKVM*SGLNINFGGGANATAK, QM*MEGLSGVMDLAAVSGEDLGAVSDIVTDGLTA
FGLKAKDSG, KSNVEAFSNAVK, GMVASMQMQVVQVNVLTM*ELAQQNAMLTQQLTELK
and DIITVYC*PENGTATDEY). Figure S1 shows the MS/MS spectra for these S. aureus-
specific peptide biomarkers. Table 1 summarizes the list of 79 specific staphylococcal
bacteriophage peptides, bacterial peptides with putative phage origins and bacteria and
phages with 100% homology with respect to the NCBI protein database.

All staphylococcal phage peptides with 100% homology were found to belong to
the Siphoviridae family: 52 staphylococcal phages belong to the Phietavirus genus, 37 be-
long to the Biseptimavirus genus, 30 are Triavirus, two are phieta-like viruses and one
is a SPbeta-like virus, and the others are nonclassified Siphoviridae viruses (Table S2 in
Supplemental Data 2). Siphoviridae genomes are usually organized into functional modules,
such as lysogeny, DNA replication, packaging, morphogenesis and lysis modules [6,42].

Table 1. Phage origin peptides identified in Staphylococcus aureus strains. NCBI (National Center for Biotechnology Information).

Strain Protein Peptide
Bacteria with 100% Homology Based

on the NCBI Protein Database
Phages with 100% Homology Based on the

NCBI Protein Database

S4 Uncharacterized
phage protein IRLPYYDVK Staphylococcus aureus Staphylococcus phage StauST398-2

S4 Uncharacterized
phage protein AVAELLKEINR

Staphylococcus argenteus
Staphylococcus simiae
Staphylococcus aureus

Staphylococcus virus 71
Staphylococcus virus 55
Staphylococcus virus 88

S4 Major capsid protein LLHALPTGNDSGGDKLLPK

Staphylococcus aureus
Staphylococcus xylosus
Staphylococcus muscae

Staphylococcus haemolyticus
Staphylococcus argenteus
Streptococcus pneumoniae

Staphylococcus phage phiSa2wa_st72
Staphylococcus phage phiSa2wa_st121mssa

Staphylococcus phage vB_SauS_phi2
Staphylococcus phage StauST398-2

Staphylococcus phage LH1
Staphylococcus phage phiSa2wa_st30

Staphylococcus virus phi12
Staphylococcus virus 3a

Staphylococcus virus phiSLT
Staphylococcus phage tp310-2

Staphylococcus phage vB_SauS_JS02
Staphylococcus phage R4

Staphylococcus phage vB_SauS_fPfSau02
Staphylococcus phage SA137ruMSSAST121PVL

S4 Major capsid protein RVSYTLDDDDFITDVETAKELKL

Staphylococcus aureus 12S01399
Staphylococcus aureus

Staphylococcus aureus A9299
Staphylococcus aureus A9765

Staphylococcus argenteus
Staphylococcus aureus A6300

Staphylococcus sp.
Terrabacteria group

Escherichia coli

Staphylococcus phage LH1
Staphylococcus phage StauST398-2

Staphylococcus phage vB_SauS_phi2
Staphylococcus phage R4

S7 Major tail protein LYVGVFNPEATK Staphylococcus aureus

Staphylococcus phage vB_SauS_ phi2
Staphylococcus virus phi12

Staphylococcus virus phiSLT
Staphylococcus phage R4

Staphylococcus phage vB_SauS_JS02
Staphylococcus phage SH-St 15644

Staphylococcus virus 3a
Staphylococcus phage P240

S8 Uncharacterized
phage protein M*NDSNQGLQANPQYTIHYLSQEITR Staphylococcus aureus Staphylococcus phage phiN315
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Table 1. Cont.

Strain Protein Peptide
Bacteria with 100% Homology Based

on the NCBI Protein Database
Phages with 100% Homology Based on the

NCBI Protein Database

S8 Major tail protein AYINITGLGFAK
Staphylococcus aureus

Staphylococcus argenteus
Pararheinheimera mesophila

Staphylococcus phage phiNM3
Staphylococcus phage P282

Staphylococcus phage StauST398-4
Staphylococcus phage phiN315

Staphylococcus phage phi7247PVL
Staphylococcus phage phiSa2wa_st22

Staphylococcus virus 77 Staphylococcus phage
P954

S9 Major capsid protein IYDRNSDTLDGLPVVNLK Staphylococcus aureus
Staphylococcus argenteus

Staphylococcus virus 85
Staphylococcus phage SP5

Staphylococcus virus phiETA2
Staphylococcus phage phiNM2

Staphylococcus virus SAP26
Staphylococcus phage SA12

Staphylococcus virus Baq Sau1

S11 and
S20

Phage repressor,
Cro/CI family ELAEAIGVSQPTVSNWIQQTK

Staphylococcus aureus
Staphylococcus argenteus

Staphylococcus sciuri

Staphylococcus virus IPLA35
Staphylococcus phage SMSAP5

Staphylococcus phage vB_SauS_phi2

S11 and
S20

Phage repressor,
Cro/CI family IQQLADYFNVPK

Staphylococcus aureus
Staphylococcus sciuri

Staphylococcus pseudintermedius
Staphylococcus devriesei
Staphylococcus warneri
Staphylococcus capitis

Staphylococcus argenteus

Staphylococcus phage SMSAP5
Staphylococcus phage vB_SauS_phi2

Staphylococcus virus IPLA35

S12
S10 and

S14
Complement inhibitor IYNEIDEALKSK Staphylococcus aureus, Enterobacter sp.

IF2SW-B1 Klebsiella pneumoniae

Staphylococcus phage 13
Staphylococcus phage phiNM3

Staphylococcus phage StauST398-1

S20 Major capsid protein VSYTLDDDDFITDVETAK

Staphylococcus aureus
Staphylococcus haemolyticus
Staphylococcus saprophyticus

Staphylococcus warneri
Staphylococcus argenteus
Streptococcus pneumoniae

Staphylococcus sciuri

Staphylococcus phage phiSa2wa_st72
Staphylococcus phage tp310-2

Staphylococcus phage phiSa2wa_st121mssa
Staphylococcus phage vB_SauS_phi2
Staphylococcus phage StauST398-2

Staphylococcus virus 3a
Staphylococcus phage LH1

Staphylococcus phage phiSa2wa_st30
Staphylococcus virus phi12

Staphylococcus virus phiSLT
Staphylococcus phage vB_SauS_JS02

Staphylococcus phage R4
Staphylococcus phage vB_SauS_fPfSau02

Staphylococcus phage SA137ruMSSAST121PVL

S20 Phage protein
(DUF2479 domain) SIINGKLDSQWTVPNEHK Staphylococcus aureus

Staphylococcus phage DW2
Staphylococcus virus IPLA88

S18
N-acetylmuramoyl-L-

alanine
amidase

KEAGNYTVANVK
Bacilli, Staphylococcus argenteus

Staphylococcus aureus Staphylococcus sp.
HMSC34H10

Staphylococcus phage tp310-1 Staphylococcus
phage tp310-2 Staphylococcus phage

phi2958PVL Staphylococcus phage PVL
Staphylococcus phage SA137ruMSSAST121PVL

Staphylococcus virus IPLA35

S4 Phage protein NrdI VETFLENETNQNNLIAVM*
SSGNRNWGTNFAIAGDTISK

Staphylococcus haemolyticus
Staphylococcus hominis

Staphyloccus aureus Staphylococcus
aureus subsp. aureus Z172

S12 Complement inhibitor IYNEIDEALK
Staphylococcus. Aureus
Klebsiella pneumoniae

Enterobacter sp. IF2SW-B1

Staphylococcus phage StauST398-1
Staphylococcus virus 13

S10 Complement inhibitor IYNEIDEALKSKY
Staphylococcus. aureus
Klebsiella pneumoniae

Enterobacter sp. IF2SW-B2

Staphylococcus phage StauST398-1
Staphylococcus virus 13

S10
DDE-type inte-

grase/transposase/
recombinase

PC*PALM*NKRNSIATIHR Staphylococcus aureus

S9 DNA primase
phage-associated

LLHHFYNPENTTALSF
NDLNDKFKPANLQGKLVNIAD

Staphylococcus aureus, Staphylococcus
haemolyticus Staphylococcus capiti,

Staphylococcus epidermidis
Staphylococcus warneri Staphylococcus sp.

HMSC077D08 Corynebacterium
propinquum, Staphylococcus sp. U

Staphylococcus lugdunensis
Staphylococcus sp. HMSC077B09

Uncultured Caudovirales Phage
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Table 1. Cont.

Strain Protein Peptide
Bacteria with 100% Homology Based

on the NCBI Protein Database
Phages with 100% Homology Based on the

NCBI Protein Database

S2 Phage repressor,
Cro/CI family AAHLEGELTDDEWQR

Staphylococcus haemolyticus
Staphylococcus warneri Staphylococcus

agnetis, Staphylococcus chromogenes
Staphylococcus haemolyticus

Staphylococcus sp. 58-22 Staphylococcus
capitis Staphylococcus pasteuri

Bacillales Staphylococcus chromogenes
Staphylococcus agnetis

Escherichia coli, Staphylococcus aureus
08-02906

Staphylococcus aureus VET0383R,
Staphylococcus aureus VET0098R

Staphylococcus aureus M1487
Staphylococcus aureus, Staphylococcus
aureus A6300 Staphylococcus aureus

subsp. aureus str. Newman
Staphylococcus aureus subsp. aureus
WBG10049, Staphylococcus aureus

A9635, Staphylococcus aureus subsp.
aureus MN8

Staphylococcus virus 71 Staphylococcus phage
phiSa2wa_st1 Staphylococcus phage

phiSa2wa_st5 Staphylococcus phage Henu2
Staphylococcus phage ROSA Staphylococcus

phage phi7401PVL

S2 Phage repressor,
Cro/CI family VLDYADYIR

Staphylococcus aureus Staphylococcus
epidermidis

Staphylococcus warneri
Staphylococcus agnetis Staphylococcus
warneri Staphylococcus chromogenes,

staphylococcus spp.
Staphylococcus schleiferi Staphylococcus
simulans Staphylococcus haemolyticus,

Staphylococcus pettenkoferi
Staphylococcus lugdunensis

Escherichia coli

Staphylococcus virus 71 Staphylococcus phage
phiSa2wa_st1 Staphylococcus phage

phiSa2wa_st5
Staphylococcus phage Henu2

Staphylococcus phage ROSA Staphylococcus
phage phi7401PVL

S9 DNA-binding protein SLDNM*SLK

Striga asiática
Staphylococcus aureus subsp. aureus

112808A Staphylococcus aureus A8819
Staphylococcus argenteus

Staphylococcus spp.
Pseudomonas aeruginosa

Flectobacillus sp. BAB-3569
Eoetvoesia caeni

Arabidopsis thaliana, Coxiellaceae
bacterium, Clostridia bacterium

Staphylococcus phage vB_SauS_phi2

S19

DUF2479, Phage tail
fiber, BppU family

phage baseplate upper
protein

HAGYVRC*KLF

Staphylococcus aureus, Staphylococcus sp.
HMSC055H07 Staphylococcus argenteus,
Staphylococcus sp. KY49P Staphylococcus

sp. HMSC035F11 Pseudomonas
aeruginosa Escherichia coli

Staphylococcus phage SA97
Staphylococcus virus 55

uncultured Caudovirales phage Staphylococcus
virus 85 Staphylococcus virus 80
Staphylococcus virus phiETA3

Staphylococcus virus phiETA2 Staphylococcus
phage 55-2 Staphylococcus phage B166

Staphylococcus phage B236 Staphylococcus virus
SAP26 Staphylococcus virus 88 Staphylococcus

virus phiETA Staphylococcus virus 11
Staphylococcus phage SP5 Staphylococcus virus
69 Staphylococcus phage ROSA Staphylococcus

phage TEM123 Staphylococcus virus 92
Staphylococcus phage StauST398-1

Staphylococcus virus phiNM2 Staphylococcus
virus phiNM1 Staphylococcus virus 29
Staphylococcus phage vB_SauS-SAP27

Staphylococcus virus 80alpha Staphylococcus
phage HSA84

Staphylococcus virus phiMR11
Staphylococcus phage SAP33
Staphylococcus phage 3MRA

S12 Phage protein
(DUF4393 domain) NSPIDLNSTEISLNNLER

Staphylococcus aureus
Staphylococcus spp.

Staphylococcus argenteus
Staphylococcus phage StauST398-1

S12 Phage protein
(DUF669 domain) MNFNLNLQGAQELGN

Staphylococcus capitis
Staphylococcus epidermidis

Staphylococcus caprae Staphylococcus
devriesei Staphylococcus warneri

Staphylococcus virus phiMR11

S10 GNAT family
N-acetyltransferase IINYARQNNYESLLTSIVSNNIGAK

Staphylococcus aureus Staphylococcus
aureus subsp. anaerobius

Staphylococcus aureus subsp.
aureus Mu50

Staphylococcus hominis
Escherichia coli
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Table 1. Cont.

Strain Protein Peptide
Bacteria with 100% Homology Based

on the NCBI Protein Database
Phages with 100% Homology Based on the

NCBI Protein Database

S5 Holin, phage phi LC3
family SQDSNLTPELSTKAPK Staphylococcus aureus

Staphylococcus phage HSA84
Staphylococcus phage SP5

S6 ImmA/IrrE family
metallo-endopeptidase

EKAKIFGDFDMNDSGVY
DEENSTIIYNPLDSITR

Staphylococcus aureus subsp. aureus H19
Staphylococcus aureus

Staphylococcus aureus subsp. aureus
Staphylococcus aureus subsp. aureus

21204

S16

Involved in the
expression of

fibrinogen-binding
protein phage-associated

ESINANTYINQNLEK Staphylococcus aureus

S16

Involved in the
expression of

fibrinogen-binding
protein phage-associated

VAVLSTPLVTSFESK Staphylococcus aureus

S17

N-6 DNA methylase;
N6_Mtase

domain-containing
protein

KDGEILFDAIDIYLRNK Staphylococcus aureus Staphylococcus phage phi-42

S4 Phage DNA-binding
protein GDM*FVVITIM*MQQIK Staphylococcus aureus

Staphylococcus warneri

S9 Phage terminase KLYIIEEYVKQGM
Staphylococcus aureus Staphylococcus

argenteus Staphylococcus sp.
HMSC58E11 Allobacillus sp. SKP4-8

Staphylococcus virus Baq_Sau1 Staphylococcus
virus phiETA2 Staphylococcus virus 69

Staphylococcus virus 11
Staphylococcus virus 80alpha

S14 Integrase M*PVYKDGNTGKWYFSI Staphylococcus aureus
Staphylococcus phage B166 Staphylococcus virus

phiMR25 Staphylococcus virus 88

S4 Phage repressor ISKVQQLADYFNVPK
Staphylococcus aureus, Staphylococcus

chromogenes
Staphylococcus hyicus

Staphylococcus virus 80

S13
Toxin Phage protein;
Pathogenicity island

protein
NLDGVWLGDLILIKRGLSDR

Staphylococcus aureus, Staphylococcus sp.
HMSC58E11, Staphylococcus argenteus,

Escherichia coli

Staphylococcus phage phiSa2wa_st80
Staphylococcus phage 3MRA

Staphylococcus phage phiSa2wa_st5

S16
Toxin Phage protein;
Pathogenicity island

protein
SDREKAGILFEELAHNK

Staphylococcus aureus
Escherichia coli

Staphylococcus argenteus Staphylococcus
sp. HMSC58E11

Staphylococcus phage 3MRA Staphylococcus
phage phiSa2wa_st5 Staphylococcus phage
phiSa2wa_st80 Staphylococcus phage phiJB

Staphylococcus phage phi7401PVL

S6 PBSX family phage
terminase

QADNTYVHHSTYLNNP
FISKQFIQEAESAKQR Staphylococccus spp.

S11 PBSX family phage
terminase QGVSHLFKVTKSPM*R Staphylococcus aureus Staphylococcus

lentus Staphylococcus sciuri

S20
Phage-related cell wall
hydrolase; Peptidase
C51; CHAP domain-

EVPNEPDYIVIDVC*EDYSASK Staphylococcus argenteus
Staphylococcus sp. HMSC36F05

Staphylococcus virus IPLA88 Staphylococcus
virus phiNM2 Staphylococcus phage SAP40
Staphylococcus phage phi 53 Staphylococcus
virus phiNM4 Staphylococcus phage SA12

Staphylococcus virus 69 Staphylococcus phage
SA97 Staphylococcus phage TEM123

Staphylococcus virus 11 Staphylococcus virus
phiMR25 Staphylococcus virus 53

Staphylococcus phage SAP33

S5 Phage antirepressor Ant QDWLAM*EVLPAIR
Staphylococcus aureus, Staphylococcus

simulans Staphylococcus argenteus
Staphylococcus pseudintermedius

Staphylococcus phage SA75 Staphylococcus
phage SA13

S11 Phage capsid protein M*AEETNSNVTEETEVNE Staphylococcus, aureus Staphylococcus
spp.

S4 Phage encoded
lipoprotein IHDKELDDPSEEESKLTQEEENSI

Staphylococcus aureus, Staphylococcus
capitis, Staphylococcus epidermidis,

Staphylococcus cohnii, Staphylococcus
haemolyticus

Staphylococcus phage SPbeta-like

S2 Phage head
morphogenesis protein KDVQRIVSHVT Staphylococcus aureus

Staphylococcus argenteus

S9 YhgE/Pip, Phage
infection protein

LNEYM*PNIEKLLN
VASNDIPAQFPK

Staphylococcusaureus, Staphylococcus
haemolyticus Staphylococcus sp.

HMSC34C02

S14 Minor structural protein KTTSEALKEVLSDT Staphylococcus aureus

S4 Phage portal protein EPKPVDATGADDPLKPDDRM*
ITNFHANLVDQKVSY Staphylococcus aureus
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Table 1. Cont.

Strain Protein Peptide
Bacteria with 100% Homology Based

on the NCBI Protein Database
Phages with 100% Homology Based on the

NCBI Protein Database

S5 Phage protein VHISEFKYPLYM*DFLGTKGELE Staphylococcusaureus
Staphylococcus haemolyticus

S15 Phage protein MSHNALTTGIGIGAGAG Staphylococcus aureus

S2 Phage protein EITDGEISSVLTM*M* Staphylococcus aureus, Staphylococcus
hominis Staphylococcus epidermidis

S20 Phage recombination
protein Bet KSSTTYEVNGETVK Staphylococcus aureus, Staphylococcus

sciuri

S2 Phage resistance
protein ESVDTGEITANTTRTVK

Staphylococcus aureus Staphylococcus
fleurettii

Staphylococcus pasteuri
Staphylococcus epidermidis

Staphylococcus warneri Staphylococcus
schleiferi Escherichia coli

S13 Tail tape measure
protein GM*PTGTNVYAVKGGIADK

Staphylococcus aureus, Staphylococcus
saprophyticus, Staphylococcus

pseudoxylosus

Staphylococcus phage phiSa2wa_st5
Staphylococcus phage phi3A Staphylococcus phage

SH-St 15,644 Staphylococcus virus 3a

S3 Tail tape measure
protein

VQHPGKLVNKVM*
SGLNINFGGGANATAK Staphylococcus aureus

S4 Tail tape measure
protein

QM*MEGLSGVMDLAAVSGEDLG
AVSDIVTDGLTAFGLKAKDSG Staphylococcus aureus

S2 Tail tape measure
protein AEEAGVTVKQL

Staphylococcus aureus
Staphylococcus cohnii

Staphylococcus sp. HMSC061H04
Staphylococcus hominis
Staphylococcus capitis
Staphylococcus cohnii

Staphylococcus sp. HMSC061H04
Staphylococcus sp. HMSC067G10

Staphylococcus
Staphylococcus haemolyticus

Enterococcus faecium
Staphylococcus epidermidis

Staphylococcus sp. HMSC067G10
Staphylococcus haemolyticus

Enterococcus faecium
Staphylococcus epidermidis

Staphylococcus phage SPbeta-like

S10 Phage repressor,
Cro/CI family QKNVLNYANEQLDEQNKV

Staphylococcus aureus, Bacilli,
Staphylococcus hyicus Staphylococcus

epidermidis

Staphylococcus virus phiNM2 Staphylococcus
virus 53 Staphylococcus virus 80alpha

S13 Phage protein KSNVEAFSNAVK Staphylococcus aureus
Staphylococcus virus 80alpha Staphylococcus
virus phiNM1 Staphylococcus virus phiNM2

S11 Phage protein PYHDLSDERIM*EELKK Staphylococcus aureus Staphylococcus
argenteus taphylococcus schweitzeri

Staphylococcus virus phiETA2 Staphylococcus
phage P630 Staphylococcus virus SAP26

Staphylococcus phage B236 Staphylococcus virus
88 Staphylococcus prophage phiPV83

S4 Minor structural
protein LNDNISNINTIV

Pseudomonas aeruginosa
E. coli

Pararheinheimera mesophila
Staphylococcus pseudintermedius

Staphylococcus epidermidis,
Staphylococcus sp. KY49P Staphylococcus

argenteus Staphylococcus schleiferi
Staphylococcus hyicus Staphylococcus sp.

HMSC063H12 Staphylococcus aureus

Staphylococcus virus 77
Staphylococcus phage P630

Staphylococcus phage SA780ruMSSAST101
Staphylococcus phage phiSa119
Staphylococcus phage phiN315

Staphylococcus phage SA7
Staphylococcus phage JS01

Staphylococcus phage StauST398-4
Staphylococcus virus 13

Staphylococcus phage 23MRA
Staphylococcus virus 108PVL

Staphylococcus phage phiBU01
Staphylococcus phage PVL

Staphylococcus phage tp310-1
Staphylococcus phage P954

Staphylococcus phage SA345ruMSSAST8
Staphylococcus phage phiNM3

Staphylococcus virus 77
Staphylococcus phage phiSa2wa_st22

Staphylococcus phage SA1014ruMSSAST7
Staphylococcus phage P282

Staphylococcus prophage phiPV83
Staphylococcus phage 3 AJ-2017
Staphylococcus phage SAP090B

Staphylococcus phage IME1346_01
Staphylococcus phage phi5967PVL

Staphylococcus phage P1105
Staphylococcus phage IME1361_01
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Table 1. Cont.

Strain Protein Peptide
Bacteria with 100% Homology Based on

the NCBI Protein Database
Phages with 100% Homology Based on the

NCBI Protein Database

S9 PhiETA ORF58-like
protein

GMVASMQMQVVQVNVLTM*
ELAQQNAMLTQQLTELK Staphylococcus aureus

S4 Phage portal protein TEQLPRLEML

Staphylococcus aureus, Staphylococcus sp.
HMSC063A07, Staphylococcus

lugdunensis, Staphylococcus sp.
HMSC068D08, Staphylococcus sp.

HMSC069E09

S4 Prophage, terminase KDRYSSVSY

Staphylococcus aureus, Staphylococcus
delphini, Staphylococcus pseudintermedius,

Staphylococcus agnetis, Staphylococcus
epidermidis, Staphylococcus hominis,

Staphylococcus haemolyticus, Paenibacillus
sophorae

Staphylococcus phage SPbeta-like

S4 Prophage tail domain;
Peptidase VLEM*IFLGEDPK

Staphylococcus aureus
E. coli
Bacilli

Staphylococcus phage phi7401PVL
Staphylococcus phage phiSa2wa_st121mssa

Staphylococcus virus 3a
Staphylococcus virus phiSLT

Staphylococcus phage tp310-2
Staphylococcus phage

SA137ruMSSAST121PVL
Staphylococcus phage phiSa2wa_st5
Staphylococcus phage phiSa2wa_st1
Staphylococcus phage SH-St 15644
Staphylococcus phage phi2958PVL

Staphylococcus virus IPLA35
Staphylococcus phage P240

Staphylococcus phage vB_SauS_JS02
Staphylococcus virus 42e

Staphylococcus virus phi12
Staphylococcus phage phiSa2wa_st72

Staphylococcus phage vB_SauS_fPfSau02
Staphylococcus phage phiSa2wa_st30
Staphylococcus phage vB_SauS_phi2
Staphylococcus phage StauST398-2

S15 Site-specific integrase VEELEDSEIHKK

Staphylococcus aureus, Staphylococcus
epidermidis Staphylococcus haemolyticus

Staphylococcus condimenti Staphylococcus
sp. HMSC035D11 Staphylococcus warneri

uncultured Caudovirales phage
Sequence ID: ASN72447.1

S13 Site-specific integrase KEAGSIINLHTINNALKSAC*R Staphylococcus aureus Staphylococcus sp.

S6 Site-specific integrase YLNRNFVFTNHK

Staphylococcus aureus, Staphylococcus
argenteus Staphylococcus cohini

Staphylococcus lugdunensis
Staphylococcus caeli Staphylococcus sp. 47.1

S9 Terminase large
subunit KAMIKASPK

Staphylococcusaureus
Escherichia coli

Staphylococcus sp. HMSC74F04
Staphylococcus sp. HMSC055H07

Cutibacterium acnes Staphylococcus warneri
Brevibacillus laterosporus

Bacillus cihuensis
Paenibacillus larvae

Staphylococcus phage vB_SauS_JS02
Staphylococcus phage

Staphylococcus phage phiSa2wa_st5
Staphylococcus phage LH1

Staphylococcus phage phiSa2wa_st1
Staphylococcus phage phiSa2wa_st121mssa

Staphylococcus virus IPLA35
Staphylococcus phage tp310-2
Staphylococcus virus phiSLT

Staphylococcus phage StauST398-2
Staphylococcus phage vB_SauS_phi2

Staphylococcus virus phi12
Staphylococcus phage SMSAP5

Staphylococcus phage phi2958PVL
Staphylococcus virus 3a

Staphylococcus phage YMC/09/04/R1988

S20 Phage repressor,
Cro/CI family RIQQLADYFNVPK

Staphylococcus aureus Staphylococcus
pettenkoferi Staphylococcus pettenkoferi
Staphylococcus capitis Staphylococcus

devriesei

Staphylococcus phage vB_SauS_phi2
Staphylococcus virus IPLA35
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Table 1. Cont.

Strain Protein Peptide
Bacteria with 100% Homology Based on

the NCBI Protein Database
Phages with 100% Homology Based on the

NCBI Protein Database

S4 Transposase B from
transposon Tn554 O WDRRNLPLPDDK

Staphylococcus aureus,
Staphylococcuspettenkoferi

Staphylococcushominis, Quasibacillus
thermotolerans

Staphylococcaceae
Staphylococcusvitulinus

Streptococcus suis
Staphylococcusfelis
Salinicoccus roseus

Staphylococcus epidermidis
Staphylococcus lentus

Staphylococcus warneri
Staphylococcus epidermidis
Staphylococcus chromogenes

Staphylococcus sp. HMSC058E01
Enterococcus faecium

Staphylococcus epidermidis VCU065
Staphylococcus cohnii

Negativicoccus succinicivorans
Eubacteriaceae bacterium

Staphylococcus
Enterococcus faecium

Enterococcus
Staphylococcus fleurettii
Staphylococcus sp. 47.1

Bacilli
Staphylococcus sp. SKL71207

Lactobacillales

S13 Uncharacterized
phage protein C*VSGIAGGAVTGGTTLGLAGAG

Staphylococcus aureus Staphylococcus
argenteus

Staphylococcus schweitzeri
Staphylococcus schweitzeri

Staphylococcus hyicus
Staphylococcus agnetis

S13 Uncharacterized
phage protein DIITVYC*PENGTATDEY Staphylococcus aureus

S20 Uncharacterized
phage protein QTDVPSWVPM*VLR

Staphylococcusaureus Staphylococcus sp.
HMSC74F04

Bacilli
Staphylococcus

Staphylococcus argenteus
Staphylococcus sp. HMSC063H12

S12 Uncharacterized
phage protein IIINHDEIDLL

Staphylococcus aureus Staphylococcus
epidermidis

Staphylococcus hominis
Staphylococcus haemolyticus

Staphylococcus sp. HMSC067G10
Staphylococcus haemolyticus
Staphylococcus epidermidis

Staphylococcus petrasii
Staphylococcus capitis

Staphylococcus phage SPbeta-like

S14 Uncharacterized
phage protein TSIELITGFTK

Staphylococcus aureus, Staphylococcus sciuri,
Staphylococcus schweitzeri, Staphylococcus

spp.

Staphylococcus phage phi879, Staphylococcus
phage phi575, Staphylococcus phage PVL,

Staphylococcus prophage phiPV83,
Staphylococcus phage SA45ruMSSAST97

S3 Uncharacterized
phage protein EFRNKLNELGADK Staphylococcusaureus, Streptococcus

pneumoniae, Terrabacteria group

Staphylococcus phage phi7401PVL,
Staphylococcus phage tp310-2, Staphylococcus
phage vB_SauS_phi2, Staphylococcus virus

IPLA35, Staphylococcus phage
phiSa2wa_st30, Staphylococcus virus 47,

Staphylococcus virus 3a

S3 Phage repressor,
Cro/CI family HLEEVDIR

Staphylococcusaureus, Paxillus involutus
ATCC 200175, Brassica cretica,

Staphylococcus epidermidis, Staphylococcus
spp., Enterobacter hormaechei

S4 YhgE/Pip; Phage
infection protein APQSTSVKK

Staphylococcusaureus,
Staphylococcusschweitzeri, Staphylococcus

sp.

S4 YhgE/Pip Phage
infection protein ALNFAADDVPAQFPK

S. aureus, Staphylococcus sp. HMSC36A10,
Staphylococcus sp. HMSC34H10,
Pseudomonas aeruginosa, E. coli
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3.2. Phage Peptides Determined from the Analyzed S. aureus Strains

For strains S2 and S3, six and three phage peptides were determined, respectively.
For strain S4, seventeen phage peptides were determined, and three phage peptides
were determined for strain S5. For strains S6 and S7, three and one phage peptides
were determined, respectively. Moreover, for strains S8 and S9, two phage peptides and
seven phage peptides were determined. For strains S10 and S11, five and three phage
peptides were determined, respectively. For strains S12 and S13, five phage peptides and
six phage peptides were determined, respectively. For strains S14 and S15, four and two
phage peptides were determined, respectively. For strain S16, three phage peptides were
determined, and one phage peptide was determined for strain S17. For strains S18 and
S19, one phage peptide each was determined. Finally, for strain S20, seven phage peptides
were determined.

A large number of phage peptides from structural proteins were identified (Table 1).
Peptides from proteins such as the major capsid protein, major tail protein, minor structural
protein, phage head morphogenesis protein, tail tape measure protein and phage tail fiber
protein were determined. Moreover, different phage peptides from the major capsid protein
and tail protein were determined (Table 1). Identifying these phage peptides is reasonable,
as the major capsid protein and major tail protein are the most abundant proteins in mature
virions [6].

There are a large number of uncharacterized protein sequences in databases, and more
than 20% of all protein domains are annotated as “domains of unknown function” (DUFs).
Several uncharacterized phage proteins and DUFs from Staphylococcus bacteriophages were
identified for the analyzed strains (Table 1) [43,44].

Different peptides from repressor-type Cro/CI were determined. For strains S11 and
S20 (both potential enterotoxin C producers), the same phage peptides of repressor-type
Cro/CI were identified (Table 1). CI and Cro are encoded in the lysogeny module of
lambdoid bacteriophages, particularly λ bacteriophages. Together, CII and CIII (that are
formed through the anti-terminator role of protein N) act as an inducer that favors the first
expression of the cI gene from the appropriate promoter; if the CI repressor predominates,
the phage remains in the lysogenic state, but if the Cro predominates, the phage transitions
into the lytic cycle, helped by the late Q regulator. The xenobiotic XRE regulator is extended
in bacteria and has similarity to the Croλ repressor, exhibiting a helix-turn-helix (HTH)
conformation [45]. Peptides of the CI/Cro-repressor types are usually named XRE family
proteins in the NCBI database for bacteria.

Three phage peptides of the complement inhibitor were identified (Table 1). Staphylo-
coccal complement inhibitors are involved in the evasion of human phagocytosis by block-
ing C3 convertases, and a study reported that complement inhibitor genes were also found
in staphylococcal phages [46]. Another autolysin was determined in the present results, an
N-acetylmuramoyl-L-alanine amidase that plays a role in bacterial adherence to eukaryotic
cells [19]. The phage protein NrdI, which is a type of ribonucleotide reductase (RNR), was
also identified. Several peptides of transposases, integrases and terminases were identified
along with a DNA primase phage associated protein and a DNA phage binding protein.
Moreover, peptides of other proteins, such as GNAT family N-acetyltransferase, holin,
peptidase, methylase, anti-repressor protein (Ant), phage-resistant protein, phage-encoded
lipoprotein, phage infection protein, phage portal protein, toxin phage proteins associated
with pathogenicity islands and a protein involved in fibrinogen-binding proteins, were
identified. A PBSX family phage terminase peptide was determined, and this protein is
involved in double-stranded DNA binding, DNA packaging and endonuclease and ATPase
activities [47].

As shown in Table 1, the vast majority of phage-specific peptides are not specific to
S. aureus and can be found in other species of Staphylococcus. As an exception, the same
peptides, such as peptide LLHALPTGNDSGGDKLLPK from a major capsid protein, were
also found in Streptococcus pneumoniae, and peptide AYINITGLGFAK from a major tail
protein was also found in Pararheinheimera mesophila; whether these examples represent
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direct recombinations between bacteria belonging to different families or whether phage-
mediated recombination occurs remains to be elucidated. Furthermore, as mentioned
before, eighteen identified peptides were very specific for S. aureus based on the NCBI
database (see Figure S1).

3.3. Staphylococcus spp. Phage Genome Comparisons and Their Relatedness

A phylogenomic tree of Staphylococcus spp. phages from the NCBI database (acces-
sion numbers in Table S2 in Supplemental Data 2) with 100% similarity to those found
in this study was built (Figure 2). The phages identified in this study were classified in
the order Caudovirales and the family Siphoviridae. Many of these bacteriophages were
classified into the genera Phietavirus, Biseptimavirus, Triavirus phieta-like virus, SPbeta-like
virus and unclassified genera. Genomes of well-known phages of the families Siphoviridae,
Myoviridae and Podoviridae, such as phage Lambda, T4 and T7, respectively, were added for
comparison purposes. The genome analysis showed three well-defined clusters that mainly
divided the phylogenomic tree into different phage genera (Phietavirus, Biseptimavirus and
Triavirus). Two principal branches separated Clusters A, B and C from D. Cluster A was
formed by Staphylococcus Phietavirus, two phieta-like viruses and two unclassified Staphylo-
coccus phages. Cluster B was formed by Staphylococcus phages classified as Biseptimavirus
and by one unclassified Staphylococcus phage. Cluster C was formed by enterobacterial
bacteriophages and one SPbeta-like virus. Finally, cluster D was formed by Triavirus Staphy-
lococcus phages and two unclassified Staphylococcus phages. To the best of our knowledge,
this is the first time that phages from mastitis-causing staphylococci were grouped in a
phylogenomic tree.

Specific peptides were found in related Staphylococcus spp. phages (Table 2) located closely
in the phylogenomic tree (Figure 2). Peptides HAGYVRC*KLF and MPVYKDGNTGKWYFSI
were found in phages of cluster A. Furthermore, peptides IYDRNSDTLDGLPVVNLK,
QKNVLNYANEQLDEQNKV, EVPNEPDYIVIDVC*EDYSASK, KSNVEAFSNAVK and
KLYIIEEYVKQGM were found in Staphylococcus phages of the A.1 subbranch in cluster
A. Additionally, peptide AVAELLKEINR was found in phages of the A.2 branch. The
peptide AYINITGLGFAK was found in phages of cluster B.1, and TSIELITGFTK was found
in phages of cluster B.2. Peptides VSYTLDDDDFITDVETAK and LLHALPTGNDSGGD-
KLLPK, which belong to the phage major capsid protein, were found in the same 14
Staphylococcus phages of cluster D. Peptides ELAEAIGVSQPTVSNWIQQTK and IQQLA-
DYFNVPK, which belong to the phage-repressor Cro/CI family of proteins, were found in
the same bacteriophages of cluster D. Moreover, peptides LYVGVFNPEATK, RVSYTLD-
DDDFITDVETAKELKL LYVGVFNPEATK, VLEMIFLGEDPK, KAMIKASPK, EFRNKL-
NELGADK and GMPTGTNVYAVKGGIADK were also found in phages of cluster D. Pep-
tides IHDKELDDPSEEESKLTQEEENSI, IIINHDEIDLL, KDRYSSVSY and AEEAGVTVKQL
are specific to Staphylococcus phage SPbeta-like.

Table 2. Phage biomarker peptides that belong to bacteriophages and phylogenomic tree clusters. Relationships between
specific phage biomarker peptides and phylogenomic tree clusters.

Protein Peptide Phages Cluster Located

Major capsid protein VSYTLDDDDFITDVETAK

Staphylococcus phage phiSa2wa_st72
Staphylococcus phage tp310-2

Staphylococcus phage phiSa2wa_st121mssa
Staphylococcus phage vB_SauS_phi2
Staphylococcus phage StauST398-2

Staphylococcus virus 3a Staphylococcus phage LH1 Staphylococcus
phage phiSa2wa_st30

Staphylococcus virus phi12 Staphylococcus virus phiSLT
Staphylococcus phage vB_SauS_JS02

Staphylococcus phage R4
Staphylococcus phage vB_SauS_fPfSau02

Staphylococcus phage SA137ruMSSAST121PVL

Cluster D
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Table 2. Cont.

Protein Peptide Phages Cluster Located

Major capsid protein LLHALPTGNDSGGDKLLPK

Staphylococcus phage phiSa2wa_st72
Staphylococcus phage phiSa2wa_st121mssa

Staphylococcus phage vB_SauS_phi2
Staphylococcus phage StauST398-2

Staphylococcus phage LH1 Staphylococcus phage phiSa2wa_st30
Staphylococcus virus phi12

Staphylococcus virus 3ª
Staphylococcus virus phiSLT

Staphylococcus phage tp310-2
Staphylococcus phage vB_SauS_JS02

Staphylococcus phage R4
Staphylococcus phage vB_SauS_fPfSau02

Staphylococcus phage SA137ruMSSAST121PVL

Cluster D

Major capsid protein RVSYTLDDDDFITDVETAKELKL

Staphylococcus phage LH1
Staphylococcus phage StauST398-2

Staphylococcus phage vB_SauS_phi2
Staphylococcus phage R4

Cluster D

Major tail protein LYVGVFNPEATK

Staphylococcus phage vB_SauS_ phi2
Staphylococcus virus phi12

Staphylococcus virus phiSLT
Staphylococcus phage R4

Staphylococcus phage vB_SauS_JS02
Staphylococcus phage SH-St 15644

Staphylococcus virus 3a
Staphylococcus phage P240

Cluster D

Phage repressor, Cro/CI
family ELAEAIGVSQPTVSNWIQQTK

Staphylococcus virus IPLA35
Staphylococcus phage SMSAP5

Staphylococcus phage vB_SauS_phi2
Cluster D

Phage repressor, Cro/CI
family IQQLADYFNVPK

Staphylococcus virus IPLA35
Staphylococcus phage SMSAP5

Staphylococcus phage vB_SauS_phi2
Cluster D

Major tail protein AYINITGLGFAK

Staphylococcus phage phiNM3 Staphylococcus phage StauST398-4
Staphylococcus phage P282

Staphylococcus phage phiN315
Staphylococcus phage phi7247PVL

Staphylococcus phage phiSa2wa_st22 Staphylococcus virus 77
Staphylococcus phage P954

Cluster B.1

Major capsid protein IYDRNSDTLDGLPVVNLK

Staphylococcus virus 85 Staphylococcus phage SP5
Staphylococcus virus phiETA2
Staphylococcus phage phiNM
Staphylococcus virus SAP26
Staphylococcus phage SA12

Staphylococcus virus Baq Sau1

Cluster A.1

Uncharacterized phage
protein AVAELLKEINR Staphylococcus virus 71 Staphylococcus virus 55 Staphylococcus

virus 88 Cluster A.2

DUF2479, Phage tail
fiber, BppU family

phage baseplate upper
protein

HAGYVRCKLF

Staphylococcus phage SA97
Staphylococcus virus 55

uncultured Caudovirales phage Staphylococcus virus 85
Staphylococcus virus 80

Staphylococcus virus phiETA3
Staphylococcus virus phiETA2 Staphylococcus phage 55-2

Staphylococcus phage B166 Staphylococcus phage B236
Staphylococcus virus SAP26 Staphylococcus virus 88 Staphylococcus

virus phiETA Staphylococcus virus 11 Staphylococcus phage SP5
Staphylococcus virus 69 Staphylococcus phage ROSA

Staphylococcus phage TEM123 Staphylococcus virus 92
Staphylococcus phage StauST398-1

Staphylococcus virus phiNM2 Staphylococcus virus phiNM1
Staphylococcus virus 29

Staphylococcus phage vB_SauS-SAP27 Staphylococcus virus
80alpha Staphylococcus phage HSA84

Staphylococcus virus phiMR11
Staphylococcus phage SAP33
Staphylococcus phage 3MRA

Cluster A

Phage terminase KLYIIEEYVKQGM
Staphylococcus virus Baq_Sau1 Staphylococcus virus phiETA2

Staphylococcus virus 69 Staphylococcus virus 11
Staphylococcus virus 80alpha

Cluster A.1

Phage-related cell wall
hydrolase; Peptidase
C51; CHAP domain-

EVPNEPDYIVIDVC*EDYSASK

Staphylococcus virus IPLA88 Staphylococcus virus phiNM2
Staphylococcus phage SAP40 Staphylococcus phage phi 53
Staphylococcus virus phiNM4 Staphylococcus phage SA12

Staphylococcus virus 69 Staphylococcus phage SA97 Staphylococcus
phage TEM123 Staphylococcus virus 11 Staphylococcus virus

phiMR25 Staphylococcus virus 53 Staphylococcus phage SAP33

Cluster A.1
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Table 2. Cont.

Protein Peptide Phages Cluster Located

Prophage_tail domain-;
Peptidase VLEM*IFLGEDPK

Staphylococcus phage phi7401PVL
Staphylococcus phage phiSa2wa_st121mssa Staphylococcus virus

3a
Staphylococcus virus phiSLT

Staphylococcus phage tp310-2
Staphylococcus phage SA137ruMSSAST121PVL

Staphylococcus phage phiSa2wa_st5
Staphylococcus phage phiSa2wa_st1
Staphylococcus phage SH-St 15644
Staphylococcus phage phi2958PVL

Staphylococcus virus IPLA35
Staphylococcus phage P240

Staphylococcus phage vB_SauS_JS02 Staphylococcus virus 42e
Staphylococcus virus phi12

Staphylococcus phage phiSa2wa_st72
Staphylococcus phage vB_SauS_fPfSau02

Staphylococcus phage phiSa2wa_st30
Staphylococcus phage vB_SauS_phi2
Staphylococcus phage StauST398-2

Cluster D

Terminase large subunit KAM*IKASPK

Staphylococcus phage vB_SauS_JS02
Staphylococcus phage

Staphylococcus phage phiSa2wa_st5
Staphylococcus phage LH1

Staphylococcus phage phiSa2wa_st1
Staphylococcus phage phiSa2wa_st121mssa

Staphylococcus virus IPLA35
Staphylococcus phage tp310-2
Staphylococcus virus phiSLT

Staphylococcus phage StauST398-2
Staphylococcus phage vB_SauS_phi2

Staphylococcus virus phi12
Staphylococcus phage SMSAP5

Staphylococcus phage phi2958PVL Staphylococcus virus 3a
Staphylococcus phage YMC/09/04/R1988

Cluster D

Uncharacterized phage
protein TSIELITGFTK

Staphylococcus phage phi879, Staphylococcus phage phi575,
Staphylococcus phage PVL, Staphylococcus prophage phiPV83,

Staphylococcus phage SA45ruMSSAST97
Cluster B2

Uncharacterized phage
protein EFRNKLNELGADK

Staphylococcus phage phi7401PVL, Staphylococcus phage tp310-2,
Staphylococcus phage vB_SauS_phi2, Staphylococcus virus

IPLA35, Staphylococcus phage phiSa2wa_st30, Staphylococcus
virus 47,

Staphylococcus virus 3a

Cluster D

Phage protein KSNVEAFSNAVK Staphylococcus virus 80alpha Staphylococcus virus phiNM1
Staphylococcus virus phiNM2 Cluster A.1

Phage repressor, Cro/CI
family QKNVLNYANEQLDEQNKV Staphylococcus virus phiNM2 Staphylococcus virus 53

Staphylococcus virus 80alpha Cluster A.1

Tail tape measure
protein GM*PTGTNVYAVKGGIADK Staphylococcus phage phiSa2wa_st5 Staphylococcus phage phi3A

Staphylococcus phage SH-St 15,644 Staphylococcus virus 3a Cluster D

integrase M*PVYKDGNTGKWYFSI Staphylococcus phage B166 Staphylococcus virus phiMR25
Staphylococcus virus 88 Cluster A

In addition, a correlation relating bacterial species for each cluster with all peptides
found in the bacteriophages with 100% similarity was found. The results showed that
clustered phages were related to specific species of Staphylococcus. All studied phages were
found to be related to S. aureus; however, most of them were also found to be related to
additional Staphylococcus species. S. argenteus was found to be related in all clusters of the
phylogenomic tree. Cluster A phage peptides were found to be mainly related to S. simiae.
However, different Staphylococcus species (S. xylosus, S. muscae, S. haemolyticus, S. simiae, S.
sciuri, S. pseudintermedius, S. devriesei, S. warneri and S. capitis) were found to be related to
phages of cluster D.

3.4. Identification of Peptides of Virulence Factors

In this work, 405 peptides from S. aureus were determined to be related to virulence fac-
tors (Excel dataset Supplemental Data). Among these peptides, proteins such as staphopain,
beta-lactamase, elastin-binding protein peptides and a multidrug ATP-binding cassette
(ABC) transporter were identified.
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Figure 2. Phylogenomic tree generated by the Virus Classification and Tree Building Online Resource (VICTOR) using the
complete genomic sequences of the determined Staphylococcus spp. phages. The access numbers of the determined phage
genomes are shown in Table S2 in Supplemental Data 2. Genomes of the lambda (NC_001416.1), T4 (NC_000866.4) and T7

(NC_001604.1) phages were added for comparison purposes. The VICTOR phylogenetic tree construction was based on an
intergenic distance analysis with the GBDP tool (Genome BLAST Distance Phylogeny). The significance of each branch is
indicated by a pseudo-bootstrap value calculated as a percentage for 1000 subsets. Bar, 20 nt (nucleotides) substitutions per 100
nt. Clusters are represented by different colors: light blue, cluster A, red, cluster A.1, purple, cluster A.2, light green, cluster B,
yellow, cluster B.1, pink, cluster B.2, black, cluster C and orange, cluster D. Specific cluster peptides are represented by different

color forms:r forms: , yell, yellow-filled diamond IQQLADYFNVPK (cluster A-specific),), , brown-, brown-filled diamond HAGYVRC*KLF

(cluster A-specific),
ow-filled diam

c), ,, black-outlined diamond IYDRNSDTLDGLPVVNLK (cluster A.1-specific),
 diamond HAG

), , red=outlined diamond

AVAELLKEINR (cluster A.2-specific),
ond IYDRNSDTLDG

, , pink-filled diamond KSNVEAFSNAVK (cluster A.1),
tlined diamond 

1), ,, gray-filled diamond QKN-
VLNYANEQLDEQNKV (cluster A.1),

 pink-filled 

ster A.1), , brown, brown-outlined diamond MPVYKDGNTGKWYFSI (cluster A-specific),), , , dark

gray-filled diamond KLYIIEEYVKQGM (cluster A.1-specific),), , purple-outlined diamond EVPNEPDYIVIDVC*EDYSASK

(cluster A.1-specific),c), , orange-fille, orange-filled diamond AYINITGLGFAK (cluster B.1-specific),), , ye, yellow-outlined diamond TSIELIT-

GFTK (cluster B.2-specific),), ,, red-filled diamond VSYTLDDDDFITDVETAK (cluster D-specific),
lined diamond

ic), , , green-filled diamond
LLHALPTGNDSGGDKLLPK (cluster D-specific),

ond VSYTLDDDDFITDV

ic), , blac, black-filled diamond RVSYTLDDDDFITDVETAKELKL (cluster D-specific),LPTGNDSGG-

(cluster D-specific), , pur, purple-filled diamond LYVGVFNPEATK (cluster D-specific,
k-filled diamond RVSYTLDDDDFITDVETAKEL

ific, ,, blue-filled diamond ELAEAIGVSQPTVSNWIQQTK (clus-
ter D-specific);ic); , l, light green-filled diamond VLEMIFLGEDPK (cluster D-specific),), , orange-ou, orange-outlined diamond KAMIKASPK
(cluster D-specific) and and , gray-ou, gray-outlined diamond GMPTGTNVYAVKGGIADK (cluster D-specific).
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4. Discussion

LC-MS/MS-based methods for bacteriophage identification offer several advantages
compared with other approaches, since bacteriophages can be directly identified with
this method without using genomic tools, which provides a new strategy for drawing
the appropriate conclusions. In addition, the method proposed here may be applied for
further analyses without the requirement of growing bacteria, since the samples can be
collected directly from foodstuffs. The study of noninduced prophages provides a fast
analysis and can detect specific temperate phage proteins produced by S. aureus while
integrated in the bacterial genome or by phages that are infecting the bacteria. Both cases
provide the identification of specific S. aureus species or strains—in this case, an S. aureus
mastitis producer. In the proteomic repository of the 20 different S. aureus strains analyzed,
79 peptides from staphylococcal bacteriophages were identified. Among them, eighteen
of these phage peptides were S. aureus-specific. As bacteriophages are host-specific, these
putative diagnostic peptides could be good diagnostic biomarkers for the detection and
characterization of S. aureus and S. aureus phages.

The results show that a given specific peptide is present in closely related phages
(Table 2). These bacteriophage peptides can be used as specific markers to establish S. aureus
bacteriophage relationships (Figure 2). Additionally, phages that show the same peptides
and are specific to Staphylococcus spp. are located close to one another in the phylogenomic
tree, suggesting that a link does exist between phage phylogeny and bacteriophages that
can infect the same bacterial species.

The study shown here exemplifies how phylogenomic trees based on the genome
analysis provide useful information, and the study corroborates previous investigations,
which suggested that viral genomic or subgenomic region analyses provide the best tool
for reconstructing viral evolutionary histories [48]. Nevertheless, the lack of knowledge of
the phage genomic content [49] makes a phage analysis more difficult. The first priority
must be the contribution of new large amounts of data for phages infecting bacteria [12].

In addition, there is an urgent need for novel therapies to treat and prevent mas-
titis [50]. Bacteriophage therapy is an alternative to the antibiotic treatment of bovine
mastitis [51], with a high specificity and a low probability for bacterial resistance devel-
opment [52]. Many studies have demonstrated the effectiveness of bacteriophages in a
variety of animal models to fight several mastitis-causing pathogenic bacteria. Some studies
have shown how virulent phages such as SPW and SA phages are active against bovine
mastitis-associated S. aureus. Moreover, SAJK-IND and MSP phages have specific lytic
activity against several strains of S. aureus isolated from mastitis milk samples [53]. Indeed,
mouse-induced mastitis models decreased their bacterial counts after treatment with a
vBSM-A1 and vBSP-A2 phage cocktail [54]. Finally, several temperate phage mixtures
have been shown to be more effective than using a single temperate phage for inhibiting S.
aureus. According to the data obtained for the different models of mastitis, phage therapy
using bacteriophages in this study can be considered an innovative alternative to antibiotics
for the treatment of mastitis caused by S. aureus.

Finally, the proteomic analysis by LC-ESI-MS/MS performed in this study provides
relevant insights into the search for potential phage origin diagnostic peptide biomarkers
for mastitis-causing S. aureus. In addition, this method may be useful for searching peptide
biomarkers for the identification and characterization of mastitis-causing species and for
finding new S. aureus phages useful as possible therapies for mastitis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods10040799/s1: Figure S1: MS/MS spectrums for S. aureus-specific peptide biomarkers.
The corresponding peptides were tested for specificity using the BLASTp algorithm. Excel Dataset
Supplemental Data 1: Complete nonredundant peptide dataset. Supplemental Data 2: Table S1:
Staphylococcus aureus (SA) strains used in this study. Table S2: Linage, authors and accession number
of studied bacteriophages [55–88].
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Abstract: The prevalence of food allergy has increased over the last decades and consequently the
food labeling policies have improved over the time in different countries to regulate allergen presence
in foods. In particular, Reg 1169 in EU mandates the labelling of 14 allergens whenever intentionally
added to foods, but the inadvertent contamination by allergens still remains an uncovered topic.
In order to warn consumers on the risk of cross-contamination occurring in certain categories of foods,
a precautionary allergen labelling system has been put in place by food industries on a voluntary
basis. In order to reduce the overuse of precautionary allergen labelling (PAL), reference doses
and action limits have been proposed by the Voluntary Incidental Trace Allergen Labelling VITAL
project representing a guide in this jeopardizing scenario. Development of sensitive and reliable
mass spectrometry methods are therefore of paramount importance in this regard to check the
contamination levels in foods. In this paper we describe the development of a time-managed
multiple reaction monitoring (MRM) method based on a triple quadrupole platform for milk and egg
quantification in processed food. The method was in house validated and allowed to achieve levels
of proteins lower than 0.2 mg of total milk and egg proteins, respectively, in cookies, challenging
the doses recommended by VITAL. The method was finally applied to cookies labeled as milk and
egg-free. This method could represent, in perspective, a promising tool to be implemented along the
food chain to detect even tiny amounts of allergens contaminating food commodities.

Keywords: egg; milk; allergens; multiple reaction monitoring; mass spectrometry; reference doses;
food; PAL

1. Introduction

The most recent epidemiology studies show the continuous increasing prevalence of food allergy
worldwide and highlight global disparities of the incidence proportion, influenced by numerous genetic
and environmental factors, as well as by gene–environment interactions [1,2]. The main treatment
for sensitive individuals appears to be the lifelong avoidance of the offending foods [3]. In order
to safeguard the health of sensitive consumers, European Commission Regulation No. 1169/2011
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established the list of 14 allergenic ingredients (and by-products) whose presence must be indicated
in the respective food labels whenever incorporated into foods. The list includes the following
ingredients: milk, egg, cereals containing gluten, fish, crustacean, peanut, soy, tree nuts (hazelnut,
almond, walnut, cashew, pecan nuts, Brazil nuts, pistachio, macadamia), sesame, lupin, mustard,
celery, mussels, and sulphur dioxide (sulphite) [4]. However, current legislation does not address
the unintentional occurrence of allergens due to cross-contamination along the entire food chain,
neither established legal threshold levels for managing hidden allergens, posing a relevant health risk
to allergic consumers [5]. To fill this gap, various countries have recently set own legal thresholds
(e.g., Switzerland, Germany, Belgium, and Netherlands), lacking, however, harmonization among the
different legal entities. In this frame, the European project ThRAll, funded by the European Food Safety
Agency will actively contribute to the harmonization of MS-based methods by developing a prototype
quantitative reference method for the multiple detection of food allergens in incurred food matrices [6].

Since 2007, in absence of official regulatory thresholds and facing the complexity of food allergen
management, Australia and New Zealand developed the Voluntary Incidental Trace Allergen Labelling
(VITAL) system to assist food producers in managing cross-contamination along the supply chains [7].
This system establishes eliciting doses (EDs) based on clinical studies for the protection of at least 95%
(ED05) or 99% (ED01) of allergic people [7–9]. Recently, the version 3.0 of the VITAL program was
released and for milk and egg proteins it set 0.2 mg total protein of allergenic ingredient as reference
dose for action level 1, meaning that below this threshold no precautionary labelling statement is
required, and 99% of the allergic population would safely consume the food. To comply with such
threshold levels, reliable and sensitive methods are needed for the identification and quantification of
allergenic contaminants.

So far, ELISA and PCR represent the techniques most commonly implemented across the
laboratories for food allergen control. The limitations affecting these technologies such as cross-reactivity,
low inter-assay reproducibility, missing multiplexing ability for ELISA, and the restrictions due
to specificity for DNA based method have moved the attention towards LC–MS-based methods,
representing a sequence-specific, protein-based approach [10–13]. Several multiplexing methods
using multiple reaction monitoring (MRM) on low resolution mass spectrometers or alternative
high-resolution based MS analysis have been reported and recently reviewed [12], all proving the
sensitivity and reliability of an MS based analytical approach. Noteworthy, only a few of them were
developed and validated on incurred food matrices [14–23].

The present work aims at evaluating the performance of a targeted multiple reaction monitoring
(MRM) MS method using a last generation triple quadrupole mass spectrometer for the simultaneous
detection of milk and egg allergens contamination in model bakery products, namely cookies.
Synthetic peptides were used for method development and validation. In particular, the cookie
reference material (RM) developed by MoniQA Association was used for the estimation of method
recovery. This RM was specifically designed to performance evaluation of milk-detection methods and
its production mimic as closely as possible the actual manufacturing process. Finally, the developed
method was applied to the analysis of real samples to detect milk and egg traces in commercial cookies
labelled as “milk and egg allergen free”.

2. Materials and Methods

2.1. Chemicals and Materials

Solvents and reagents were purchased from Sigma–Aldrich (Milan, Italy) while Trypsin Gold
Mass Spectrometry Grade was purchased from Promega (Milan, Italy). Ultrapure water was produced
by a Millipore Milli-Q system (Millipore, Bedford, MA, USA) while formic acid (MS grade) was
purchased from Fluka (Milan, Italy). Disposable desalting cartridges PD-10 were purchased from
GE Healthcare Life Sciences (Milan, Italy) while syringe filters (0.45 µm of porosity in regenerated
cellulose RC, and 5 µm of porosity in cellulose acetate CA) were purchased from Sartorius (Gottingem,
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Germany). Sep-Pak C18 cartridges (50 mg, 1 mL) were obtained from Waters s.p.a. (Milan, Italy).
Skim milk powder and whole egg powder were purchased by Sigma Aldrich (Milan, Italy).

For the preparation of matrix matched calibration curves, allergen-free and incurred cookies
were produced at laboratory scale according to the recipe already described in a previous paper [19].
The incurred cookie was prepared at a high contamination level and diluted with blank cookie to
match the final concentration required.

Cookie reference materials (RM) for milk allergen detection were purchased from MoniQA
association (Güssing, Austria). The kit contains the following four samples: (i) a positive control
consisting of characterized dried skim milk powder (SMP-MQA 092014) with validated protein
content; (ii) a negative control gluten-free cookie (BLANK-MQA 082015), and two incurred materials
(gluten free cookies) added with SMP at two concentration levels, (iii) low inclusion level (LOW-MQA
102016, concentration approx. 10 mgallergenic ingredient/kg equivalent to 3.54 mgmilk protein/kg), (iv) high
inclusion level (HIGH-MQA 082016, concentration approx. 50 mgallergenic ingredient/kg equivalent to
17.7 mgmilk protein/kg). Ten different lots of blind commercial cookies labeled by the manufacturer
as “prepared without adding of milk and eggs” were provided by Galbusera SpA (Cosio Valtellino,
Sondrio, Italy).

2.2. Synthetic Peptides Standard Solutions

Native synthetic peptides (Table S1) were synthetized by GenScript (Piscataway, NJ, USA) and
distributed by Twin Helix (Milan, Italy). Peptide purity was composed of between 90% and 99% as
confirmed by HPLC analysis, while the respective mass was proved by MS analysis. Peptides for
each allergen were received as lyophilized powder and reconstituted with 100 mM Bicarbonate
Ammonium/Acetonitrile (80/20; v/v) to reach the concentration of 1 mg/mL. Reconstituted peptides
were then aliquoted in a 0.5 mL tube and stored at −20 ◦C until use.

2.3. Sample Preparation Protocol

Firstly, allergen free and incurred cookie prepared at laboratory scale together with commercial
cookies were ground mechanically and sifted with a 1-mm sieve. Conditions for total protein extraction,
purification, and digestion were described elsewhere [19,20] with few modifications. In particular,
the extraction buffer was replaced by Tris–HCl buffer 200 mM with Urea 7 M at pH = 9.2 and the
resulting extract was filtered through 5 µm acetate cellulose membranes. Trypsin digestion was stopped
after 14 h by acidification (HCl 6 M) and the final digest was centrifuged at 1800× g for 10 min before
collecting the supernatant. Tryptic digest was then filtered through a 0.45 µm regenerated cellulose
(RC) filter and 1 mL aliquot loaded on a C18 SPE column (previously conditioned with methanol and
50 mM ammonium bicarbonate) for a further purification step. C18-retained peptides were washed
with 800 µL of 0.1% formic acid aqueous solution and eluted with 1.5 mL of methanol/water (90:10 v/v).
The collected fraction was dried under gentle air stream and suspended in 100 µL of 0.1% formic acid
in acetonitrile/water (90/10, v/v solution). Samples were finally filtered through a RC 0.45 µm syringe
filter. The analytical workflow for sample preparation is schematized in Figure 1.
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2.4. Liquid Chromatography–Multiple Reaction Monitoring Analysis

LC–MRM analysis was performed on a PerkinElmer UHPLC LX50 System (PerkinElmer Inc.,
Waltham, MA, USA) coupled with a PerkinElmer QSight® 220 MS/MS (PerkinElmer Inc., Waltham,
MA, USA) detector based on triple quadrupole mass analyzer. Peptide mixture (injection volume 10 µL)
was separated on a Perkin Elmer Aqueous C18 Column (2.1 × 150 mm; 3 µm; 100 Å) (PerkinElmer
Inc., Waltham, MA, USA). LC method parameters are detailed in Table S1 while MRM conditions
are summarized in Table S2. MRM data were acquired in positive ion mode at unit resolution
(0.7 ± 0.1 amu) in both Q1 and Q3. ESI source parameters were set as follows: drying gas (nitrogen):
120 (arbitrary units); HSID™ Temp: 250 ◦C; Nebulizer gas: 300 (arbitrary units); ion source T ◦C:
400. All instrument control, analysis, and data processing were performed using the Simplicity™ 3Q
software platform v. 1.4 (PerkinElmer Inc., Waltham, MA, USA).

2.5. Performance Evaluation for In-House Method Validation

2.5.1. Sensitivity

A matrix matched calibration curve was prepared over the concentration range of 0.0125–0.25 µg/mL
(four concentration levels) by spiking a defined amount of synthetic peptide stock solutions to
tryptic digest of allergen-free cookie extract. All calibration points were filtered using 0.45 µm filters
and then injected (10 µL) in duplicate on the column. Native synthetic peptide peak areas were
acquired and by applying proper conversion factors (see Figure 2 for details) the reporting units
were converted into total proteins of allergenic ingredient (µg/g). Main analytical criteria, such as
sensitivity, repeatability/reproducibility, recovery, and processing effect, were evaluated according to
these reporting units.
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In order to evaluate any eventual effect of processing on the sensitivity of the method,
matrix-matched calibration curves prepared by fortifying cookies with allergenic ingredients before
processing (incurred samples) were built up for each milk and egg allergen marker selected. Specifically,
five concentration levels were prepared in the range 10–300 µgallergenic ingredient/gmatrix. As first level,
a cookie incurred at 3000 µgallergenic ingredient/gmatrix was produced and then submitted to protein
extraction and dilution with the blank extract to obtain the point at 300 µgallergenic ingredient/gmatrix.
Calibration points at lower concentrations were produced by progressive dilution of the highest level
with blank cookies extract. All extracts were then submitted to SEC purification, tryptic digestion,
and peptide purification on C18-SPE to be finally filtered on 0.45 µm filters and then injected (10 µL)
in duplicate on HPLC/MS equipment. Peptide peak areas were acquired, and the reporting units
were converted into total proteins of allergenic ingredient (µg/g) by assuming 35.39% and 48.05% of
total protein content for milk and egg ingredients, respectively, in accordance with previous chemical
characterization analysis performed on the allergic materials used for cookie production.
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2.5.2. Precision

For method precision, a single contamination level at 100 µgallergenic ingredient/gmatrix was analyzed.
Five analytical replicates were prepared and analyzed (intra-day repeatability). The same analyses
were repeated over three different days and compared by one-way ANOVA test at 95% confidence level.

2.5.3. Trueness

Method recovery was evaluated only for milk by means of the validated RMs developed by
MoniQA association. The blank sample provided with the kit was used to create a new matrix-matched
calibration curve with synthetic peptides. The LOW and HIGH incurred samples were analyzed
and the percent ratio between the measured and the validated concentration values defined the
method recovery.

3. Results and Discussion

3.1. Optimization of LC–MS Instrumental Conditions

A sensitive method based on HPLC separation and mass spectrometry detection equipped with
triple quadrupole analyzer for the simultaneous detection of milk and egg allergens in a model bakery
product, namely cookie, was developed. The proteomic bottom-up approach was applied by detecting
proteotypic peptides for monitoring food contamination by allergenic ingredients. Both milk and
egg are widely investigated allergens and as such, a good consensus about the most reliable peptide
markers has been achieved already by independent investigations [24]. The peptides that arose from
tryptic digestion of αS1-casein, namely FFVAPFPEVFGK (FFV) and YLGYLEQLLR (YLG), and from
β-lactoglobulin, namely TPEVDDEALEK (TPE) and VLVLDTDYK (VLV) were used for tracking milk,
and peptides belonging to ovalbumin, ISQAVHAAHAEINEAGR (ISQ) and GGLEPINFQTAADQAR
(GGL) and to vitellogenin-II namely NIPFAEYPTYK (NIP) and NIGELGVEK (NIG) were chosen for
egg detection. All these markers have been already validated by previous works accomplished on
bakery products [24–26].

In order to build up an analytical method for absolute quantitation, synthetic analogous of the
aforementioned peptide sequences were purchased. Firstly, standard solutions of such peptides were
prepared and injected in flow analysis for the optimization of instrumental parameters setting up
the MRM detection on triple quadrupoles. For each peptide, the three most sensitive transitions
were selected and collision energies, entrance voltages, and collision cell lens voltages were tuned to
maximize the signal to noise ratio (Table S2). The chromatographic conditions for peptide separation
were optimized and the best compromise between total running time and peak resolution was found.

In order to confirm the absence of interfering peaks from the matrix background, a blank cookie
sample was prepared according to the sample preparation protocol described in Section 2.4 and added
with synthetic peptides at fixed concentration. In Figure 3, a typical chromatogram acquired under the
best separation conditions is presented and averaged peak retention times are reported.

47



Foods 2020, 9, 1489

Figure 3. Typical chromatograms recorded for synthetic peptides in cookie matrix (total ion current,
peptide concentration level 0.166 µg/mL).

3.2. Sensitivity and Matrix Effect

After optimizing the instrumental conditions, different aliquots of blank cookie samples were added
with increasing concentration of milk and egg synthetic peptides in order to build-up matrix-matched
calibration curves. In particular, four calibration points within the range of 0.125–0.25 µg/mL were
prepared and the linear interpolation of resulting peak areas allowed evaluating the linearity range,
and the sensitivity for each precursor/transition acquired.

One of the controversial aspects in food allergen detection has been the reporting unit of the
contamination level. As well known the legislation refers to allergen labelling as whole ingredient,
although clinical studies and potential threshold levels refer to the total protein content of the
allergenic ingredient.

Specifically, protein is the hazard that causes allergic reactions, therefore analytical methods
reporting contamination level as mg of total proteins would streamline the usability of the information
retrieved also in light of the adherence to prescribed threshold levels and of the consistency of method
sensitivity to reference doses of the VITAL Program. This issue represents an important bottleneck
for mass spectrometric detection where for absolute quantitation, peptide-based calibration curves,
and further conversions from the peptide units into total protein units, are required. Practically, in
order to calculate final protein concentration, the peptide concentration in the digest volume (µg/mL)
needs to be converted into total protein of the allergenic ingredient in matrix weight (µg/g). Until now,
no international agreement about proper conversion factors has been achieved and only few examples
from previous literature are to date available [15,23] on this regard. In this investigation, we applied a
similar conversion scheme presented in Figure 2. Both milk and egg have been widely investigated
in terms of protein composition, therefore the information available in the literature was used to
retrieve proper conversion factors based on specific mathematical calculation and molar equivalence as
schematized in Figure 2. Briefly, for each synthetic peptide, peptide concentration in the tryptic digest
(reported as µg/mL) was first converted into molarity and then, assuming the complete release of
each peptide from its parent protein, protein molarities were calculated. Afterwards, based on protein
molecular weight and its relative abundance within the total proteins contained in food ingredient
we calculated the total allergen proteins per mL of digest. Finally, as last conversion step, by taking
into consideration the solid/liquid ratio used for sample extraction (1:20), we obtained the required
reporting unit of µg of total protein of the allergenic ingredient per g of matrix. By following this
approach all peptide reporting units were converted into µgtotal protein/gmatrix providing an analytical
range between 1.3 and 680 µg/g depending of the specific marker. The new reporting units were
integrated in the matrix-matched calibration curves and all method performance features were referred
to them. The response linearity obtained in the matrix-matched calibration curve was very good for all
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the peptide markers monitored within the investigated range, with linear correlation coefficients at
least better than 0.9859. Limit of detection (LOD) and quantification (LOQ) were calculated according
to the interpolation parameters as 3-times and 10-times, respectively, the standard deviation of the line
intercept divided by the slope. The careful evaluation of LOD/LOQ values for the detected transitions
allowed to identify the best quantifier marker and its most sensitive transition as reported in Table 1.

These analyses allowed us to further evaluate the matrix effect on the peptides chosen. According to
our results, very challenging LODs were achieved, as low as 0.1 and 3 µgtot prot/gmatrix, respectively,
and referred to FFV and TPE αS1-casein and β-lactoglobulin peptides for milk allergen. As for egg,
LODs of 0.3 and 3 µgtot prot/gmatrix were found for ISQ (ovalbumin) and NIP (vitellogenin-2) peptides,
respectively. LOQ values are also reported in Table 1. Noteworthy, the sensitivity provided by the
peptides TPE and NIP was lower than the peptides FFV and ISQ, respectively; however, it is important
to keep them in the analytical method as specific markers of whey and yolk proteins, notwithstanding
their lower relevance from the allergological point of view, to encompass also risk of contamination
from partial milk/egg based formulations. In Figure 4, it is shown a typical chromatogram obtained for
the milk (FFV-m/z 692.9→991.4 and TPE-m/z 623.3→572.5) and egg allergens (ISQ-m/z 592.1→858.9 and
NIP-m/z 671.8→557.9) and their relevant confirmative transitions in the cookie sample.
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Chromatogram XIC of quantifier transitions for most sensitive marker peptides of milk ((A), FFV = m/z

692.9→991.4; (C), TPE = m/z 623.3→572.5) along with their relevant qualifier transition ((B), FFV = m/z

692.9→920.3; (D), TPE = m/z 623.3→819.1) and egg, quantifier transitions ((E), ISQ = m/z 592.1→858.9;
(G), NIP = m/z 671.6→557.9); qualifier transitions ((F), ISQ = m/z 592.1→778.5; (H), NIP = m/z

671.6→1114.9) at a level of 0.0125 µg/mL.
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Table 1. Analytical features of the developed analytical method on the basis of synthetic peptides matrix-matched calibration curves.

Allergenic
Ingredient: Protein

Marker
Quantifier
Transition

LOD/LOQ
(µgTOT PROT/gMATRIX)

R2 CV% intra

Day 1
CV% intra

Day 2
CV% intra

Day 4
CV% inter

Recovery LOW-MQA
Material

Recovery HIGH-MQA
Material

Milk:
αS1-Casein FFV 692.9→991.4 0.10/0.3 1.0000 1.9% 0.7% 6% 4% 57 ± 4% 50 ± 3%

Milk:
β-Lactoglobulin TPE 623.3→572.5 3/8 0.9992 8% 9% 10% 9% - -

Egg:
Ovalbumin ISQ 592.1→858.9 0.3/1.1 1.0000 2% 5% 1.7% 4% - -

Egg:
Vitellogenin-2 NIP 671.8→557.9 3/9 1.0000 3% 3% 4% 6% - -
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3.3. Sensitivity of the Method in Incurred Cookies and Compliance with the VITAL Reference Doses

As already mentioned, the VITAL grid was developed in 2007, aiming at providing a helpful
management tool for food producers as well as to consumers. Although originally created by the
Allergen Bureau of Australia and New Zealand, this system has been taken into consideration and
used as reference values by numerous countries within the European Union until other official
and harmonized limits will be available for the different allergenic foods. In particular, the VITAL
Program provides a quantitative method for risk-assessment to evaluate the impact of allergen
cross-contamination and to make decisions regarding proper precautionary allergen management
and labeling. This approach allows not only safeguarding the health of allergic consumers, but also
preserving the value of precautionary labeling as a risk management tool, avoiding its massive use
also in very low-risk cases. The likelihood to develop an adverse reaction in allergic people depends
on the total amount of allergenic proteins consumed during a meal, and on the level of sensitization of
each individual. Therefore, the crucial point in the VITAL Program was to find a correlation between
these two topics and define the maximum concentration level from accidental contamination that
does not present a risk for most of the allergic population (95% or 99%, depending on data) according
to clinical data available of minimum eliciting doses. Above these reference doses, precautionary
labelling warning of potential cross-contamination is required.

VITAL system relies on three key values. First, the “reference amount” that represents the portion size,
namely the maximum amount of a food eaten in a typical eating occasion. Second, the “reference dose”
which refers to the protein level (total protein in milligrams from an allergenic food) below which only the
most sensitive individuals (between 1 and 5) in the allergic population are likely to experience an adverse
reaction. Third, the “action levels” that are threshold levels of protein concentrations in food guiding
the labelling (action level 1: no precautionary labelling required, action level 2: “may contain” labelling
required, and action level 3: “contain” labelling required).

The latter are calculated according to the set reference dose and reference amount, becoming part
of action level grids for easy use by food producers.

Starting from this, in order to provide useful tools for food allergen risk-management,
good sensitivity is demanded for new analytical methods complying with the action levels prescribed
by the VITAL program. Such levels are periodically updated according to new allergological data
available from clinical studies, and last values of VITAL program version 3.0, were revised and
released in October 2019. As for milk and egg, an equal reference dose of 0.2 mgtotal protein was set,
and referred to a portion size of 50 g, deemed reasonable for cookies, thus resulting in an action level 1
of 4 mgtotal protein/kg.

Noteworthy, by applying this method following two different routes we obtained two different
sensitivities according to the type of allergen contamination occurring in the food matrix. As for
incurred cookies the method reached sensitivity down to 4 mgtotal protein/kg this one being the minimum
level detectable by the method in use and in compliance with the VITAL sensitivities required. This limit
might then represent the highest protection level offered to the allergic patient since it refers to a cookie
incurred at the beginning of the whole process taking into account the processing effect as well as the
extraction efficiency of the containing proteins.

3.4. Precision

Intra-day and inter-day precision of the analytical method (percent coefficient of variation in peak
areas at a fixed concentration, CV%) were evaluated to test the method repeatability and reproducibility
within the same laboratory. To this purpose, a blank cookie sample fortified with skim milk and
whole egg powders at the final level of 100 µgallergenic ingredient/gmatrix was prepared. The intra-day
repeatability was calculated within five independent replicates and values lower than 10% were
obtained in all cases, with the best repeatability provided by the αS1-casein marker FFV and the
ovalbumin marker ISQ, due to the high abundance of these proteins in the allergic ingredients. On the
contrary, inter-day repeatability was calculated over 3 days by analyzing the same fortified samples.
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Obtained values were always lower than 9% for both milk and egg quantifier peptides. The mean
values obtained on different days were compared by a one-way ANOVA test at 95% confidence level,
resulting in no significant differences for all peptide markers.

3.5. Evaluation of Processing Effect on Method Sensitivity

As known, food processing can deeply affect the structure and stability of a protein as well
as its solubility due to several chemical modifications that can occur during thermal treatment.
Consequently, the analytical detection can be affected as well when extensively processed foods are
investigated for allergen contamination. In order to evaluate the effects of food processing on the
detection of each milk and egg peptide marker, specific matrix matched calibration curves were
obtained by progressive dilution of incurred cookies extract fortified with milk and egg allergens at
high level. As known, incurred material is produced by adding allergic ingredients during dough
preparation and before thermal treatment. This condition reproduces what is actually happening
during food processing leading to a more reliable estimation of method sensitivity considering the
overall effects of processing on protein stability and solubility. As a result, the final recovery and
performance of the method could be taken into account. As detailed in Section 2, incurred-cookie
calibration curves were produced within a certain concentration range. Following, on the basis of the
total protein contents estimated for skim milk powder and whole egg materials used for the preparation
of incurred cookies (35.39% and 48.05% of total protein content for milk and egg, respectively) all the
peptide reporting units were converted into µgtotal protein/gmatrix providing an analytical range between
3.5 and 106.2 µg/g for milk proteins and 4.8 and 144.2 µg/g for egg. By linear interpolation of the
calculated peak areas we retrieved information on the linearity range and the sensitivity for each
precursor/transition acquired. Results are depicted in Table 2. LODs of 1.6 and 3.5 µgtotal protein/gmatrix

were calculated for FFV and TPE quantifier milk peptides while higher LODs were obtained for egg
allergen, namely 4.0 and 4.8 µgtotal protein/gmatrix for ISQ and NIP quantifier egg peptides. By comparing
LODs calculated for synthetic peptide-curve calibrations with incurred cookie-curve calibrations,
a sensitivity reduction of approximately 94% and 97% was observed both for FFV and ISQ milk and egg
peptides due to processing effect, while a slight reduction (of 14% and 38%, respectively) was calculated
for TPE (whey proteins) and NIP (yolk proteins) peptides. These results are in accordance with our
previous investigation [20] where a reduction of milk and egg detection sensitivity of approximately
93% and 97% were recorded for milk (based on casein marker) and egg allergens (based on white egg
marker). The data gathered can be explained by taking into account the labile behavior shown by
specific proteins during some processing applied to food [20].

Table 2. Relevant parameters of milk and egg peptides referred to matrix-matched calibration curves
built up by using incurred cookies.

Allergenic Ingredient: Protein Marker Quantifier Transition
LOD/LOQ

(µgTOT PROT/gMATRIX)
Incurred Material

R2

Milk: α-S1-casein FFV 692.9→991.4 1.6/5.4 0.9969

Milk: β-Lactoglobulin TPE 623.3→572.5 3.5/11.7 0.9854

Egg: ovalbumin ISQ 592.1→858.9 4/15.6 0.9903

Egg: vitellogenin NIP 671.8→557.9 4.8/14.0 0.9896

3.6. Trueness

Trueness of the method was evaluated by performing dedicated experiments on the only reference
material available on the market validated for milk detection in cookie matrix. The purchased kit
contains two samples at different concentration levels, namely 10 and 50 µgallergenic ingredient/gmatrix,
that correspond according to the certificate of analysis, to 3.54 and 17.7 µgtot prot/gmatrix, respectively.
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Trueness evaluation was limited to milk allergen since no reference materials for baked food are available
yet for egg allergen. Specifically, incurred reference materials were subjected to the whole sample
preparation along with reference allergen-free cookie sample. The latter was used to build-up new
matrix-matched calibration curves with synthetic peptides covering the range 1–50µgtot prot/gmatrix, and
calculate line equation in the specific cookie matrix provided with the kit. The low and high incurred
samples were both analyzed in triplicate (independent samples), and experimental concentration
values obtained by curve interpolation were compared with theoretical ones. The percentage ratio
between the experimental and theoretical values provided an estimate of the method recovery for milk
allergen. Method recovery calculated with YLG peptide was 57 ± 6%, and 56 ± 7% at low and high
concentration levels, respectively, whereas the recovery calculated with the peptide FFV was 57 ± 4%
and 50 ± 3% at low and high concentration levels, respectively (see Table S3).

3.7. Occurrence of Milk and Egg Contamination in Commercial Samples Declared “Prepared without Adding
Milk and Egg”

In the final part of the work, the validated method was applied to samples taken from 10 different
lots of commercial cookies and labelled as “prepared without adding of milk and eggs” in order
to assess the actual absence of any trace of milk and egg allergens, according to the sensitivity of
the method.

Cookies were submitted to sample preparation and analyzed in duplicates with the analytical
method herein described and optimized. No quantifiable peaks areas were detected for milk and
egg quantifier peptides, therefore, we concluded that no accidental contamination occurred in these
samples, at least within the sensitivity limits reported by the developed method. The analytical method
in-house validated in the present work, demonstrated to be a sensitive tool for the quantification of
egg and milk allergens in cookies at the highest confidence level in compliance with the VITAL doses
recommended. This approach, in perspective, can represent a valid alternative to the use of PAL.

4. Conclusions

The method herein described based on QSight triple quadrupole mass analyzer provides an
optimized sample preparation protocol and a MRM method for the simultaneous quantification of egg
and milk in cookies selected as a model bakery product. Method performance was assessed by using
selected milk and egg synthetic peptide markers and a proper factor to convert peptide into protein
concentration was proposed. The LOD and LOQ values obtained for both egg and milk allergens
calculated in incurred cookies (referred to the protein content) allowed to detect levels of contamination
complying with the reference thresholds set for egg and milk and recommended (action level 1) by the
VITAL program v 3.0. Additionally, method precision provided good results for both the allergenic
ingredients analyzed in this matrix. Processing effects were also assessed confirming previous evidence
about the reduced detectability for both allergens, with milk proteins being more susceptible to thermal
processing effect. To the best of our knowledge, this is the first time the trueness of the method was
calculated by means of MoniQA reference material in this type of food material. The in-house validation
performed provided analytical features that complied with the minimum requirements set in the
AOAC SMPR 2016.002 for allergen detection in food. Finally, the method was also challenged with real
samples from the market to test its realistic potential in detecting accidental cross-contamination in real
samples. Commercial cookies labeled as “milk and egg ingredients free” were analyzed by exploiting
the developed method and none of them were found incorrectly labeled, within the sensitivity limits
achieved with this method. In perspective, the multi-allergen MS based method developed can be
employed for allergen control in food supply chains where cross-contamination is likely to occur,
hence avoiding the resort to PAL.
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Abstract: To increase coverage of protein identification of an Agaricus bisporus fruiting body,
we analyzed the crude protein fraction of the fruiting body by using a shotgun proteomics approach
where 7 MudPIT (Multi-Protein identification Technology) runs were conducted and the MS/MS
spectra from the 7 MudPIT runs were merged. Overall, 3093 non-redundant proteins were identified
to support the expression of those genes annotated in the genome database of Agaricus bisporus.
The physicochemical properties of the identified proteins, i.e., wide pI value range and molecular mass
range, were indicative of unbiased protein identification. The relative quantification of the identified
proteins revealed that K5XI50 (Aldedh domain-containing protein) and K5XEW1 (Ubiquitin-like
domain-containing protein) were highly abundant in the fruiting body. Based on the information
in the Uniprot (Universal Protein Resource) database for A. bisporus, only approximately 53% of
the 3093 identified proteins have been functionally described and approximately 47% of the proteins
remain uncharacterized. Gene Ontology analysis revealed that the majority of proteins were annotated
with a biological process, and proteins associated with coiled-coil (12.8%) and nucleotide binding
(8.21%) categories were dominant. The Kyoto Encyclopedia of Genes and Genome analysis revealed
that proteins involved in biosynthesis of secondary metabolites and tyrosine metabolism were
enriched in a fruiting body of Agaricus bisporus, suggesting that the proteins are associated with
antioxidant metabolites.

Keywords: Agaricus bisporus; shotgun proteomics; gene ontology

1. Introduction

The button mushroom Agaricus bisporus, a species of macrofungi of the phylum Basidiomycota, is a
typical edible fungus, together with the oyster mushroom. Since the start of A. bisporus cultivation in
the 1650s, several methods of cultivation have been developed [1]. Currently, this mushroom is widely
cultivated and consumed globally, particularly in the Netherlands and USA. In Korea, the cultivation
of A. bisporus was introduced in the 1950s. At present, this mushroom accounts for approximately
7% of the mushroom cultivation industry in Korea, with an annual output ranged 6678 to 13,052 tons
in last 10 years [2].
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Sustainable development of the mushroom industry in Korea requires breeding new cultivars
with superior traits that meet the demands of producers and consumers. Genetic studies of the traits
that are fundamental for breeding programs, however, reveal a suppressed recombination frequency of
co-segregating markers, resulting in limited and unsaturated genetic linkage maps [3]. Recent genomic
methods constitute a possible alternative approach for gaining useful genetic information for the
A. bisporus breeding program. The haploid genome sequence of A. bisporus is available; the genome is
comprised by 13 chromosomes and is 30.4 Mb in size [4]. This information has enabled various studies
of the genome structure and gene expression of A. bisporus.

Proteomics is a powerful tool used for the detection and identification of gene expression and
constitution, respectively [5]. With the advances in mass spectrometry technology, proteomics is
becoming increasingly relevant for the study of fungal biology, especially the physiology and
development of filamentous fungi [5]. As research into A. bisporus has started to attract attention,
proteome studies have also advanced from the determinations of amino acid composition [6] to
two-dimensional polyacrylamide gel electrophoresis (2-D PAGE) [7,8]. Since its original publication,
the O’Farrell method for two-dimensional electrophoresis of proteins has been widely used in
proteomics [9]. The advantages of this method are that it is easy to apply, and the data are
obtained within a short timeframe. However, 2-D PAGE is not suitable for the identification of
low-abundance proteins; high-molecular weight or small-molecular weight proteins; hydrophobic
proteins; or proteins with a basic pI value, which is the pH at which the net charge of the protein is
zero [10]. To overcome the limitations of 2D-PAGE, relevant shotgun proteomics methods recently
emerged [11]. Shotgun proteomics, also known as MudPIT, allows for large-scale identification
of proteins, which is an area where 2D-PAGE does not perform well [12]. At the same time,
shotgun proteomics takes a lot less time than 2D-PAGE analysis [13].

Previous studies of the button mushroom have mainly focused on its cultivation or breeding [14].
Shotgun proteomics in crops has only been used to analyze a few model fungi because this method
relies on an available complete genome. In the current study, to provide basic -omics information
for A. bisporus, we inferred the proteome of a fruiting body of the species A. bisporus using shotgun
proteomics approaches though merging 7 MudPIT runs.

2. Materials and Methods

2.1. Cultivation of A. bisporus

The cultivar of Sae-han (strain ASI1350), which was obtained from Gyeongsangbuk-do Agricultural
Research and Extension Services in Korea (http://www.gba.go.kr/) was prepared as a grain spawn.
Mushrooms were grown in a plastic bag filled with 2 kg of the button mushroom compost. The compost
was prepared from wheat straw (65% total dry weight), poultry manure (28%), gypsum (4%),
limestone (2%), and urea (1%) at pH 8.1 and with 68% moisture. The grain spawn was used to inoculate
the compost at 1% concentration. This was followed by a 20 d incubation at 22–23 ◦C and 60–70% relative
humidity in darkness. After the spawn-run, the compost was colonized by 80–90% mycelium of
A. bisporus and then covered with a 3–4 cm deep layer of the casing soil. The temperature in the
cultivation room was adjusted to 17 ◦C, and the relative humidity was maintained at approximately 90%.
The room was ventilated to induce fruiting body formation when the mycelium reached the surface of
the casing layer under 14 h light and 10 h dark conditions.

2.2. Protein Extraction

For 7 MudPIT runs, the harvested 7 fruiting bodies (cap) of A. bisporus were stored at –80 ◦C,
powdered in liquid nitrogen, and placed in a 1.5 mL Eppendorf tube. Extraction buffer (8 M urea,
5 mM dithiothreitol, 1% LDS, and 100 mM Tris, pH 8.5) was then added, and the powdered samples
were homogenized in the buffer. The homogenized samples were centrifuged at 14,000× g for 15 min
at 4 ◦C, and the supernatant was transferred to a new tube. The supernatant was then filtered through
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membrane filters (0.45 µm size), and the protein was precipitated overnight in the presence of 20%
(v/v) trichloroacetic acid. The pellet was washed several times with cold acetone to remove pigments.
The protein was then resolubilized in a resolubilization buffer (8 M urea and Tris-HCl, pH 8.5).
The concentration of the protein was determined by using 2D-protein Quant kit (GE Healthcare,
Piscataway, NJ, USA) as described elsewhere [15].

2.3. Protein Digestion

For the experiment, 300 µg of the sample protein was reduced using Tris (2-carboxyethyl)
phosphine hydrochloride (TCEP), by adjusting the concentration of TCEP to 5 mM and incubating for
30 min at room temperature. The reduced sample was carbamidomethylated in the presence of 10 mM
iodoacetamide during incubation for 30 min at room temperature in the dark. The protein sample was
then diluted with 100 mM Tris-HCl to reduce the urea concentration to 2 M, and CaCl2 was added to
a final concentration of 2 mM. Then, 5 µg trypsin and trypsin buffers were added. The sample was
incubated overnight at 37 ◦C to allow for protein digestion. The digested proteins were desalted by
passing through a SPEC PLUS PT C18 column (Agilent Technologies, Santa Clara, CA, USA), and the
solvent was evaporated by using a speed-Vac.

2.4. Liquid Chromatography–Tandem Mass Spectrometry (LC-MS/MS) Analysis

Nano LC connected to Finnigan LTQ mass spectrometer (Thermo Scientific, Waltham, MA)
was used. Biphasic columns were prepared in-house for analysis; the columns contained 365 µm
OD (outer diameter) × 100 µm ID (inside diameter) fused-silica capillaries (Polymicro Technologies,
Phoenix, AZ, USA). The capillaries were packed using a pressure cell with helium and 9 cm of C18-AQ
5 µm reverse phase (PP), followed by 3 cm of 5 µm strong cation exchange Luna resin. The desalted
sample was loaded onto the in-house column in 20 µL of a mixture of 5% acetonitrile and 0.1%
formic acid.

Reversed-phase chromatography was performed using a binary buffer system of 0.1% formic
acid (buffer A) and acetonitrile in 0.1% formic acid (buffer B). Nano LC was performed by using a
linear gradient of 3–50% of buffer B at a flow rate of 0.200 µL/min. The peptides were eluted in the
course of an 11-step program of increasing concentration of salt solution. The eluent was ionized by
electrospraying from the column directly into the MS/MS system. A parent-ion scan was performed in
the range of 400–1600 m/z (mass-to-charge ratio). The top five most intense parent ions were chosen,
and an MS/MS-ion scan was performed by collusion-induced dissociation. The run time for LC-MS/MS
was 120 min for each step. The total run time for the 11 steps was approximately 22 h. A total of
7 MudPIT runs were conducted.

2.5. Proteomic Data Analysis

The MS/MS spectral files for 7 MudPIT runs were merged in the single file. For each identified
protein, protein ID, spectra count, pI value, and molecular mass were determined by using the Proteome
Discoverer software (version 1.3) (Thermo Fisher Scientific, Waltham, MA, USA) with the merged
single MS/MS spectra file. The fragmentation spectra data for A. bisporus were searched using Uniprot
(http://www.uniprot.org/). For database searching, carbamidomethylation of cysteine was set as a
fixed modification, and oxidation of methionine was set as a variable modification. To verify these
modifications, protein identifications were filtered at 1% false discovery rate.
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2.6. Determination of the Relative Protein Abundances

The output of the Proteome Discoverer analysis was exported to Microsoft Excel to calculate the
normalized spectral counts (NSpC). The NSpC for each protein k is given by the equation

(NSpC)k =

( SpC
L

)

k
∑n

i=1 (
SpC

L )i

(1)

where the total number of MS/MS spectra matching peptides from the protein k (SpC) is divided by the
protein’s length (L) and then divided by the sum of all SpC/L values for the protein in the experiment.

2.7. Bioinformatics Analysis

Gene Ontology (GO) annotations for A. bisporus were from Uniprot (http://www.uniprot.org/).
GO analysis and Kyoto Encyclopedia of Genes and Genome (KEGG) pathway analysis was
performed using the DAVID (Database for Annotation, Visualization and Integrated Discovery,
version 6.8) (https://david.ncifcrf.gov/) and the A. bisporus Uniprot database was used as a reference.
Protein GO classification was performed by using PANTHER (Protein ANalysis THrough Evolutionary
Relationships, version 14.0, Los Angeles, CA, USA) (http://www.pantherdb.org/) classification system
and CateGOrizer (http://www.animalgenome.org/tools/catego/). The enriched function-related proteins
were grouped. Transmembrane domains were predicted using TMHMM (version 2.0, Lyngby, Denmark)
(http://www.cbs.dtu.dk/services/TMHMM/) with protein sequence data from Uniprot.

3. Results and Discussion

3.1. Identified Proteins of the A. bisporus Fruiting Body

Overall, the shotgun proteomic analysis of the fruiting body of the species A. bisporus identified
3093 proteins (Supplementary Table S1). Compared with the 2D-PAGE technology that can generally
resolve approximately 1000 protein spots in a single gel, the shotgun proteomic analysis conducted in the
current study had a much higher resolving power, identifying ~1000 proteins for a single MudPIT run.
A phenomenon of analytical incompleteness in MudPIT analysis was reported previously [16], in which
any single analytical run may only identify a fraction of the relevant peptides in a highly complex
mixture of peptides. Therefore, for deep proteome identification, we conducted 7 MudPIT runs with
the fruiting bodies of the Sae-han cultivar, and the MS/MS spectra were merged to a single file. From the
protein identification with the single merged MS/MS file, we identified 3093 non-redundant proteins of
the fruiting body of A. bisporus. After 5 MudPIT runs were merged, the number of newly identified
proteins was less than 100 as 6, 7 MudPIT runs were merged. Thus, to increase the coverage of protein
identification more than our results, other strategies are required such as protein sample fractionation
or solubilizing hydrophobic proteins. In addition to increasing the protein identification coverage, the
confidence level of the protein identification also increased. At least one unique peptide was assigned
to the identified proteins. The spectral counts that represent the number of MS/MS spectra assigned to
a peptide from certain proteins were found to have increased the identified proteins. The minimum
number of spectral counts for the identified protein was 81 for K5Y688 (CS domain-containing protein)
and the maximum was 16,914 for K5XHR7 (uncharacterized protein). Around 80% of the identified
proteins showed more than 1000 spectral counts. (Supplementary Table S1). Spectral counting has
become a commonly used approach for measuring relative abundance of proteins in label-free shotgun
proteomics [17]. The increased number of the spectral count for the identified pterions improved
acquiring relative abundance of proteins.

The distributions of the physiochemical properties of the identified proteins, pI values,
and molecular masses were analyzed. The pI value and molecular mass are the main and limiting
factors that affect protein resolution in 2D-PAGE because of the gel properties. The distributions of
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the pI values and molecular masses of the identified proteins were compared with those of proteins
predicted from the whole A. bisporus genome sequence (Figure 1A,B).

Figure 1. Bioinformatic analysis of the identified proteins. (A) Distributions of isoelectric point (pI).
(B) Distributions of molecular mass. (C) Number of predicted transmembrane domains.

K5XUF0 (uncharacterized protein) had the highest pI value at 12.19. K5VUP2 (uncharacterized
protein) had the lowest pI value at 4.01. Based on the distribution of the pI values of the identified
proteins, approximately 42% of proteins had a pI higher than 7.0, which, in general, would limit their
resolution on 2D-PAGE. No proteins with a pI value below 4 were detected, even though such proteins
are putatively encoded by the A. bisporus genome. That is probably because of the low proportion of
acidic proteins encoded by the fungal genome. The molecular mass of the identified proteins ranged
from 5.6 kDa (K5XCV4; uncharacterized protein) to 547.6 kDa (K5VXU2; Midasin). Based on the
molecular mass data, the mass distribution of the identified proteome was similar to that of the
predicted whole proteome. However, the proportion of identified proteins with a molecular mass
lower than 30 kDa was smaller than that predicted from the whole genome, and the proportion of
proteins with a molecular mass higher than 120 kDa was higher than that predicted from the whole
genome. The distribution of the identified proteins showing a wide range of molecular weight and
isoelectric points suggested that there was little bias or information loss with the methods used in deep
proteome identification of the fruiting body of the species A. bisporus. Protein having transmembrane
domains predicted by Transmembrane Helices Hidden Markov Models (TMHMM) were explored
(Figure 1C, Supplementary Table S2). Based on our protein extraction and solubilization methods,
the extraction method was specific for soluble proteins. Even though neither cellular organelles nor
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cellular membrane were purified in this experiment, 312 proteins were predicted to have transmembrane
domain. Interestingly, the functions of all of the 312 proteins were unknown. This result represents
insufficient database accumulation for the gene functions encoded in the genome of A. bisporus.

Based on the fact that the prediction programs used is not perfect, some of the predicted proteins may
not be membrane bounded proteins; however, this result suggests that some of the membrane bound
proteins are possibly identified by the MudPIT analysis applied in our experiment without additional
membrane fractionation procedure.

3.2. Highly Abundant Proteins in the Fruiting Body of A. bisporus

We next used the spectral counts method [18] to determine the relative abundance of the identified
proteins. The method considers the spectral counts in the MS/MS spectra data, normalized as NSpC,
to determine the relative protein abundance as a proportion of the sum of the relative abundances
of all the identified proteins. The abundance of the identified proteins was compared with NSpC.
Even though the statistical analyses were not applied in this comparison, the high score of NSpC
represents its high abundance in the cell of the fruiting body. Unlike the plant leaf proteome, in which
RubisCO and photosynthesis-associated proteins are highly dominant, no highly dominant proteins
were apparent in the fruiting body of the species A. bisporus. The abundance of the top ten highly
abundant proteins accounted for 3.0% of all proteins (Table 1). Among the 3093 identified proteins,
the most abundant protein was K5XI50 (Aldedh domain-containing protein), which is the conserved
domain of the Aldehyde Dehydrogenase (ALDH) superfamily, which is known to be involved in
metabolism and abiotic/biotic stress responses [19]. K5XEW1 (Ubiquitin-like domain-containing
protein) was another highly abundant protein in the fruiting body. This protein is found across
the Eukarya and is involved in the regulation of signal transduction and enzymatic activity [20].
Ribosomal proteins such as ribosomal_S10 domain-containing protein and SBDS domain-containing
protein were also abundant in the fruiting body. Interestingly, transcription elongation factor TEF EF1B
localized in the nucleus was highly present.

3.3. Functional Classification and GO Analysis

Based on the information for A. bisporus in the Uniprot database, we were able to determine a function
for 53% of the 3093 identified proteins whereas for 47% we were unable to determine their functions.
Among the top ten highly abundant proteins, only five were functionally described. This indicates
that even though the completed genome sequence information is available, follow-up studies, such as
functional annotation and gene expression, are still required. The detection of uncharacterized proteins
in the fruiting body of the species A. bisporus in the current study supports their possible role and
presence in the fruiting body. GO information was available for 2543 of the identified proteins. We used
GO analysis to categorize the proteins into 89 groups according to their GO functions. The highest
proportion of proteins represented the category biological process (13.3%), followed by molecular
function (11.9%), catalytic activity (8.2%), metabolism (8.1%), and cellular component (5.4%) (Figure 2).

We then conducted GO enrichment analysis to compare the proportion of the GO terms for the
predicted proteins encoded by the genome and the proteins identified in the fruiting body. In the
proteins identified in the fruiting body, 20 GO terms for biological processes, 15 GO terms for cellular
components, and 8 GO terms for molecular functions were recovered (Figure 3).
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Table 1. Top 10 highly abundant proteins in the fruiting body of Agaricus bisporus.

Accession Description Score # Proteins # Peptides # PSMs # AAs MW [kDa] calc. pI NSpC

K5XI50 Aldedh domain-containing protein 253.09 2 14 10,609 107 11.60162 5.046387 0.005653
K5XEW1 Ubiquitin-like domain-containing protein 323.58 3 59 10,190 159 18.03673 9.979004 0.003654
K5Y3E9 Uncharacterized protein 232.87 1 45 8737 161 18.49427 4.665527 0.003094

K5VUM2 Ribosomal_S10 domain-containing protein 157.35 1 55 6348 124 13.7115 9.671387 0.002919
K5XEM2 Uncharacterized protein 203.94 1 26 5533 112 11.29655 4.335449 0.002817
K5X 7C3 Uncharacterized protein 244.78 1 52 13,010 277 30.24033 5.160645 0.002678
K5X9Z8 SBDS domain-containing protein 212.38 1 29 5666 125 13.97901 6.303223 0.002585
K5Y5Z1 Uncharacterized protein 214.95 1 59 6529 147 16.15384 10.18408 0.002532

K5WMW0 Transcription elongation factor TEF EF1B 282.18 1 48 9256 212 23.10943 4.703613 0.002489
K5XAS4 Uncharacterized protein 313.32 1 76 8200 190 21.39238 9.495605 0.002461

Score: the sum of the ion scores of all peptides that were identified; coverage: the percentage of the protein sequence covered by identified peptide.; # proteins: the number of identified
proteins in a protein group; # unique peptides: the number of peptide sequences that are unique to a protein group; # peptides: the total number of distinct peptide sequences identified in
the protein group; # PSMs: the total number of identified peptide spectra matched for the protein; # AAs: the total number of amino acid in the protein; MW [kDa]: molecular masses of
protein; pI: isoelectric points; NSpC: normalized spectral counts.
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Figure 2. Gene Ontology (GO) functional categorization.

Figure 3. GO analysis describing the three main categories, biological process, cellular component,
molecular function.

Among the GO terms for biological processes, the proportion of proteins associated with a cellular
process and metabolic process was high. Among GO terms for the cellular components, the proportion
of proteins associated with cell compartment and the cell was high. Among the proteins associated
with molecular functions, the proportion of proteins associated with catalytic activity and binding
was high. When functionally related proteins were grouped, 70 enriched groups were apparent
(Supplementary Table S3). The proteins grouped in the coiled-coil (12.8%) and nucleotide binding
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(8.21%) categories were dominant. The coiled-coil proteins are thought to facilitate the expansion of
the centrosome to aid cell division [21]. The enriched proteins involved in nucleotide binding and
coiled-coil proteins may represent the cell division status of the fruiting body of the species A. bisporus.
Further, the enrichment of proteins related to metabolic pathways and secondary metabolites is possibly
associated with the variety of nutrients present in the fruiting body of the species A. bisporus [22].
To test how well our dataset covers known cellular pathways, the identified fruiting body proteome
was overlaid onto the pathway database of the KEGG [23] (Table 2).

Table 2. KEGG Pathway analysis of identified Agaricus bisporus proteins.

KEGG Pathway Term
Number of

Related Proteins
Percentage

(%)
p-Value

2-Oxocarboxylic acid metabolism 27 1.85 1.70 × 10−3

Alanine, aspartate and glutamate metabolism 25 1.71 4.40 × 10−4

Arginine biosynthesis 14 0.96 1.70 × 10−2

Biosynthesis of amino acids 81 5.54 3.40 × 10−8

Biosynthesis of antibiotics 148 10.12 1.80 × 10−5

Biosynthesis of secondary metabolites 186 12.71 1.50 × 10−3

Carbon metabolism 79 5.40 4.80 × 10−6

Citrate cycle (TCA cycle) 24 1.64 5.50 × 10−3

Endocytosis 49 3.35 2.60 × 10−2

Glycolysis/Gluconeogenesis 36 2.46 2.00 × 10−2

Metabolic pathways 424 28.98 2.80 × 10−2

Methane metabolism 19 1.30 3.30 × 10−2

Propanoate metabolism 10 0.68 3.40 × 10−2

Proteasome 35 2.39 4.10 × 10−6

Ribosome 67 4.58 4.70 × 10−3

RNA transport 69 4.72 1.10 × 10−3

Spliceosome 61 4.17 2.20 × 10−3

Tyrosine metabolism 18 1.23 4.60 × 10−2

Percentage: the proportion of related proteins in relation to total number of proteins; p-value: probability of
obtaining results.

KEGG pathway enrichment analysis was performed by using DAVID. There were 23 pathways
obtained and 18 of them were statistically significant (p < 0.05). Among the 3093 proteins, only 23%
(731 proteins) were assigned to a KEGG pathway. Of these, the category of metabolic pathway
was highly enriched. The highly enriched metabolic pathway in the fruiting body of the species
Auricularia heimuer has been previously reported in a gene expression study [24]. A total of 186 proteins
were assigned to the category of secondary metabolites, and three of them were assigned to terpenoid
backbone biosynthesis. Terpenoids are derived from the five-carbon isoprene units and consist of
multicyclic structures that differ from one another on the basis of carbon skeleton and different
functional groups [25]. Terpenoids isolated from mushrooms have been reported that are associated
with various pharmacological activities such as anticancer, anticholinesterase, antiviral, antibacterial,
anti-inflammatory, and antioxidase activities [26]. A total of 18 proteins were assigned to the category
of tyrosine metabolism. Tyrosine, as a building block, is a precursor for phenolic compounds [27]
which are effective antioxidants. Edible mushrooms as a food are sources of protein, fiber, vitamins,
minerals, and useful bioactive metabolites with a broad spectrum of pharmacological benefits such as
antioxidant activity [28]. Button mushrooms as a food source for an antioxidant can be used to help
the organism to reduce oxidative damage [29]. The detected proteins associated in the pathway of
antioxidant in the fruiting body of the species A. bisporus are possible candidate genes for developing
high quality button mushroom cultivars as an antioxidant-containing food.
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4. Conclusions

Using a shotgun proteomics approach where merging 7 MudPIT runs increased coverage of
protein identification and the confidence level of the identified protein, we identified 3093 proteins in
the fruiting body of the species A. bisporus. The physiochemical properties of the identified proteins
(the pI values and molecular masses) indicated unbiased protein identification. Because of the lack of
gene or protein expression data for A. bisporus, only approximately 53% of the identified proteins were
functionally described and approximately 47% of the proteins are still uncharacterized. The current
study is the first report presenting a list of over 3000 proteins in the fruiting body of the species
A. bisporus. The shotgun proteomics approach and the complete genomic database allowed us to identify
more than 2000 non-redundant proteins. Unfortunately, the function of approximately 47% of the
identified proteins has not yet been described because genomic and annotation analyses of A. bisporus

are limited, unlike in other model organisms. However, proteomic detection of these proteins may act
as supporting evidence for their existence. The shotgun proteomic approach employed in the current
study could be used in further studies comparing the proteome of the fungus A. bisporus grown in
certain environments or at certain developmental stages.
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Robert Stryiński 1,* , Elżbieta Łopieńska-Biernat 1 and Mónica Carrera 2,*

1 Department of Biochemistry, Faculty of Biology and Biotechnology, University of Warmia and Mazury in
Olsztyn, 10-719 Olsztyn, Poland; ela.lopienska@uwm.edu.pl

2 Department of Food Technology, Marine Research Institute (IIM), Spanish National Research Council (CSIC),
36-208 Vigo, Spain

* Correspondence: robert.stryinski@uwm.edu.pl (R.S.); mcarrera@iim.csic.es (M.C.)

Received: 18 August 2020; Accepted: 27 September 2020; Published: 3 October 2020
����������
�������

Abstract: Foodborne parasitoses compared with bacterial and viral-caused diseases seem to be
neglected, and their unrecognition is a serious issue. Parasitic diseases transmitted by food are
currently becoming more common. Constantly changing eating habits, new culinary trends, and easier
access to food make foodborne parasites’ transmission effortless, and the increase in the diagnosis of
foodborne parasitic diseases in noted worldwide. This work presents the applications of numerous
proteomic methods into the studies on foodborne parasites and their possible use in targeted
diagnostics. Potential directions for the future are also provided.

Keywords: foodborne parasite; food; proteomics; biomarker; liquid chromatography-tandem mass
spectrometry (LC-MS/MS)

1. Introduction

Foodborne parasites (FBPs) are becoming recognized as serious pathogens that are considered
neglect in relation to bacteria and viruses that can be transmitted by food [1]. The mode of infection
is usually by eating the host of the parasite as human food. Many of these organisms are spread
through food products like uncooked fish and mollusks; raw meat; raw vegetables or fresh water plants
contaminated with human or animal excrement. Most FBPs are related to outdated farming procedures
and/or to wild animals [2]. Some food is contaminated by food service employees who do not follow
sanitation rules or work in unsanitary facilities. The globalization of food supply, the increase of
international trade, the convenience of travel, the increase of highly susceptible people (such as aging,
malnutrition, human immunodeficiency virus infection), changes in cooking traditions and lifestyles,
and advanced diagnostic tools are some of the reasons for the increase in the incidence of food-borne
parasitic diseases worldwide [3–5].

In a general context, it was confirmed that there might be up to 50% more species benefit from
parasitic lifestyle than all other feeding strategies [6]. Parasites, in particular protozoa (Protozoa),
roundworms (Nematoda), flukes (Trematoda), and tapeworms (Cestoda) are enormously different
types of eukaryotes that may cause human infection. Their complex lifecycles; varied transmission
routes, including water, soil, food, and contacts between people or between animals and people; as well
as prolonged periods between infection and symptoms have resulted in their receiving considerable
attention in the last few decades [3,7]. The most examined species, Homo sapiens, can serve as host to
342 different helminth species and to 70 more if we count the Protozoa. According to local geographic,
ecological and economic conditions, every human population in the world has its own unique suit of
parasites [8]. The development of animal husbandry, sanitary conditions and diagnostic methods has
undoubtedly reduced or even eliminated certain parasite species in industrialized countries and some
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developing countries. However, the decrease in the number of cases is not common for all parasitic
species, especially for foodborne parasites, and there are countries where the occurrence of these
infections in humans is still high [2].

Monitoring of foodborne diseases is a fundamental component of food-safety systems.
The European Union has introduced regulations for some FBPs, such Trichinella spp., Taenia spp.
and Anisakis spp. [9–11]. There are currently no European Union standards published exclusively for
Protozoa in food products. However, after massive cryptosporidiosis outbreaks, the food industry
began to pay attention to Cryptosporidium spp. [12–14]. Validated methods are essential to ensure robust
detection of FBPs. The current guidelines are used to monitor bacteria and their direct application to
FBPs is not possible. Other concerns include the large differences in FBPs populations (from protozoa
to parasitic worms) and their biological differences (for example, different transmission routes, complex
development cycles). The detection procedures of FBPs in food products are also different. There are
also differences in the range of foods that FBPs may exist and be delivered to potential human hosts.
Because of the complex development cycle of many FBPs and the wide variety of hosts, the food
analyzed for the detection of a specific FBP can include uncooked meat, fish and other seafood, and fruits
or vegetables. [15]. In these cases, research is needed to identify new, more specific treatment targets.

In recent years, proteomics methods have become more and more popular in the food science
community [16–19]. New methods for detecting parasites are still an urgent research matter that can
successfully benefit from proteomic methodologies.

Proteomics is defined as “the large-scale functional analysis of gene products or functional
genomics, including identification or localization studies of proteins” [20]. Proteomics methods
are used for the identification and quantification of the protein composition of cells, subfractions
of cells, or the medium or secretome surrounding cells at a certain time, collectively termed
“the proteome,” but also to describe protein modifications and interactions [17]. Proteomic analysis
involves the extraction, purification and fractionation of proteins which are identified using mass
spectrometry (MS) [21]. Earlier proteomic studies generally used two-dimensional gel electrophoresis
(2-DE) approach separating protein mixtures according to charge (pI) and molecular weight (MW),
after which proteins could be identified using MS [22]. Today, bottom-up or “shotgun” proteomic
approaches that analyze proteins after proteolytic digestion can be coupled to liquid chromatography
tandem mass spectrometry (LC-MS/MS), which allows for the high-throughput quantitation of
the proteome [23]. These require a high quality and representative genome sequence to map thousands
of MS spectra of peptides back to their proteins for identification and quantitation and allow for
the characterization of whole proteomes. These conventional approaches were not possible to use in
parasitological studies until now. These days, the full or extensive nuclear genome coverage for many
parasites of agricultural, veterinary, and medical importance [24] makes proteomics more interesting
for parasitologists.

In order to confirm the identity of novel proteins and their function, the application of proteomics
is a key to enable extensive characterizations of them or, more widely, the structures and organelles
where those proteins are expressed and which are essential in pathogenicity but which are in many cases
lacking in more widely studied model organisms, for instance yeast or Caenorhabditis elegans–free-living
nematode [25]. To fully understand the molecular mechanisms related to the pathogenic characteristics
of FBPs, it is most important to analyze the surface proteins and the proteins in extracellular vesicles
that represent the frontier of interaction between the parasite and its host. [26–29]. In the past
decade, people have used the latest technological advances in proteomics and bioinformatics to
develop proteomics strategies to analyze this complex class of molecules [19]. The identification of
parasite-specific proteins can significantly simplify the design of new tools for fast and inexpensive
diagnosis, which in turn can help break the spread of parasites. In addition, identifying potential
vaccination targets (proteins) appears to be one of the leading ways to control parasitic diseases [30].
Accurate knowledge and description of the mechanism of action of these proteins can be used
in the research on antiparasitic drugs, and help in combating FBPs through detection and/or
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neutralization [31]. At the same time, scientists are making great efforts to clarify the sensitization
mechanism of various allergenic proteins from food sources, where allergic reactions to food are more
often caused by FBP allergens contaminating food products [3,32,33].

Detection of specific parasites in humans and the etiological cause of the disease, like food
products, required scientists to employ two characteristic approaches using proteomic methods,
i.e., discovery and targeted workflows [17,18,34]. Discovery proteomics is applied to identify
and characterize the proteins of FBPs (e.g., global proteomes, cellular, subcellular, or excretory-secretory
proteomes) usually employing previously mentioned, bottom-up methodology. Targeted proteomics
are based on the monitoring of the protein biomarkers (single or multiple peptides) in analyzed
samples, e.g., food products. In targeted proteomics, selected/multiple/parallel-reaction monitoring
(SRM/MRM/PRM) is preferably used [35] (Figure 1).
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Figure 1. Schematic representation of two proteomic strategies in the studies of foodborne parasites
(FBPs): discovery and targeted workflows. Red plus—positive detection (sample contaminated);
green minus—negative detection (sample free); LC-MS/MS—liquid chromatography tandem mass
spectrometry; SRM/MRM/PRM—selected/multiple/parallel—reaction monitoring.

The aim of this paper is to present a review of the proteomics methods applied to (i) discovery
phase —the studies of FBPs with particular attention to identifying and characterizing new targets for
treatment and diagnosis, and to (ii) targeted detection phase —selected FBPs detection in food products.

2. Discovery Approach—Description of the Selected FBPs and the Proteomics Methods Used to
Study Them

Priorities in FBP differ at the global and European levels. In this work, we focused on the most
important emerging FBPs in Europe according to the ranking for risk management of FBPs created
for the recommendation of the Food and Agriculture Organization of the United Nations (FAO)
and the World Health Organization (WHO) [36]. Additionally, we divided FBPs according to
transmission routes (Table 1). An overview on the systematics of selected parasites is provided in
Table 2. A brief description of selected FBPs with emphasis on proteomics methods used to study them
is provided below. For more detailed information on the pathogenesis and surveillance of diseases
caused by foodborne parasites, please see the individual disease health topic pages and factsheets on
the European Centre for Disease Prevention and Control website (https://www.ecdc.europa.eu/en)
and additionally on the Centers for Disease Control and Prevention website (https://www.cdc.gov)
and the World Health Organization website (https://www.who.int).
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Table 1. Ranking of foodborne parasites in terms of their importance and risk for european countries
according to the criteria of the World Health Organization (WHO) and Food and Agriculture Organization
of the United Nations (FAO). To see detailed multi-criteria decision analyses, see reference [36].

Rank Foodborne Parasites Infective Life Stage Transmission Route

1 Echinococcus multiocularis Eggs soilborne

2 Toxoplasma gondii
Fecal oocyst or tissue cyst

(bradyzoites) soil- and meatborne

3 Trichinella spiralis Larvae in a nurse cell meatborne
4 Echinococcus granulosus Eggs soilborne
5 Cryptosporidium spp. Oocysts waterborne
6 Trichinella spp. other than T. spiralis Larvae meatborne
7 Anisakidae Larvae seafood-borne
8 Giardia lamblia Cysts waterborne
9 Toxocara spp. Eggs soilborne
10 Taenia solium Eggs/Cysticerci meatborne
11 Opisthorchiidae Metacercariae seafood-borne
12 Ascaris spp. Fertilized eggs soilborne
13 Angiostrongylus cantonesis Larvae seafood-borne
14 Entamoeba histolytica Cysts waterborne
15 Taenia saginata Eggs/Cysticerci meatborne
16 Diphyllobothrium spp. Plerocercoid larvae seafood-borne
17 Fasciola spp. Metacercariae plantborne
18 Sarcocystis spp. Cysts with bradyzoites meatborne
19 Trypanosoma cruzi Metacyclic trypomastigotes soilborne
20 Balantidium coli Cysts soil- and waterborne
21 Cyclospora cayetanensis Sporulated oocysts waterborne
22 Trichuris trichiura Eggs soilborne
23 Paragonimus spp. Metacercariae seafood-borne
24 Heterophyidae Metacercariae seafood-borne
25 Spirometra spp. Pro-/Plerocercoid larvae water- and meatborne

Table 2. Selected FBPs systematics. Taxonomy has been adopted from the National Center for
Biotechnology Information (https://www.ncbi.nlm.nih.gov/taxonomy). For the purposes of this work,
slected species of FBPs from three main systematic groups (Platyhelminthes, Namatoda, and Protozoa)
were listed. Additionally, the common name of the parasite was added if applicable, the name of
the disase caused by each FBP, as well as the human organs where the parasites occure. Legend:
*—phylum, ˆ—class, ”— clade, ’—order.

Systematics
Species/Caused

Disease

Common
Name/Human Organ

Where Occures

Flatworm
infection

Platyhelminthes *

Rhabditophora ˆ Trematoda ”
Plagiorchiida ’

Fasciola hepatica/
F. gigantica
Fasciolosis

Common liver
fluke; liver

Opisthorchis viverrini/
O. felineus

Opisthorchiasis

Southeast Asian/Cat
liver fluke; liver

Paragonimus westermani
Paragonimiasis

Oriental lung
fluke; lung

Heterophyidae
Heterophyiasis - ; small intestine

Cestoda ˆ

Cyclophyllidea ’

Echinococcus
granulosus/

E. multilocularis
Echinococcosis

Dog tapeworm/Hydatid
worm; liver

and other organs

Taenia saginata/T. solium
Taeniasis/Cysticercosis

Beef/Pork tapeworm;
small intestine

Pseudophyllidea ’

Diphyllobothrium latum
Diphyllobothriasis

Broad fish tapeworm;
small intestine

Spirometra spp.
Sparganosis

- ; subcutaneous
tissues or muscle

72



Foods 2020, 9, 1403

Table 2. Cont.

Systematics
Species/Caused

Disease

Common
Name/Human Organ

Where Occures

Roundworm
infection

Nematoda *

Chromadorea ˆ

Rhabditidia ’
Angiostrongylus

cantonensis
Angiostrongyliasis

Rat lungworm; brain
and nervous system

Ascaridida ’

Ascaris lumbricoides
Ascariasis

Large roundworm;
small intestine

Anisakis simplex s.s.
/A. pegreffii
Anisakiasis

Herring worm;
gastrointestinal tract

Toxocara canis/T. cati
Visceral larva

migrans/Toxocariasis

Dog/feline
roundworm; eye, liver,

lungs etc.

Enoplea ˆ Trichocephalida ’

Trichinella spiralis
Trichinosis

Trichna worm;
intestine, muscle

and sometimes other
organs

Trichuris trichiura
Trichuriasis

Whipworm; large
intestine

Protozoan
infection

Apicomplexa * Eucoccidiorida ’

Toxoplasma gondii
Toxoplasmosis

- ; brain, eye, lungs,
heart, muscle etc.

Cryptosporidium
parvum

Cryptosporidiosis
- ; intestinal tract

Sarcocystis spp.
Sarcocystosis

- ; blood vessels,
muscles, intestine

Cyclospora cayetanensis
Cyclosporiasis

- ; stomach, small
intestine

Metamonada * Diplomonadida ’ Giardia lamblia
Giardiasis - ; small intestine

Amoebozoa * Amoebida ’ Entamoeba histolytica
Amoebiasis

- ; large intestine
and other organs

Euglenozoa * Kinetoplastida ’ Trypanosoma cruzi
Chagas disease

- ; heart, oesophagus,
colon, nervous system

Ciliophora * Heterotrichida ’ Balantidium coli
Balantidiasis - ; cecum and colon

2.1. Waterborne Parasitic Species

Water is the main habitat for many lifestages of parasites. These stages can contaminate food
products or directly infect humans via the drinking of infected water. Among waterborne parasitic
infection, according to the European ranking [36], the most important parasites are Cryptosporidium spp.
(fifth/25), Giardia lamblia (eight/25), Entamoeba histolytica (14th/25), Cyclospora cayetanensis (21st/25),
and Spirometra spp. (25nd/25).

2.1.1. Cryptosporidium spp.

Cryptosporidium spp. is one of the main causes of human diarrhoeal diseases and, with Giardia

lamblia, is a major cause of protozoan waterborne diseases [3,37]. In addition to diarrhea, the general
symptoms associated with cryptosporidiosis include nausea, vomiting, loss of appetite, and cramps.
Cryptosporidiosis is having a clear link with impaired cognitive and functional development in
children in developing countries [38]. The lifecycle of Cryptosporidium spp. is completed within a single
host. In immune-competent individuals, the symptoms of cryptosporidiosis are often self-limiting,
but may be chronic when the immune system is compromised, such as in children under 5 years
of age or cancer patients [39]. There is currently no effective medication for cryptosporidiosis [40],
and so far, nitazoxanide is the only drug accepted by U.S. Food and Drug Administration. Despite that,
as mentioned earlier, it is still ineffective, most of all for immunosupressive patients, such as people
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living with HIV [41]. Between 1984 and 2017, waterborne disease outbreaks, as well as infections
through unpasteurized milk and dairy products, and through handling animals, and infections by
using recreational waters were caused by 25 outbreaks of cryptosporidiosis [3,7,37].

The use of proteomics techniques was important during the studies of Cryptosporidium spp.
Sanderson et al. [42] conducted an extensive analysis of the proteome of excysted C. parvum sporozoites.
Three independent proteomics methods were used to maximize the coverage of the proteome: (i) 2-DE
LC-MS/MS; (ii) 1-DE LC-MS/MS; and (iii) multi-dimensional protein identification technology (MudPIT)
analysis, in which trypsin-digested peptides were separated by multi-dimensional LC and then
subjected to MS/MS. Over than 4800 protein spectra have been identified. These proteins represent
1237 non-redundant proteins, what is one third of the entire proteome of C. parvum. For example,
Siddiki and Wastling [43], used mass spectrometry-based basic local alignment search tool (MS BLAST)
to identify C. parvum proteins from frozen sporozoite pellets isolated from lamb feces. They separated
the total protein by one-dimensional sodium dodecyl sulphate–polyacrylamide gel electrophoresis
(1D-SDS-PAGE) and analyzed by two-dimensional nano-liquid chromatography-tandem mass
spectrometry (2D-n-LC MS/MS). Using this method, the authors found 84 proteins specific for C. parvum,
one third of which were previously hypothetical. In another study, Snelling et al. [44] also used MS,
but they not only tried to analyze the proteome of Cryptosporidium, but also aimed to determine
proteins that were differentially regulated in the excysted sporozoites compared to the non-excysted.
Their proteomic analysis shown the expression of 26 proteins, which were significantly modulated
after excystation. Interestingly, 3 of the proteins were specific for apicomplexan, and 5 were specific for
Cryptosporidium. The authors proposed that, all identified proteins may be involved in pathogenesis.
However, it remains to be determined whether Cryptosporidium causes the same response when it
comes into contact with the host or is internalized. Beside these “omic” studies, using an in silico
approach, the novel drug target (protein) was described and characterized using predicted proteome
and bioinformatics methods. However, an in vitro or in vivo study is needed to confirm the above
proposition [45].

At present, we hardly understand which proteins interact with the parasite/host, because the data
retrieved from the host-parasite protein-protein interaction from the Cryptosporidium-infected hosts
is very limited.

2.1.2. Giardia lamblia

Giardia lamblia (G. lamblia) (also known as Giardia intestinalis and Giardia duodenalis) is a
single-celled protozoan parasite that can infect the small intestines of humans and animals. Giardiasis
occurs globally across socioeconomic boundaries but is mainly endemic in developing countries
and particularly within young children [22]. Main symptoms of giardiasis are diarrhea, epigastric pain,
nausea, vomiting and weight loss, and they appear 6–15 days after infection and are more severe on
young children and individuals with malnutrition or immunodeficiency. Giardiasis is usually treated
with metronidazole or other nitroimidazoles [46].

Proteomics were widely used in the studies on G. intestinalis. Originally, the secretome of
G. intestinalis after in vitro co-incubation with human intestine cell lines (Caco-2 cells or HT-29)
was analyzed using a 2D gel-based approach, with proteins identified using matrix-assisted laser
desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) [47]. This experiment
identified three metabolic G. intestinalis proteins (arginine deiminase, ornithine carbamoyl transferase,
and enolase) and two human proteins (enolase and HSP70). Then, the Giardia secretome was further
and more deeply explored in subsequent studies [48,49]. Ma’ayeh et al. [49] analyzed the Giardia

secretome during host–parasite interaction between differentiated Caco-2 cells and isolates from
both G. intestinalis human-infective assemblage (WB and GS) using LC-MS/MS. Dubourg et al. [48]
also identified steady-state, axenic-secreted proteins in G. intestinalis (WB and GS isolates) proteins.
The label-free method was used for protein quantification; the intensity-based absolute quantification
(iBAQ) approach, which calculates the sum of parent ion intensities of the peptides identified in each
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protein. Secreted proteins were identified based on ratios between protein abundance of proteins
analyzed in whole trophozoite lysate compared to protein abundance from culture supernatants.
Higher supernatant to lysate ratios of protein abundance were considered indicative of enrichment
due to active parasite secretion and used to eliminate cytoplasmic contaminants derived from
parasite lysis [48]. The findings from these studies supports observations that secreted proteases
are important virulence factors in breaking down host gut barriers and modulating host immune
responses. Recently it was demonstrated that Giardia trophozoites release microvesicles (MV) which play
key role in proliferation and parasite-host interaction. The protein repertoire of peripheral vesicles
(PVs) and encystation-specific vesicles (ESVs) has been described [50]. To describe the first protein
composition of ESVs and PVs, a novel strategy combining flow cytometry-based organelle sorting with
in silico filtration of mass spectrometry data was used (SDS-PAGE and LC ESI-MS/MS) [50]. The protein
composition of MV was also analyzed using MS from both trophozoites and cysts, with 11 and 80
proteins identified in MV from each lifestage, respectively [51].

Recently, in order to expand the variety of vaccine candidate antigens, Davids et al. [52] considered
that surface proteins can be a rich source of such antigens. In their study, the trophozoites reacted
with non-membrane-permeant NHS biotin. The biotin-labeled and unlabeled controls were evaluated
by immunofluorescence. Differential interference contrast microscopy was used to compare cells.
All cell lysates were prepared in parallel and analyzed either directly or immunoprecipitated using
streptavidin-agarose beads. The precipitated proteins were separated by SDS-PAGE, and gels were
visualized by Coomassie staining. The biotinylated proteins were detected by immunoblotting with an
anti-biotin antibody. Immunoprecipitants were then digested and analyzed by LC-MS/MS [52].

The latest research on the surface proteome of G. intestinalis used shotgun mass spectrometry to
analyze the proteomes of trophozoites of the three different strains. This allowed the identification of
2368 proteins, among which, using monoclonal antibodies, the variant-specific surface proteins were
identified [53].

Accordingly, the proteomics helped to conclude that there is an extensive host-parasite crosstalk
during Giardia infections of different human cell lines via both secretome and direct interactions.

2.1.3. Cyclospora cayetanensis

Cyclospora cayetanensis (C. cayetanensis) is an apicomplexan, coccidian protozoan parasite,
which in 1994 was described as a causative agent of human cyclosporiasis—a self-limiting diarrheal
disease, the symptoms of which are also fatigue, loss of appetite, nausea, and vomiting [54].
Infection occurs through the ingestion of contaminated water or agricultural products (raspberries,
basil, and coriander) [55,56]. Since the spore formation time after fecal shedding is longer (at least
seven days), the possibility of infection between people is less. Cyclosporiasis is endemic in Nepal,
Peru, and Haiti [57,58].

Little is known about the proteome of C. cayetanensis. Cinar et al. [59] sequenced the C. cayetanensis

genomic DNA extracted from clinical stool samples, annotated, and used the sequence as a reference for
proteome prediction. Therefore, they validated the quality of such reference by comparing the predicted
proteome of related parasites (including Cyclospora and Babesia). The analysis showed 29 core
apicomplexan proteins found in most apicomplexans [59]. A similar method was recently used by
Liu et al. [60], who proved that the C. cayetanensis genome may encode as many as 7457 proteins.
Among them, 538 proteins had signal peptides (of which 105 target the apicoplast), 1247 had one or
more transmembrane regions, and 225 had a GPI anchor attachment site. These data are similar to
those in Eimeria tenella and Toxoplasma gondii [60].

2.1.4. Entamoeba histolytica

Amoebiasis is a disease caused by the protozoan parasite Entamoeba histolytica (E. histolytica).
When a person swallows something contaminated with E. histolytica cysts (water or food products),
infection may occur [61]. Only about 10% to 20% of people who are infected with E. histolytica will
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become ill due to the infection. Symptoms include loose stools, stomach pain, and stomach cramps.
Amoebic dysentery is a serious form of amoebiasis and is related to stomach pain, bloody stools
and fever. E. histolytica rarely invades the liver and forms an abscess [62].

Most of the proteomic publications have focused on analyzing the expression profiles of
trophozoites in different organelles under numerous conditions [61]. By 2-DE followed by MS,
whole extracts have been analyzed, including both soluble and insoluble proteins, cytoskeletal,
membrane, and signaling-associated proteins [63,64]. Other teams focused on investigating phagosome
composition and proteins associated with the phagocytosis process [65], the cell surface protein
profile [66], and a nuclear and cytoplasmic proteomes of trophozoites [67]. In a more recent study,
the membrane proteome of E. histolytica was described [68], and the excretory-secretory proteins
were identified [69]. The components of trophozoite ER and Golgi apparatus were characterized as
well [70]. In addition, by comparing the proteome of E. histolytica with related non-pathogen amoeba
E. dispar it was possible to identify proteins related to virulence and pathogenicity [71–74]. The latest
studies focused not only on the trophozoite stage of E. histolytica but also on the cysts and cyst-like
structures gained from trophozoites [61,75]. Moreover, E. histolytica exposed to serum isolated from
a person with amoebiasis, induces cell polarization by activating signal transduction pathways
and cytoskeletal components. This process results in the formation of a protruding pseudopod at
the front of the cell and a retracted uropod at the rear. Marquay Markiewicz et al. [76], using LC-MS/MS,
showed the proteomic composition of the uropod fractions.

The proteins identified in presented studies that may be recognized by the immune system
and/or released into the circulatory system during amoebiasis, and may be a detectable biomarker of
the disease.

2.1.5. Spirometra spp.

The procercoid larvae or plerocercoid larvae of Spirometra tapeworms are the cause of sparganosis
in humans [77]. Humans are an intermediate host for the parasite, who acquire sparganosis most
often by drinking water contaminated with infected copepods (intermediate host) or consuming
the meat of an undercooked second intermediate host (fish, reptiles, amphibians). Once ingested
by a human, the larvae undergo visceral migration and can end up in many tissues, where they
grow [78]. Depending on the final location of the parasite, migrating sparganum can cause various
symptoms. It may be located in almost every part of human body, including subcutaneous tissue,
breasts, orbits, urinary tract, lungs, pleural cavity, abdominal viscera and central nervous system [78].
The migration of subcutaneous tissue is commonly painless. However, when the parasite settles
in the one of the elements of central nervous system, like brain or spine, a variety of neurological
symptoms may occur, including weakness, headaches, seizures and abnormal skin sensations such as
numbness or tingling. If the inner ear is affected, the patient may experience dizziness or may even
become deaf for a short time [77].

Proteomic methods have been used to characterize Spirometra tapeworms. 2-DE was used to
describe the protein expression differences between three different stages of S. erinacei, the plerocercoid
larvae, eight-day-old juveniles, and adults [79]. The specific or highly expressed proteins in
juvenile worms were analyzed by MALDI-TOF MS/MS. The proteome profile of larvae showed
fewer protein spots than juveniles or adults, and juveniles and adults showed similar protein
expression profiles. Eight juvenile-specific proteins and five juvenile up-regulated proteins were
identified and their functions were determined [79]. Immunoproteomic analyses of S. erinaceieuropaei

and S. mansoni have also been performed [80,81]. Both studies used 2-DE and Western blot
probed with sera from infected mice. Protein spots which showed immune response were
characterized by MALDI-TOF/TOF-MS. The recent study on S. erinaceieuropaei sparanga described
site-specific phosphoproteome, with the purpose of describing the global phosphorylation status
of spargana [82]. A total of 1758 spargana proteins were identified, where 3228 phosphopeptides

76



Foods 2020, 9, 1403

and 3461 phosphorylation sites were described among. This dataset provides a valuable data repository
for future research on the metabolic pathways of this important zoonotic parasite.

2.2. Soil- and Plant-Borne Parasitic Species

Infective developmental stages of parasites are spread with fecal-contaminated soil and may
contaminate food products like editable aquatic plants (e.g., watercress, algae), vegetables,
fruits, and fruit juices. Among soil- and plant-borne parasitic infection, according the European
ranking [36], the most important parasites are Echinococcus multiocularis (first/25), E. granulosus (4th/25),
Toxocara spp. (ninth/25), Ascaris spp. (12th/25), Fasciola spp. (17th/25), Trypanosoma cruzi (19th/25),
and Trichuris trichiura (22nd/25).

2.2.1. Echinococcus multiocularis and E. granulosus

Six species of genus Echinococcus have been described, of which two are of public health importance
in Europe: E. granulosus (the causative agent of cystic echinococcosis—CE) and E. multiocularis

(the causative agent of alveolar echinococcosis—AE) [36]. The infection is caused by the accidental
consumption of fruit and vegetables contaminated with parasite eggs shed by a carnivore final host [3].
For both these species, humans are accidental intermediate hosts [3]. In humans, the liver is the most
common site for cystic and alveolar echinococcosis [83].

In CE, cysts grow slowly (1–5 cm in diameter per year). It may take many years to show any
symptoms, usually due to organ dysfunction in which the cyst grows. If a cysts ruptures, the sudden
release of its contents can cause sensitization ranging from mild to severe anaphylactic shock [84].
The immunodiagnostic techniques coupled with anamnesis, and radiological imaging are used for
diagnostic purposes of echinococcosis where, the steps for diagnosing AE in humans are the same as
those for CE [85,86]. There are several main treatment options, including surgery, puncture aspiration
injection reaspiration, and chemotherapy. For asymptomatic individuals, consideration of a “waiting
and watching” approach with the supervision of the patient is recommended [83,87].

The proteomes of E. granulosus and E. multiocularis are still not well described, but there are some
reports of proteomic studies on those parasites. In 2003, for the first time the proteomic analysis
of E. granulosus protoscoleces by 2-DE and peptide mass fingerprinting (PMF) was performed [88].
Host serum proteins (especially albumin and globulin) were highly concentrated in the samples,
what caused horizontal streaks on the hydatid fluid 2-DE gels. Even when parasite hydatid
fluid-enriched fraction was prepared, large amounts of bovine serum albumin and globulins still
made it complicated for 2-DE to detect parasite-specific proteins. A few more studies describing
protoscolex proteome using 2-DE were performed, some of which were followed by MS analysis [89–93].
Then, Monteiro et al. [94] used LC-ESI-Q-TOF MS/MS to analyze protoscolex and the hydatid cystic fluid
of E. granulosus. Moreover, Longuespée et al. [95] in order to describe the proteomics model of CE in
the liver, used the latest laser microdissection-based proteomics and MALDI-MS workflow. This study
demonstrated specific markers of a parasitic cyst in the liver. The comparison of E. multilocularis

and E. granulosus hydatid fluid protein composition was also done using LC-ESI-MS/MS and provides
explanation of specialized host–parasite interactions [96]. The proteome of an adult stage of E. granulosus

was also described [97]. Moreover, the extracellular vesicles derived from E. granulosus and their
protein composition was also presented [98].

2.2.2. Toxocara spp.

Toxocariasis is caused by the transmission of Toxocara species from carnivores (canines or cats) to
humans. The most widespread and very epidemiologically important species in the world, T. canis can
infect a large group of canines, like dogs, foxes, wolves, jackals, and coyotes, while T. cati can infect
cats [99]. The human can accidentally ingest Toxocara eggs containing infectious third-stage larvae
(L3) from contaminated food, environment (soil or sand) and/or water. The L3 larvae hatch the egg,
and migrate through the wall of the host’s small intestine, and then can get through the circulatory
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system to the variety of organs, including liver, lungs, central nervous system and/or muscle tissue [100].
Most infections are asymptomatic, and since clinical investigations and/or diagnostic tests are not usually
performed, human diseases may go unnoticed but sometimes larvae cause immune and inflammatory
reactions, resulting in symptoms including fever, headache, cough, and pain in the abdomen or
limbs. There is currently no vaccine against toxocariasis. Human chemotherapy differs depending
on the symptoms and location of the larva but usually is limited to albendazole or mebendazole
administered with anti-inflammatory corticosteroids [99].

Few studies using proteomics methods have been conducted on Toxocara spp. In this review,
we focused only on describing T. canis. The T. canis genome contains at least 18,596 protein-coding
genes, and their predicted products include at least 373 peptidases, 458 kinases, 408 phosphatases,
273 receptors, and 530 transporters and channels. In addition, the secretory proteome (870 molecules)
of T. canis is rich in proteases that are probably involved in the penetration and degradation of host
tissues, and rich in molecules that are recommended to inhibit the host’s immune response [101].
Analysis of excretory-secretory products and larval extract using 1D-SDS-PAGE-LC-MS/MS has been
done by da Silva et al. [102], who identified 646 proteins (582 somatic and 64 excretory-secretory),
among which, many may play a role in parasite-host interactions, as well as in regulating parasite
metabolism and survival. A similar approach was used by Sperotto et al. [103], who identified
19 proteins. According to the classification using the signal peptide predicted by SignalP [104], 7 of
the identified proteins were located outside the cell, 10 have cytoplasmic or nuclear localization,
and the subcellular localization of the two remain proteins was unknown [103].

This advancement in Toxocara proteomics has brought hope to medicine and veterinary medicine,
especially in the areas of better diagnostic tools, effective vaccines or drugs.

2.2.3. Ascaris spp.

Ascaris lumbricoides (A. lumbricoides) and A. suum are infecting humans and pigs, respectively [105].
A. lumbricoides, as a one of the most common parasites in the world is infecting 1.2 billion people
worldwide [106]. In human and pig hosts, the migration route of larvae is similar. After ingesting
infectious ova, L3 larvae covered by the L2 cuticle hatch in the small intestine and migrate to the caecum
and proximal colon, where they penetrate the mucosa. The larvae then migrate via the portal vein
to reach the liver, where the L2 cuticle is shed. The larvae then migrate through the portal vein
to reach the liver. After migrating in the liver, the larvae enter the lungs 6-8 days post infection
(p.i.), then penetrate the alveolar space and move to the pharynx, where they are swallowed, what is
causing larvae to return to the small intestine on day 8–10, where larvae molt to L4 development
stage. Larvae mature and reach sexual maturity on day 24 p.i. and during that time is molting
last (L5) [105]. Due to the hepato-tracheal migration, the infection with A. lumbricoides may cause
pulmonary and intestinal symptoms such as persistent sore throat, dyspnoea, sometimes coughing
up blood, abdominal pain, nausea, vomiting, and diarrhea. In addition, eosinophilic pneumonia
(pulmonary ascariasis) or obstruction of the intestinal lumen in the case of intestinal ascariasis may
occur in case of severe infection. Ascariasis is treated pharmacologically by administering albendazole
or mebendazole in a single dose [107].

Despite the public health importance impact, both parasites proteomes’ are poorly described.
In the latest paper, Xu et al. [108], described the use of 2-DE coupled with MALDI-TOF/TOF MS
to compare proteomes of adult female A. lumbricoides and A. suum. In the six gels examined
(three gels for each parasite species), more than 630 and 750 protein spots were repeatedly found.
After comparing the 2-DE proteomes of A. lumbricoides and A. suum, it was found that the protein
profiles of the two species were very similar, with almost no differentially modulated proteins.
The protein expression profiles determined by 2-DE coupled with MALDI-TOF/TOF MS method
were about three times higher than those obtained with 2-DE [109]. Analysis of only head ends of
10 immature A. lumbricoides and A. suum using MALDI-TOF MS was also performed, but only to
describe protein profiles (characteristic protein peaks) of those species [110]. Most of the proteomic
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studies were performed on A. suum. Proteomic analysis of the excretory–secretory products from
larval stages (L3-egg, L3-lung, and L4) of A. suum by LC-MS/MS revealed high abundance of glycosyl
hydrolases. Another, immunoproteomic approach using 2-DE-MALDI-TOF MS and sera from pigs
with ascariasis let to identify 24 immunoreactive proteins [111]. Most of them (23/24) were determined
to be related to the survival mechanisms of parasites, involving functions connected with energy
production (12 proteins) and redox processes (5 proteins). These results might help to find effective
chemotherapeutic targets for porcine ascariasis [111]. Different strategy was used to characterize
the protein composition of perienteric fluid (PE), uterine fluid (UF), and total excretory/secretory
products (ESP) from this parasite. Chehayeb et al. [112] used SDS-PAGE combined with LC-MS/MS
to identify 175, 308, and 274 proteins in ESP, PE, and UF, respectively. The ultra-performance liquid
chromatography coupled to nano-electrospray tandem mass spectrometry (UPLC-nanoESI MS/MS) let
to identify 268 proteins of extracellular vesicles isolated from A. suum by ultracentrifugation. To date,
to our knowledge, it is the most comprehensive analysis of protein composition of A. suum extracellular
vesicles [113].

2.2.4. Fasciola spp.

Six different species of plant-borne trematodes are known to affect humans: Fasciola hepatica,
F. gigantica, Fasciolopsis buski (Fasciolidae), Gastrodiscoides hominis (Gastrodicidae), Watsonius watsoni,
and Fischoederus elongates (Paramphistomidae). Whereas G. hominis, F. buski, W. watsoni, and F. elongates

are intestinal, the F. hepatica and F. gigantica are hepatic trematodes. In the present section, we will
focus only on the members of Fasciola. Fascioliasis is caused by two species of liver fluke—F. hepatica

and F. gigantica. Fascioliasis affects domestic animals, as well as humans [114]. F. hepatica is a
cosmopolitan species because it has the ability to infect many different species, and the intermediate
snail host has the ability to adapt to various ecological niches [115]. Due to the reduced ability of
aquatic snail intermediate hosts to invade new niches, the distribution of F. gigantica is more limited,
usually to tropical regions of Asia and Africa [116,117]. Outbreaks of human infections are always
related to local animal fascioliasis cases [115,117]. It is estimated that between 2.4 and 17 million people
are currently infected and 91 million are at risk of infection [118]. Infection is usually spread by various
aquatic plants, such as watercress, algae or tortora, on which the metacercaria have settled and are then
consumed [114]. Farm management practices and growing aquatic plants in greenhouses have reduced
the number of human infection cases in industrialized areas, but still in some developing countries,
wild aquatic plants or plants grown in fields, where infected animals can roam freely, they become
a threat to humans. In addition, metacercaria can be found floating in the water, so people can get
the infection by drinking water [3,116,117]. Clinical symptoms of an acute fascioliasis are abdominal
pain, indigestion, weight loss, mild fever. Other gastrointestinal symptoms result from the migration
of the young flukes through the liver, which also always results in hepatomegaly [30].

Proteomics has been widely used in the studies on F. hepatica excretory–secretory (ES)
proteins [119]. Early proteomic studies of F. hepatica used radiometabolic markers to distinguish
protein profiles at different developmental stages [120,121]. Isoelectric focusing and densitometry
were also carried out to characterize the ES proteins secreted by flukes parasitizing diverse
mammals [122,123]. Jefferies et al. [124,125] improved this analysis using 2-DE. These studies
characterized a range of different glutathione S-transferases, fatty acid binding proteins, superoxide
dismutase, peroxiredoxin, and cathepsin L-proteases, which have been further analyzed using more
advanced proteomics techniques [126–134]. Proteomic methods (2-DE-LC-MS/MS) were also adjusted to
describe the mechanism of action of anthelminthic drug triclabendazole on F. hepatica [135], as well as to
discern protein signatures of this parasite’s susceptible and putatively resistant to triclabendazole [136].
One challenge in the proteomics of F. hepatica was to characterize the proteomes of early developmental
and migratory stages because of their small size. Moxon et al. proved that eggs have significantly
different proteomes from the other life stages of F. hepatica [137]. DiMaggio et al. [134], using gel-free
proteomic techniques (shotgun proteomics), performed an extensive analysis of the proteins secreted
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by an adult F. hepatica and newly excysted juveniles (NEJ; 48 h post-excystment) and compared these
with the somatic proteome of the NEJ 48 h. This study identified 202 proteins in the adult secretory
group, 90 proteins in the NEJ 48 h secretory group, and 575 proteins in the NEJ 48 h somatic proteome.

The key to survival in the host environment is the parasite surface that can change quickly to
prevent host immune cells from attacking. Proteomic characterization (nanoUPLC–ESI–qTOF–MS
and MALDI-TOF-MS) of the F. hepatica tegument was also performed [138,139].

2.2.5. Trypanosoma cruzi

Trypanosoma cruzi (T. cruzi) is a species of parasitic euglenoids, which are transmitted to mammals
by insects from the subfamily of the Reduviidae, the hematophagous insect triatomine (“assassin
bug,” “cone-nose bug,” and “kissing bug”) [140]. The natural habitat of bugs are the burrows
and nests of animals. T. cruzi reservoirs are armadillos and opossums and, less frequently, rodents,
monkeys, dogs, cats, and cattle [141]. Invasive forms for mammals, including humans (metacyclic
trypomastigotes), are excreted onto the skin along with feces of bugs during blood sucking. Invasive
forms reach the wounds at the site of the bug bites and skin scratches and also through the mucous
membranes and the conjunctiva (rubbing the eye with the hand). In the host’s cells, parasites undergo
part of the life cycle (from metacyclic trypomastigotes to amastigotes and then trypomastigotes).
When infected cells are lysed, parasites are released, then enter subsequent cells and infect them.
If the trypomastigote enters the gut of a bug during blood sucking from an infected host, it will
complete the life cycle [142]. The disease caused by T. cruzi in humans is called Chagas disease
(also known as American trypanosomiasis) [143]. Chagas disease has two stages: the acute stage,
which develops 1–2 two weeks after the insect bite, and the chronic stage, which develops for many
years. Usually asymptomatic is the acute phase [143,144]. In the chronic stage, symptoms include
fever, general malaise, headache, hepatomegaly, splenomegaly, and swollen lymph nodes. It is rare for
people to have nodules swelling at the site of infection. If it is on the eyelid, it is called “Romaña’s
sign” and if it is on the skin, it is called “chagoma” [144]. In rare cases, an infected person will develop
a severe acute illness, which may cause life-threatening fluid accumulation around the heart or cause
inflammation of the heart or brain. The acute phase usually lasts 4 to 8 weeks and will subside without
medication [143].

Proteomics has been widely used in the studies on T. cruzi. Large-scale comparative proteomics
studies have shown that metacyclic form had the highest number of proteins expressed, followed
by amastigotes, epimastigotes, and trypomastigotes [145]. Many other studies showed stage-specific
proteins. The shotgun proteomics of the blood trypomastigote stage was used to described the main
classes of proteins present in this stage [146]. Comparison of the proteome of blood trypomastigote with
that derived from the tissue culture or metacyclic trypomastigote shows that more than 2200 proteins
are unique to the blood trypomastigote stage and participate in various cellular processes [146].
Proteomic analysis of the trypomastigote identified more than 1400 proteins, of which nearly 14%
are surface proteins anchored by glycophosphatidylinositol (GPI), which might be involved in host
cell invasion and immune escape [147]. A study showed that the difference between the protein
expressions of the epimastigotes and trypomastigotes was more than 50%. The study also determined
that some protein isoforms are involved in metacyclogenesis [148]. Metacyclogenesis, the process
of transforming procyclic promastigotes into highly infective metacyclic promastigotes, was also
investigated using proteomic tools. Large-scale proteomics research has pointed out major differences
in proteins related to oxidative stress, translation, and metabolic pathways related to proteins,
lipids and carbohydrates [149]. Quantitation of phosphorylated proteins in the same study showed that
there are more than 7000 phosphorylation sites, of which 260 are under different regulation, including
some potential drug targets, e.g., sterol biosynthesis enzymes. Next study indicated that during periods
of nutritional stress, many proteins are phosphorylated, which may trigger metacyclogenesis [150].
Similarly, the proteomic comparison of the exponential phase and stationary phase of the epimastigotes
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quantified more than 3000 proteins [151]. The transition from trypomastigotes to amastigotes
(amastigogenesis) was described by quantitative proteomics and phosphoproteomics [152,153].

The surface proteomes of T. cruzi was also studied. Comparison of surface proteomes at different
stages showed that most of the proteins are expressed in more than one stage, but several are specific for
particular stage [153]. Another study showed membrane-derived proteins can participate in invasion,
adhesion, cell signal transduction, and modify the host’s immune response. A new family of surface
membrane proteins called TcSMPs (T. cruzi surface membrane proteins) that is conserved among
different T. cruzi lineages has been characterized [154].

2.2.6. Trichuris trichiura

Trichuris trichiura (T. trichiura) (whipworm) is a nematode that causes trichuriasis in humans.
The larvae infects human cecum and colon [155]. Ingestion of embryonated eggs from the external
environment can cause infection. After hatching, the larvae emerge from the polar egg and establish an
infection in the epithelium of the cecum and colonic Lieberkühn crypts. Following the characteristic four
molts, the dioecious adult parasites develop unobstructed (rate depends on the host), mate and hatch
unembryonated eggs, which are expelled into the environment through feces. [155]. Trichuriasis is
more common in warm climates. If the infected person defecates outdoors, or if untreated human
feces is used as fertilizer, the eggs are deposited on the soil and they can mature to the infection stage.
Ingestion of these eggs “can happen when hands or fingers that have contaminated dirt on them are
put in the mouth or by consuming vegetables or fruits that have not been carefully cooked, washed or
peeled” [156].

The proteomic studies were not conducted often on T. trichiura. In 1995, the 2D-SDS-PAGE
electrophoresis technique was used to describe the ability of excretory/secretory proteins of T. trichiura

adult worms recovered from the human, to provoke an immune response [157]. Latest proteomic
analysis of T. trichiura egg extracts using LC-MS/MS revealed potential immunomodulatory
and diagnostic targets [158]. Most of all the other proteomic studies, to our knowledge, were conducted
on T. muris, which has been used for over 50 years as a model for T. trichiura [159]. The best-described
issue using proteomics methods is the extracellular vesicles’ protein composition. T. muris proteins from
the vesicular component were analyzed by LC-MS/MS in several studies, and potential immunogenic
proteins and new insights into parasite–host communication were described [160–162].

2.3. Meat-Borne Parasitic Species

Humans get infected by many FBPs by eating uncooked or raw meat infected with development
stages of these parasites. Among meat-borne parasitic infection, according the European ranking [36],
the most important parasites are: Toxoplasma gondii (second/25), Trichinella spiralis (third/25),
Trichinella spp. other than T. spiralis (sixth/25), Taenia solium (10th/25), Taenia saginata (15th/25),
and Sarcocystis spp. (18th/25). In this section, since there are more proteomics studies from these
species, we will only focus on selected parasites.

2.3.1. Toxoplasma gondii

Toxoplasma gondii (T. gondii) is a protozoan parasite that, like Cryptosporidium spp., belongs to
the phylum Apicomplexa. The parasite has a complex life cycle for which usually domestic cats
are the definitive hosts [163]. Intermediate hosts are all warm-blooded animals, including livestock
and humans. Infected cats excrete oocysts in the feces. If they are ingested after spore formation,
they will infect the intermediate host and develop into rapidly reproducing tachyzoites, which are
spread throughout the body [7]. Future mothers are particularly vulnerable, because tachyzoites can
cross the placenta and infect the fetus. After tachyzoites are located in the muscle tissue and central
nervous system, they transform into tissue cysts (bradyzoites). Food-borne Toxoplasma infection can be
obtained by ingesting tissue cysts in uncooked or raw meat, or ingesting oocysts by eating contaminated
vegetables or drinking water [7]. In pregnant women, toxoplasmosis is generally considered a serious
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health problem, which can transmit infection to fetuses or newborns, as well as in people with
weakened immune systems. In adults with strong immunity, the infection is usually asymptomatic [3].
Nevertheless, recently published research have shown that almost all cases of ocular toxoplasmosis is
caused by acquired diseases, which means that prevention should not only target pregnant women
and people with weakened immune functions, but also the general population [164]. Proper meat
cooking, as well as freezing for the appropriate time is the best method known to kill toxoplasma
cysts [3].

To our knowledge, T. gondii is one of the best proteomic-studied FBPs. Before there was a lot
of genomic information about the parasite, the Toxoplasma gondii protein was identified by MS,
which depends on the use of NCBI and the limited EST database to identify the protein [165,166].
With the development of an annotated genome for T. gondii, it was possible to search efficiently in the MS
data against thousands of T. gondii protein sequences [167]. The tachyzoite has been the main focus of
proteomic studies of T. gondii, although some data have now been published on the other life cycle stages.
Xia et al. [168] published the results of the first multi-platform (1-DE LC-MS/MS, 2-DE LC-MS/MS
and MudPIT) proteomic analysis of Toxoplasma tachyzoites, identifying nearly one-third of the entire
predicted proteome of T. gondii. In another study, Dybas et al. [169] using 1-DE LC-MS/MS identified
2477 gene-coding regions with 6438 possible alternative gene predictions—approximately one third
of the T. gondii proteome. The proteomics investigation found that compared with any known
species (including other Apicomplexan), there are 609 unique proteins of Toxoplasma gondii [169].
The proteomic profiles of different genotypes of T. gondii tachyzoites using 2-DE difference gel
electrophoresis (DIGE) combined with MALDI- TOF MS were also investigated [170]. A different
approach, focused on the antigenicity of soluble tachyzoite antigen (STAg), led to the identification of
1227 proteins of T. gondii STAg [171]. Through MS analysis, 426 proteins were identified among the 1227
isolated protein spots. A proteogenomic approach has allowed Krishna et al. [172] to reanalyze many
published data sets of T. gondii and generate new high-throughput MS/MS data sets. Four different
techniques (1-DE, 1-DE of soluble and insoluble fractions (1DE SFIF), 2-DE, and MudPIT) were
used and obtained samples were analyzed on an LC-MS/MS. The MS data were searched against
the protein database assembled from two different sources: the official gene models and predicted
gene models supported by RNA-Seq evidences [172]. With use of this proteogenomic approach
the identification of 30,494 peptide sequences and 2921 proteins for T. gondii was performed. In addition
to the tachyzoite stage, oocysts which are highly resistant to the environmental conditions were
also studied by global proteomics methods. Fritz et al. [173] have characterized the proteome of
the wall and sporocyst/sporozoite fractions of mature, sporulated oocysts using the 1-DE LC-MS/MS
approach. A total of 1021 Toxoplasma proteins were identified in the sporocyst/sporozoite fraction
and 226 proteins were identified in the oocyst wall part. Importantly, 172 proteins were identified as
not reported in other Toxoplasma proteomic evaluations. Moreover, the application of isotope tags for
relative and absolute quantification (iTRAQ) coupled with 2-DE LC–MS/MS to investigate the proteome
of oocysts during sporulation, let to describe 2095 proteins where 587 were identified as differentially
regulated (sporulated and non-sporulated oocysts) [174].

Excretory-secretory proteins were also investigated in T. gondii. Zhou et al. [175] have applied
proteomics techniques to analyze a large number of freely released Toxoplasma secretory proteins
by using 2-DE and MudPIT. Another group using LC-MS/MS identified excretory-secretory proteins
from the RH strain of T. gondii [176]. A total of 34 proteins were identified and their abundance was
estimated by spectral counting method. Among them, eight microparticle proteins (MICs), two species
of rhoptry proteins (ROPs) and six dense granular proteins (GRAs) were identified [176].

The most comprehensive description of the proteomic organization of a T. gondii cell (tachyzoite)
was recently presented by Barylyuk et al. [177] by applying relatively new proteomic method of
subcellular localization of thousands of proteins per experiment by isotope tagging (hyperLOPIT).
The hyperLOPIT method utilizes a unique abundance distribution map, which is formed during
the organelles and subcellular structures biochemical fractionation, e.g., density gradient centrifugation.
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Proteins showing similar abundance distribution characteristics through these fractions are assigned to
proper subcellular structures [178,179]. In each of three experiment replicates, Barylyuk et al. identified
over 4100 proteins across all 10 fractions representing subcellular compartments of T. gondii trachyzoite.
In addition, these three data sets have a total of 3832 proteins, which can provide complete abundance
distribution overview information of 30 fractions. Using the hyperLOPIT approach, Barylyuk et al.
assigned thousands of proteins to their subcellular niches [177].

2.3.2. Trichinella spp.

Trichinella genus is one of the most widespread group of parasitic nematodes in the world.
With the exception of Antarctica, Trichinella infections have been detected in domestic and wild animals
on all continents [3]. Not long ago, all Trichinella infections that occurred in animals and humans were
attributed to T. spiralis. Nowadays, eight species and four genotypes within two clades (encapsulated
and non-encapsulated) are recognized in this genus [4,180]. Trichinellosis is caused by Trichinella larvae
that are encysted in muscle tissue of domestic or wild animal meat. The domestic pig is considered
as the most important source of human infection worldwide. However, in the past few decades,
wild boar and horse meat have played similar role [181]. Infection is characterized by fever, diarrhea,
periorbital oedema, and myalgia. Many severe complications like myocarditis, thromboembolic
disease, and encephalitis may occur [15,181]. Europe has issued official regulations, which provide for
the control of Trichinella in meat to improve consumers safety [9].

Therefore, Trichinella spp. is not just a hazard to public health, but also an economic problem
in porcine animal production. Due that many scientific groups are working on methods to control
and elimination of this parasite from the food chain. Proteomics methods are also used to help solve
this problem.

Liu et al., using iTRAQ method, has described differentially regulated proteins in the three
stages of T. spiralis—adult (Ad), muscle larvae (ML), and newborn larvae (NBL) [182]. A total of
4691 proteins were identified in all the stages, of which 1067 were differentially regulated. Different
work performed on T. spiralis used label-free LC–MS/MS to determine the proteome differences between
T. spiralis ML and intestinal infective larvae at the molting stage [183]. A total of 2885 proteins were
identified, of which 323 were differentially regulated. These proteins were involved in regulation of
cuticle synthesis, remodeling and degradation, and hormonal regulation of molting. In another study
conducted on T. britovi (the second most common species), somatic extracts obtained from ML and Ad
were separated using 2-DE coupled with immunoblot analysis. Then, the protein spots were identified
by LC-MS/MS [184]. A total of 272 proteins were identified in the proteome of T. britovi Ad, and 261
in ML. Somatic cell extracts of Ad and ML were specifically recognized by T. britovi-infected swine
serum 10 days after infection, with a total of 70 prominent proteins [184]. Proteomic analyses of species
specific antigens were also performed with the use of MALDI-TOF and MALDI-TOF/TOF [185,186].
Potentially immunogenic proteins of the encapsulated (T. spiralis) and non-encapsulated (T. pseudospiralis,
T. papuae) species were also investigated [187], and such proteins were identified by LC-MS/MS.
Then, their possible functions were determined using gene ontology analysis. Host–parasite interactions
were also analyzed by investigation of surface and excretory-secretory proteins of Trichinella spp.
The surface proteins of T. spiralis muscle larvae were detected by 2-DE and MS. The 2-DE analysis
detected about 33 protein spots, of which 14 were identified in the serum of mice infected with T. spiralis,
and 12 were successfully identified by MALDI-TOF/TOF-MS [188]. The same group, using shotgun
LC-MS/MS, performed comparative proteomic analysis and described surface protein profiles of ML
and intestinal infective larvae [189]. A total of 41 proteins were shared by both stages, while ML
had 85 and intestinal infectious larvae had 113 stage-specific proteins. Certain proteins (for example,
putative onchocystatin) were involved in host-parasite interactions. Excretory–secretory proteins,
as the most important products of host–parasite interaction, were investigated in the latest studies on
T. spiralis, T. pseudospiralis and T. britovi [190–192].
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2.3.3. Taenia spp.

The terms “cysticercosis” and “taeniosis” respectively refer to foodborne zoonotic infections
with larval and adult tapeworms of the genus Taenia. The larvae of these tapeworms are meat-borne
(beef or pork) and the adult stage is an obligate parasite of the human intestine [193]. T. solium (pork)
and T. saginata (beef) are the most important causes of taeniosis in Europe [36]. Within the European
Union, certain countries can acquire T. solium infection locally. There have been reports of pig infections
in Hungary, Lithuania, Austria, Estonia, Romania, and Poland [194], while there were only sporadic
imported cases in other countries. Humans obtain tapeworms by eating raw or undercooked infected
meat. Among these tapeworms, T. solium is exclusive because the cysticercus stage can also infect
humans directly. Human cysticercosis is acquired by accidental ingestion of T. solium cysticerci
excreted in host feces. In humans, cysticerci may lodge in the brain and cause neurocysticercosis [195].
Taeniasis in humans is of minor clinical significance; usually, asymptomatic or symptoms are mild
and non-specific (abdominal pain, weight loss, nausea, diarrhea or constipation and itching cause d
by proglottids, which might be passed through the anus) [15,193]. Nevertheless, cysticercosis does
have major clinical significance. Intracranial hypertension and epilepsy are the most common clinical
manifestations [194].

So far, to our knowledge, proteomics has described the fallowing main Taenia spp. features: total
protein composition of cysticerci of T. solium by 2-DE [196]; in T. solium, using LC-MS/MS, a set of
oncosphere proteins involved in gut penetration and immune evasion machineries in adhesion [197];
candidate antigens through immunoproteomics [198–201]; T. solium cysts proteomes obtained from
different host tissues [202,203]; saline vesicular extract proteins of T. solium [204]; and T. solium

excretory-secretory proteome [205].

2.3.4. Sarcocystis spp.

In pigs, three species of Sarcocystis were found: S. miescheriana, S. porcifelis, and S. suihominis.

However, only S. suihominis can cause human infections when eating raw pork [206]. S. suihominis

has an obligatory two-host life cycle. Sporocysts are shed in the feces of humans or chimpanzees,
rhesus and cynomolgus monkeys (definitive host), and pigs (the intermediate host). In pigs, parasites
are encapsulated in muscle tissue, but usually do not cause pathological changes or symptoms [193,207].
Infection can be asymptomatic or symptomatic (nausea, loss of appetite, stomach pain, vomiting,
diarrhea, difficulty in breathing, and rapid pulse) [193]. Sarcosporidiosis is a self-limiting infection
and treatment is not known.

Until now, to our knowledge, there is no published report at the proteomic analysis of S. suihominis.

2.4. Seafood-Borne Parasitic Species

Fish meat can be infected by a variety of parasites, which can cause human infections when eaten
raw or undercooked. Additionally, various species of shellfish (mollusks and crustaceans) can be
consumed by people when infected by different stages of many parasites. In addition, in many parts of
the world, the term “seafood” has been extended to freshwater organisms consumed by humans, so all
edible aquatic organisms can be called “seafood”, including aquatic plants. Due that, in this work
and according to the ranking prioritizing foodborne parasites in Europe, we describe not only sea-species
parasites but also freshwater-parasitic species. Among seafood-borne parasitic infection, according
the European ranking [36], the most important parasites are Anisakidae (seventh/25), Opisthorchiidae
(11th/25), Angiostrongylus cantonesis (13th/25), Diphyllobothrium spp. (16th/25), Paragonimus spp.
(23rd/25), and Heterophyidae (24th/25). Due to emerging number of Anisakidae infections in Europe
and strong allergic reaction to, e.g., Anisakis simplex s.s., we decided to discuss the Anisakidae family in
a separate section.
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2.4.1. Opisthorchiidae

Opisthorchiasis is a trematode infection caused by species of the family Opisthorchiidae, specifically,
Opisthorchis viverrini and O. felineus [30]. It is calculated that around 10 million people have been
infected with O. viverrini [208], and 67 million are at risk of infection [209]. The freshwater snail is a
first intermediate host of O. viverrini, while the second intermediate hosts include several freshwater
cyprinid fish species [210]. Freshwater fish dishes infected with metacercariae have are the main
source of infection of this parasites to humans [211]. Human opisthorchiasis is typically asymptomatic
and therefore results in chronic inflammatory disease; this chronic inflammation can develop into
the cholangiocarcinoma [212]. Thus, O. viverrini has been classified by the International Agency for
Research on Cancer as a group 1 carcinogen. The only way to reduce the percent of cholangiocarcinoma
cases, where the causative agent was O. viverrini, is to reduce the prevalence of opisthorchiasis through
the use of praziquantel—an anthelminthic drug [212]. Unfortunately, this drug is at risk of resistance,
and studies performed on O. viverrini could help develop efficient methods to reduce the prevalence of
opisthorchiasis and induced by O. viverrini cholangiocarcinoma [212].

Comparative 2-DE analysis was used to highlight proteins that are significantly modulated during
the maturation stage of O. viverrini. The differentially regulated proteins in the juvenile/adult form of
the parasite are thought to be important for survival and pathogenesis. Compared with the one-week-old
juvenile fluke, 35 protein spots in four-week-old adults were differentially regulated. [213]. Moreover,
using proteomics (QTRAP MS/MS) Mulvenna et al. [214] characterized 300 proteins from the O. viverrini

excretory-secretory products. In addition, more than 160 tegumental proteins were identified using
sequential solubilization of isolated teguments, and some of them were located on the surface
membrane of the tegument by localizing with fluorescence microscopy. The several proteins
functions are still unknown [214]. Studies on proteomes of intermediate hosts of O. viverrini

were also conducted. Proteomic profile using iTRAQ labelling technology of Bithynia siamensis

goniomphalos snails upon infection with the O. viverrini was characterized [215]. This study indicates
that motor proteins, and stress-related proteins are greatly upregulated after infection. In addition,
the expression level of peroxiredoxins was reduced in infected Bithynia. Using sequential window
acquisition of all theoretical spectra mass spectrometry (SWATH-MS), the protein composition of
the hemolymph of B. siamensis goniomphalos infected with O. viverrini was described. The analysis
revealed the presence of 242 and 362 proteins in the plasma and hemocytes, respectively [216].
Among them, the 117 and 145 proteins showed significant differences after opisthorchiasis in plasma
and hemocytes, respectively. Suwannatrai et al. [216], among proteins with significantly different
expression, found proteins strongly associated with immune response and proteins belonging to
the structural and motor categories.

Although there are still few proteomics studies on O. viverrini and its hosts, many of the discovered
proteins have become potential candidates for diagnostic biomarkers or new drug development.

2.4.2. Angiostrongylus cantonesis

Angiostrongylus cantonensis (A. cantonensis) is a parasitic nematode that occasionally causes
angiostrongyliasis in humans. Its main clinical manifestation is eosinophilic meningitis [217].
Human infections are acquired by ingestion of raw or undercooked snails or slugs, paratenic hosts
such as prawns, or contaminated vegetables that contain the infective larvae. After swallowing,
the infective larvae are digested from these carriers and invade the intestinal tissues, causing human
enteritis, and then pass through the liver. When the worm moves through the lungs, cough, rhinorrhea,
sore throat, discomfort and fever occur. In about 14 days, the larvae reach the central nervous system,
followed by eosinophilic meningitis and eosinophilia [217,218]. In many patients, the larvae can also
move to the eyes and cause ocular angiostrongyliasis, accompanied by visual disturbances, such as
diplopia or strabismus [219,220]. Detection of A. cantonensis in cerebrospinal fluid or the ocular chamber
confirms the disease in humans. However, the percentage of confirmed cases is very low. The history

85



Foods 2020, 9, 1403

of eating intermediate or paratenic hosts in medical interview is essential for the diagnosis [217].
The combination of corticosteroids and anthelmintics has been commonly used to treat this disease [217].

A. cantonensis has been widely studied using proteomic methods. The protein expression profiles
of the parasite’s infective third and pathogenic five stage larvae were compared by proteomics
technology [221]. Isolated protein samples were separated by 2-DE, and analyzed by MALDI-TOF
MS. Of the 100 protein spots identified, 33 were from L3, while 67 from L5 and 63 had known
identities, and 37 were hypothetical proteins. There were 15 spots of stress proteins, and heat shock
protein 60 was the most frequently found stress proteins in L5. Moreover, four protein spots were
identified in the serum of the rat host by Western blotting. These changes may reflect the development
of L3 from the poikilothermic snails to L5 in the homoeothermic rats [221]. The proteomes of
different life stages of A. cantonensis were studied more widely by Huang et al. [222], who extracted
soluble proteins from various stages of the A. cantonensis life cycle (female adults, male adults,
the fifth-stage female larvae, the fifth-stage male larvae, and third-stage larvae), separated those
proteins using 2D-DIGE and analyzed the gel images. Proteomics analysis yielded a total of 183 different
protein spots. Through MALDI-TOF MS/MS, 37 proteins were found with a high confidence score
(around 95%). Among them, 29 proteins were identified as cytoskeleton-related proteins and functional
proteins [222]. The latest study aimed to identify and characterize the excretory-secretory protein profile
of A. cantonensis adult larvae [223]. A total of 51 spots were identified using 2-DE. Then, approximately
254 proteins were identified by LC-MS/MS and further classified according to their biological functions.
Finally, in the pool of excretory-secretory products of A. cantonensis the immunoreactive proteins were
identified, including proteins like, disulphide isomerase, putative aspartic protease or annexin [223].

All this information may be useful for discovering biomarkers to diagnose highly
dangerous angiostrongyliasis.

2.4.3. Diphyllobothrium spp.

Diphyllobothriasis is caused by flatworms of the genus Diphyllobothrium, and is acquired by
ingestion of larval stages (plerocercoids) present in raw or undercooked fish [224]. D. latum is
the main species infecting humans. Worms usually reside in the ileum and rarely attach to the bile
ducts. In Switzerland, Italy, and France around lakes, reports of diphyllobothriasis have increased,
where raw or undercooked perch was consumed. In some countries, previously considered disease-free
(Austria, Czech Republic, Belgium, Netherlands and Spain), few cases have been reported, probably
related to the consumption of imported raw fish [225]. Although most Diphyllobothrium species are large
(2–15 m) and can have a mechanical effect on the host, infections are often asymptomatic. About 20%
of people experience diarrhea, discomfort and abdominal pain. Other symptoms may also occur, such
as fatigue, constipation, pernicious anemia, headache, and allergic reactions. Although large-scale
infection is not common, it may cause intestinal obstruction, and the migrating segments can
cause cholecystitis or cholangitis [224]. A single dose of praziquantel is highly effective against
diphyllobothriasis [225].

Despite the high prevalence of this disease (about 20 million people infected worldwide), to our
knowledge, D. latum proteome has not been described.

2.4.4. Paragonimus spp.

There are about 15 species of Paragonimus known to infect humans, while P. westermani is
the most common etiological agent of human paragonimiasis in Europe [226]. After ingesting raw or
undercooked freshwater crustaceans (such as crabs, shrimps or crayfish), humans or other final hosts
(carnivores) can become infected. The metacercariae excyst in the small intestine and passes through
the intestinal wall into the abdominal cavity before it migrates through the sub-peritoneal tissues,
and finally enters the lung where maturation occurs. Eggs of adult individuals, which are coughed up
and ejected by spitting with the sputum or swallowed and passed in the feces, hatch, and miracidia
invade freshwater snails. Then the cercariae emerge, and crustacea consuming may get infected by
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consuming it directly or eating infected snails containing the fully developed cercariae [30]. The presence
of paragonimiasis can cause bleeding, inflammation, lung parenchymal necrosis and fibrotic cysts.
In lung paragonimiasis, the most obvious symptom is chronic cough, accompanied by brown and bloody
pneumonia-like sputum [30,226].

Despite the importance of the disease, little information about the proteomics of Paragonimus spp.
can be found. The only analyzed excretory–secretory products of adult P. westermani using 2-DE
coupled to MS [227]. In this study 25 different proteins were identified, some of which are highly
representative, such as cysteine proteases. In addition, three previously unknown cysteine proteases
were also identified by MALDI-TOF/TOF MS, and most of them are reactive to serum from patients
with paragonimiasis. Park et al. [228] suggested that a new drug for paragonimiasis could be designed,
focusing on exploring inhibitors of cysteine proteases.

2.4.5. Heterophyidae

In humans, heterophyidiasis and metagonimiasis is associated mainly with species of
Heterophyes or Metagonimus, respectively. Those diseases are the best-known associated with
heterophyid parasitism [229]. Humans can get infected usually by eating raw, undercooked or
under-processed fish [230]. The two most widespread species of heterophyids are H. heterophyes

and M. yokogawai. There are evidences in European countries of infections caused by H. heterophyes

(Spain, Italy, Greece, Turkey) and M. yokoagwai (Bulgaria, the Czech Republic, Romania, Serbia, Spain,
and Ukraine). Intriguing, there have been no reports of M. yokoagwai infecting humans [229].

The parasitic hosts of H. heterophyes include dogs, cats, pigs, fish-eating birds, and other fish-eating
mammals. Adult worms live in the small intestine of vertebrate hosts and the gastropods from
the genus Semisulcospira are the earliest intermediate hosts, where cyprinid fish are mainly a second
intermediate host [230]. Most heterophyids infections have no clinical consequences, but severe ones
are causing gastro-intestinal problems [230].

The genome of M. yokogawai has not been sequenced. To our knowledge, there is no information
about proteomics of M. yokogawai, and of H. heterophyes.

3. Targeted Approach—Proteomics Methods Proposed to Use for Detection of Selected FBPs
in Food

The one of the major worldwide concern is food safety [231]. Foods contaminated by a
range of FBPs is a serious issue causing economic losses in the food sector because it undermines
consumer confidence and lowers the demand for potentially infected food products [7,15]. There is
a need for technologies that can detect pathogens quickly and early to ensure enhanced food safety.
To date, no guidelines or microbiological criteria exist for most FBPs in food products. Advanced
proteomic-based methods, like MS, have a great potential for FBPs identification in food. However,
detection methods currently available for the selected FBPs are mostly established on standard
parasitological approaches (e.g., FBP detection in food product sample by visual examination or
microscopy) or on by the polymerase chain reaction (PCR) and enzyme-linked immunosorbent assay
(ELISA) [15,55,232,233]. Moreover, most of the conventional proteomic techniques such as ion exchange
chromatography, size exclusion chromatography, affinity chromatography, ELISA, western blotting
SDS-PAGE, 2-DE, and 2DE-DIGE are used for detection of fungi and bacteria [234–236]. MALDI-TOF
MS, surface-enhanced laser desorption ionization time of flight mass spectrometry (SELDI-TOF MS),
LC-MS/MS, isotope-coded affinity tags (ICAT), and iTRAQ are the central among current proteomics.
The discovery proteomic workflow used for identification of biomarkers of parasitic infections is
essential for diagnostic purposes and new treatment inventions. Biomarkers can be either proteins of
the parasite itself or host proteins responding to infection. Then, the targeted proteomics could be
used to search with high precision, sensitivity and reproducibility the peptide biomarkers selected in
the discovery phase in patient biological fluids or in food products [17,237]. Although identification
of protein targets has been done in many FBPs, the proteomic methods to detect them are still rare.
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SELDI is one of the most used in the studies published about parasitic diseases. This proteomic method
has been applied to investigate the serum biomarkers of African trypanosomiasis [238], fascioliasis [239],
cysticercosis [240], and Chagas disease [241]. These studies have focused on identifying a “proteomic
fingerprint” in infected people’s/animals’ serum—a unique configuration of parasite proteins that
indicate a specific pathophysiological state. Even so, these methods are not widely used. In our
opinion, there is a colossal need to diagnose foodborne infections using new methodologies, such as MS
and biomarkers detection, according to their extreme specificity and possible increase of the detection
rate [242].

Another factor that has attracted increasing attention to FBPs is the increasing demand for
protein-rich foods such as fish. [243]. Thus, seafood-borne parasitic infections, such as those caused by
Heterophyidae, Opisthorchiidae, and Anisakidae, are emerging ones, and development of advanced
and more accurate methods for identification, monitoring, and assessing of FBPs during production,
processing, and storage should be now worldwide concern.

Therefore, in this part, we focused on the brief description of the proteomic methods proposed to
use for Anisakidae detection in food products.

Anisakidae

The consumption of raw or unprocessed fish infected with cosmopolitan nematodes belonging
to the Anisakidae family may lead to anisakidosis [244]. Known human-infecting Anisakids species
include members of the Anisakis simplex complex (A. simplex sensu stricto, A. pegreffii, A. berlandi),
the Pseudoterranova decipiens complex (P. decipiens sensu stricto, P. azarasi, P. cattani, and others),
and the Contracecum osculatum [244]. Among them, A. simplex is the most commonly involved in
human infections, and the disease caused by the Anisakis genus is called anisakiasis [245,246]. The life
cycle of A. simplex is complex and involves four larval stages parasitizing several intermediate
and paratenic hosts (fish, cephalopods, and crustaceans) and the adult stage parasitizing marine
mammals (seals, dolphins, and whales). Humans can be accidentally infected by eating raw or
undercooked fish or seafood contaminated by third-stage (infective) development stage [244,247].

The ingestion of viable larvae might lead to gastrointestinal symptoms (abdominal pain, nausea,
vomiting, diarrhea), which may be associated with mild to severe allergic reactions, and the clinical
symptoms most often are such as rhinitis, urticaria, and, in worst cases, anaphylactic shock [245,246].
Although, cooking (or freezing) is expected to kill the parasites, it might not decrease its allergenicity,
because A. simplex allergens have high heat and frost resistance; and sensitization may occur after
consumption [247].

Proteomic studies on A. simplex were reviewed meticulously and accurately by D’Amelio et al. [248].
In brief, using MALDI-TOF/TOF analysis, differentially expressed proteins for A. simplex s.s., A. pegreffii,
and their hybrid were described, and potential new allergens were identified. In a similar study,
Fæste et al. [249] characterized, using sera from A. simplex-sensitized patients, potential allergens.
Additionally, biomarker (peptides) for relevant A. simplex proteins were described. Most of all, A. simplex

allergens have been identified and characterized [248]. Recently, for the first time, the global proteome
of the third and fourth stage larvae of A. simplex was analyzed using quantitative proteomics based
on tandem mass tag (TMT) [31]. In addition, the response to the invasive larvae of A. simplex s.s. to
ivermectin (anthelminthic drug) was also evaluated using TMT-based methodology [250].

The discovery of potential allergens has prompted scientists to use a targeted approach and develop
methodologies for detection of Anisakids in food products. Lately, the method for detection of A. simplex

allergens in fresh, frozen, and cooked fish meat was proposed with the use of immunoglobulin
G (IgG) immunoblotting [251]. Recently, many Anisakids proteins have been identified through
LC-MS/MS-based proteomics, which laid the foundation for the rise of detection methods of A. simplex

in fish. Fæste et al. [252] have shown by ELISA, immunostaining, and MS, proteins of A. simplex in salmon
meant for use in sushi and other fish products on the Norwegian market. The same group proposed two
more methodologies for A. simplex protein detection in fish [253]. Both were based on multiple reaction
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monitoring (MRM)-MS/MS, which is applied to quantify previously identified target peptides by
measuring specific precursor-to-product ion transitions. Both proposed methodologies, the label-free
semi-quantitative nLC-nESI-Orbitrap-MS/MS and the heavy peptide-applying absolute-quantitative
(AQUA) LC-TripleQ-MS/MS use unique reporter peptides derived from Anisakids hemoglobin
and SXP/RAL-2 protein as analytes.

Recently, the analysis performed by Carrera et al. [254] showed possible practical use of peptide
biomarkers in food industry. The discovery phase was based on the isolation of heat-stable proteins of
A. simplex, P. krabbei, and P. decipiens, then the use of accelerated in-solution trypsin digestions under an
ultrasonic field provided by high-intensity focused ultrasound (HIFU) and the monitoring of several
peptide biomarkers by parallel reaction monitoring (PRM) mass spectrometry in a linear ion trap
mass spectrometer. The target detection step showed the same proportional relationships between
the proposed peptide biomarkers that spiked in hake protein extracts, like those of the buffer diluted
sample, which confirms the effectiveness of the PRM method in real fish samples. This method can
quickly detect Anisakids in less than 2 h [254], and if it is made a part of a control protocol defined by
food safety authorities, it may facilitate testing and thus increase consumer safety.

4. Conclusions and Future Directions

These days the Proteomics provides a great tool in both basic and applied parasitology. Proteomics
methods, like SDS-PAGE, 2-DE, and LC-MS/MS combined with bioinformatic tools, have become
common in modern helminth parasitology research. These methods have the potential to identify
differentially regulated proteins in diverse parasite development stages or in response to drugs,
as well as to describe the composition of parasitic extracellular vesicles. The discovery of new
parasite proteins, consequently, might help to find candidates for the parasites’ detection, modern
therapies, and vaccines. Although proteomics has broadened the parasitologists view on the parasites’
physiology and parasite–host interactions and crosstalk, little is known about many foodborne parasites
and diseases caused by them, including heterophyiasis (H. heterophyes), diphyllobothriasis (D. latum),
sarcosporidiosis (Sarcocystis spp.), or paragonimiasis (P. westermani). Despite this, great attempts have
been made to point out and highlight the importance and benefits of using advanced proteomics
methods for the detection of FBPs in food.

Nevertheless, the use of proteomic tools, including software for equipment, databases,
and the requirement of skilled personnel, significantly increases costs and therefore limits their wider use.
Currently, the potential of proteomics has been used as a finding tool for novel biomarkers, which can
then be integrated into uncomplicated diagnostic methods based on inexpensive technologies such as
antigen detection in immunochromatographic analysis and other biosensors. Prospective strategies
should concentrate on developing proteomic methodologies that are accessible to analytical laboratories
or even to the laboratories of food processing plants, with reduced expenses and time-to-result.
Furthermore, developed methods should be appropriate for a broad spectrum of different food types
and parasite development stages contaminating them, because single methods or biomarkers might
not be suitable for the detection of different FBPs stages in a variety of types of food.

Parasite proteins discovery might help developing methodologies for the rapid detection of
these contaminants in food products and fill the gap in fields of animal production, agriculture,
food processing, and storage, thus benefiting human health. We hope that proteomic methods will be
key in opening the door into the increases of detection rate of foodborne parasites in foods, as well as
into the reduction of the prevalence of FBPs caused diseases.
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Abstract: This review presents the primary applications of various proteomic strategies to evaluate
the impact of farming conditions on food quality and safety in aquaculture products. Aquaculture is a
quickly growing sector that represents 47% of total fish production. Food quality, dietary management,
fish welfare, the stress response, food safety, and antibiotic resistance, which are covered by this review,
are among the primary topics in which proteomic techniques and strategies are being successfully
applied. The review concludes by outlining future directions and potential perspectives.
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1. Introduction to Proteomics in Aquaculture

Aquaculture is the breeding of aquatic organisms under controlled conditions, involving both
marine and freshwater fish along with algae, crustaceans, and mollusks. According to the Food and
Agriculture Organization of the United Nations (FAO), this food sector represents a significant source
of nutrients for the human diet and produces approximately 97.2 million tons of fish annually, which
represents 47% of the global fish production [1]. With nine billion people expected to be living on the
planet by 2050, maintaining the current level of fish consumption (9.0–20.2 kg annually per capita) is
a challenging task [1]. Aquaculture, the most rapidly growing food-producing sector in the world,
offers an excellent source of high value food and is expected to significantly contribute to meeting this
demand for fish products.

The globalization of aquaculture markets presents important nutritional and economic benefits
but also poses potential risks for food safety, such as the fraudulent substitution of fish species and the
presence of food microorganisms, viruses, parasites, and vectors of their corresponding foodborne
diseases [2]. Moreover, fish and seafood are easily spoiled, resulting in a fast loss of food quality due to
the presence of fish microbiota, the elevated amount of unsaturated fatty acids and the abundance of
proteases. Improving aquaculture practices to offer products of optimal quality and to reduce chronic
stress throughout improved farming conditions to maintain fish welfare are two major questions
in aquaculture research. Consumer awareness and a rising demand for aquaculture products have
motivated scientists to develop procedures to enhance productivity and to improve the quality and
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safety of these foodstuffs. In this context, proteomics has been established as a powerful methodology
for the evaluation of quality and safety in aquaculture products [3–5].

Proteomics is the high-throughput analysis of the proteins of a specific biological sample [6].
Proteomics involves the identification, localization and quantification of proteins as well as the analysis
of protein modifications and the elucidation of protein-protein networks [7]. Among proteomic
analytical techniques, mass spectrometry (MS) is recognized as an indispensable instrument to
precisely analyze a large number of proteins from complex samples in the majority of food proteomics
studies [8,9]. Additionally, the computational analysis of MS data has improved the discriminatory
power of proteomics techniques, making them effective methodologies for the global analysis of
proteins and peptides [10]. Thus, the latest advances in proteomics and bioinformatics approaches have
turned them into useful tools to develop promising strategies for food science investigations [11,12].
Within that framework, the present review summarizes some highly relevant applications of proteomics
to evaluate the impact of farming conditions in fish wellbeing as well as the quality and safety of
aquaculture products.

2. Workflow of Proteomics: Discovery and Targeted Proteomics

Proteomics has the potential to provide information useful to improve the production, welfare,
health, nutritional value and wholesomeness of farmed fish. Figure 1 shows the classical proteomics
approaches, i.e., discovery and targeted proteomics, with their corresponding workflows.

–

 
Figure 1. Workflow of proteomics: discovery and targeted proteomics.

Discovery proteomics aims at identifying biological markers in a given proteome, frequently
employing a bottom-up approach, in which the proteins of the sample are separated, proteolyzed with
enzymes such as trypsin or Glu-C and the peptides obtained are subsequently analyzed by tandem
mass spectrometry (MS/MS). Two-dimensional gel electrophoresis (2-DE) has traditionally been the
technique selected for the separation of proteins samples [13]. This gel-based procedure is the most
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suitable approach for species whose protein sequences are not yet known, which includes many fish.
In these cases, identification is performed by comparison of the MS/MS spectra of the peptides obtained
with orthologous protein sequences from related species or by de novo MS/MS sequencing [14].
The 2-DE gels themselves can be analyzed by programs such as Progenesis and PDQuest.

In gel-free approaches, also known as shotgun proteomics, the proteins are directly digested in
the extract with a selected enzyme, and the obtained mixture of peptides is subsequently analyzed
by liquid chromatography (LC) coupled to tandem mass spectrometry (LC-MS/MS) [15,16]. It is
possible to perform multidimensional LC separations, combining, for example, strong anion/cation
exchange chromatography (SA/CX) and reverse phase (RP) chromatography [17]. Database searching
programs, like SEQUEST, X! Tandem, or Mascot [18,19], allow the tentative identification of presumed
peptide sequences based on the obtained fragmentation spectra, and additional software programs,
such as Percolator are used to validate the identification [20]. When the protein is not present in the
database, then the peptides must be sequenced de novo [21], either manually or using programs such
as PEAKS and DeNovoX [22,23]. This approach has been successfully used in the de novo sequencing
of some fish allergens, such as parvalbumins and shrimp arginine kinases [14,24,25]. When protein
quantification is deemed necessary, the methods of choice include metabolic stable isotope labeling
(such as stable isotope labeling by/with amino acids in cell culture, SILAC) [26]; isotope tagging by
chemical reaction, such as isobaric tags for relative and absolute quantitation (iTRAQ), tandem mass
tag (TMT) and difference gel electrophoresis (DIGE) [27–29]; stable isotope incorporation via enzyme
reaction (i.e., 18O) [30]; and label-free quantification (i.e., measuring the intensity of the peptides at the
MS level) [31]. After matching the obtained peptides and proteins by alignment software programs
like BLAST (https://blast.ncbi.nlm.nih.gov/), it is possible to select relevant peptide biomarkers to be
used in the subsequent phase namely, targeted proteomics.

Targeted proteomics refers to the monitoring of the relevant peptide biomarkers and it has
become a recognized methodology to detect selected proteins with significant accuracy, reproducibility,
and sensitivity [32]. In targeted proteomics, the MS analyzer is focused on detecting only the
peptide/s chosen by selected/multiple-reaction monitoring (SRM/MRM) [33]. Monitoring appropriate
transitions (evens of precursor and fragment ions m/z), represents a common analysis for detecting
and identifying peptide biomarkers. These techniques are selective, sensitive, highly reproducible,
with a high dynamic range and an excellent signal-to-noise (S/N) ratio [34]. SRM/MRM modes are
usually performed on triple quadrupole (QQQ) instruments. This method possesses a highly sensitive
scanning procedure but its optimization for a final SRM/MRM analysis is very time-consuming and,
most importantly, this scanning mode does not produce entire MS/MS spectra. Since the spectrum of
a peptide is critical to verify its sequence, new procedures are being used to obtain entire structural
information; for instance, SRM-triggered MS/MS using hybrid quadrupole-ion trap (Q-IT) mass
spectrometers, selected MS/MS ion monitoring (SMIM), parallel reaction monitoring (PRM) in IT or
high-resolution Q-Orbitrap instruments are alternative targeted modes that enable the monitoring of
precise peptides [35–37]. The development of targeted data independent analysis (DIA), conducted on a
sequential windowed acquisition of all theoretical fragment ion spectra (SWATH-MS) [38], can identify
and quantify thousands of proteins without the prerequisite of specifying a group of proteins prior
to analysis. Stable-isotope dilution, 13C- or 15N-labeled absolute quantification peptide standards
(AQUA) or concatemer of standard peptides (QCAT) can also be introduced to the sample as internal
standards for absolute quantification of the proteins [39]. Programs such as SRMCollider and Skyline
are accessible for the analysis of different targeted proteomic modes [40,41]. The following sections will
show the application of the scanning mode for the follow up of peptide biomarkers identified in the
discovery phase to assess the impact of farming conditions on food quality and safety of farmed fish.
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3. Application of Proteomics to Evaluate the Farming Conditions on Food Quality and Safety in
Aquaculture Products

Fish farming environments and conditions are very different from the conditions in which
fish live in nature. Farmed fish, for instance, do not need to actively swim to catch their prey or
escape predators; therefore, they exercise less, which impacts on their muscle growth and phenotype.
The heavily processed feed consumed by farmed fish differs considerably from their natural diet,
which affects muscle metabolism and biochemical composition. In addition, the farming conditions in
aquaculture may not be optimized regarding stocking densities, incidence of parasites and diseases,
and establishment of hierarchies due to competition for space or feed, all of which have consequences
for the wellbeing and development of abnormal behavior. All these variables exert a strong influence
on the yield, quality and wholesomeness of farmed seafood. Moreover, development of analytical
methods to ensure that fish was farmed minimizing stressful factors is also of high relevance to
satisfy consumer demands and labeling on the welfare of fish to be used for food. To investigate
all these topics, powerful proteomic methodologies (discovery and targeted proteomics) may have
a considerable impact on the understanding of current aquaculture practices in several major areas:
(i) dietary management, (ii) fish welfare and response to stress, (iii) food safety, and (iv) antibiotic
resistance (Figure 2).

Figure 2. Summary of the main applications of proteomics techniques to evaluate the farming conditions
in aquaculture reviewed in this publication.

3.1. Dietary Management in Aquaculture

Dietary management in aquaculture attempts to improve growth performance, health and immune
status in living aquaculture organisms. Numerous works have shown that the composition of the feed
influences the composition of fish fillet. Initial works using 2-DE revealed differences between the
proteomes of skeletal muscle samples from wild and farmed fish. Carpene et al. [42], found differences
by 2-DE in the level of abundance of the fast skeletal myosin light chain type 3 which seemed to be more
abundant in wild than in farmed fish and, surprisingly, was also present in the red muscle of farmed,
but not of wild, fish [42]. The 2-DE protein pattern of skeletal muscle of cod excised within 5 h of death
revealed the presence of spots in the ranges of molecular weight between 35 and 45 kDa and between
50 and 100 kDa in the muscles of the farmed fish that were not present in the wild cod [43]. The authors
attributed the differences in the proteome to differences during cultivation that may have affected

106



Foods 2020, 9, 1050

not only the make-up of the muscle in vivo, but also the postmortem muscle conditions (for example,
pH) and the abundance and regulation of proteases relevant in postmortem muscle tenderization.
A large scale study by Chiozzi and coworkers [44]. comparing the proteome of wild and farmed
European seabass with that of wild specimens from the same area in the Mediterranean by label-free
multidimensional shotgun proteomics to identify relationships between farming conditions and quality
and safety of the fish, confirmed muscle atrophy in farmed fish [44]. The most abundant upregulated
proteins in farmed sea bass were some structural proteins and proteins involved in binding and catalytic
activities, while the main downregulated proteins also involved catalytic activities and binding.

Optimization of fish diets has been a priority in the aquaculture sector for many years [45].
One ingredient whose incorporation in feed seems to improve growth performance and the humoral
immune response of some fish species is β-glucan [46]. Feeding β-glucan to rainbow trout induced
an increase in the amounts of tropomyosin isoforms and it lowered those of myosin light and heavy
chain isoforms in the proteome of the fillet in treated trout [47]. Evaluation of the effects of partial
substitution of fish meal by plant proteins on the fish proteome in different tissues has also been the
target of several studies. Thus, partial substitution of fish meal with soybean meal caused an increase
in the amount of enzymes involved in protein catabolism and turnover in the liver of rainbow trout [48]
and it affected the proteome of gut mucosa in gilthead bream [49].

Reduction of the use of fish meal and oil in aquaculture is a priority [45], which has led to investigate
the effects of novel diets on fish physiology where some marine ingredients were substituted by
vegetable protein and oils [50]. The inclusion of vegetable oil feed induced a specific response in the
intestinal proteome in salmonids, indicating a defense against oxidative cellular stress [51]. Significantly
downregulated proteins were those related to oxidative stress and motility, including the myosin light
chains, peroxiredoxin-1 and hemopexin-like protein.

Using analytical techniques based on microfluidic electrophoresis and sequencing, some authors
have consistently confirmed differences in the protein abundance and/or regulation in fish muscles
depending on the production method. Monti et al. [52], using SDS-PAGE, MALDI and ESI MS/MS,
and CE for protein identification and relative quantification, showed that the enzymes involved in
the metabolism of carbohydrates were upregulated in farmed sea bass muscle (i.e., glyceraldehyde-
3-phosphate dehydrogenase and aldolase), while creatine kinase, nuclease diphosphate kinase B and
parvalbumin were downregulated, displaying the expected proteome pattern of muscle in farmed
fish [52]. Additionally, new protein sources, such as insect meal, have been characterized for aquafeeds
by direct comparison through LC-MS/MS analysis [53].

3.2. Fish Welfare and Stress Response in Aquaculture

The effects of stress on growth have been studied extensively in animal production and
aquaculture [54]. Different chronic stress conditions, such as confinement, overcrowding, repetitive
handling, deficient water and diet and hypoxia, affect the welfare and stress response of aquaculture
organisms and several proteomic studies have identified robust protein signatures for chronic stress
in fish [55]. Elevated cortisol due to long-term stress conditions has a strong impact on the entire
organism and is directly linked to the inhibition of muscle growth by inhibiting protein synthesis and
increasing protein catabolism to obtain energy from amino acids [56]. The proteome of fish farmed
under these stressful conditions displays an increase in the amount of enzymes related to protein
catabolism, and a decrease in the amount of the structural proteins, with the latter being degraded to
provide energy. Stress-related depletion of the required energy for muscle growth has been shown to
lead to muscle atrophy [57].

Farming itself affects the levels of stress the fish suffer, their growth, and the biochemical composition
of different tissues and organs, including the liver, brain, and muscle. For instance, exercising in
salmonids lowers the levels of aggression and the building up of hierarchies, leading to increased
fish welfare and growth [58–60]. It is reasonable to assume that these observations would apply to
any species with similar behavioral characteristics, i.e., active swimmers with shoaling behavior and
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schooling responses [61]. Interestingly, while muscle atrophy is provoked by not using the muscle,
its use induces both muscle growth and a type of muscle damage due to the need to develop and
grow both the activated muscle satellite cells (to regenerate the lesion) and the existing myofibrils
that need to increase their volume, i.e., inducing both muscle hyperplasia and hypertrophy [62].
Thus, while normal muscle growth in adult fish will be accomplished by hyperplasia and, mostly, by
hypertrophy [63–66], muscle regeneration and subsequent growth, as observed in exercising fish [62],
recapitulates embryonic myogenesis through the activation of satellite cells and the consequent larger
contribution from hyperplasia followed by hypertrophy of the muscle fibers [64,67]. This process
involves alterations in protein abundance and muscle metabolism to achieve muscle growth [68] and
should ultimately lead to an increase in the yield of fillet and to improved welfare of the fish.

One study on sea bream, however, was not able to show consistent differences between the
2-DE patterns of muscle from two natural repopulation lagoons and those of fish from four offshore
mariculture plants in Italy by 2-DE, MALDI-MS and LC-ESI-Q-TOF-MS [69]. The similarity between
the proteomes of farmed and wild fish would indicate the suitability of the farming conditions and
locations. The authors did, however, find significant individual differences in the relative expression
of parvalbumin isoforms and of spots corresponding to the myosin-binding protein H (MyBP-H)
isoelectric series with no apparent relationship to the length of the fish, its production method or
geographical location [69]. Muscle protein patterns obtained by 2-DE analysis showed variations
attributed to different factors; for example, acclimation to higher water temperature significantly
increased the amount of the warm temperature acclimation-related protein-65 isoforms, and the ratio of
structural proteins vs. glycolytic enzymes increased as fish grew larger [69]. This work is particularly
interesting because it shows that it is possible to achieve offshore-farmed gilthead sea breams of
commercial size whose protein expression profile is comparable to that of wild fish [69].

Discovery proteomics has been applied to improve our understanding of the mechanisms
implicated in skeletal deformities [70]. Analysis of how preslaughter stress affects the postmortem
processes in gilthead seabream muscle was performed by 2-DE and MALDI-TOF-TOF MS [70].
Moreover, 2-DE followed by LC-MS/MS of grass carp gills uncovered alterations in the metabolic
pathways after hypoxic stress [71], some of which were involved in energy generation, metabolic,
immunity and oxidative processes and proteolytic activities. It must be emphasized that the
improvement of farming practices, leading to minimizing chronic stress and preserving fish welfare
not only is one of the primary challenges for fish farmers, it is also a demand by European consumers.

The Pacific geoduck clam is one of the species whose farming is seeing a successful bloom and,
consequently, a species under study to improve its production [72]. Proteomic studies on how geoduck
production may be impacted by conditions susceptible of being modified by ocean acidification, such as
pH and temperature were performed by Spencer et al. [73]. The results showed that the amounts of
heat shock protein 90-α, puromycin-sensitive aminopeptidase and tri-functional-enzyme β-subunit as
well as shell growth, kept a negative correlation with the average temperature and a positive one with
the amount of dissolved oxygen. That indicates that geoducks may be more resistant to acidification
under natural conditions and more susceptible to variations in the concentration of dissolved oxygen
and the temperature of the water.

3.3. Food Safety in Aquaculture

Aquaculture has the capacity to provide food for millions of people over the world, however
inappropriate facility management may severely damage aquatic ecosystems and affect health risks to
consumers through contamination with environmental or human-made hazards. Moreover, several
pathogenic microorganisms can be found in the aquatic environment with the potential to negatively
affect, not only aquatic life, but also human health. In the last decade, the risk of dissemination of
infectious or toxic agents and the occurrence of disease outbreaks has risen mainly due to increases
in the following factors: (i) intake of raw or scarcely processed seafood; (ii) international trade of
aquaculture products; (iii) suboptimal monitoring methodologies; (iv) alterations in ecological stability;
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and (v) contamination and climatic change [74]. Food safety in the aquaculture sector is of crucial
relevance to avoid health hazards that can be biotic (bacteria, allergies, parasites, virus or harmful
algae blooms) and abiotic (aromatic hydrocarbons, dioxins, heavy metals, plastics) [75]. To control and
minimize the presence of hazards, the FAO implemented a code of practice for aquaculture products [1],
where the handling of fish is presented according the requirements of HACCP.

To make the reading of this review more comprehensible, the authors have decided to divide
the hazards to which consumers of aquaculture products are exposed into two general groups: biotic
hazards and abiotic hazards.

3.3.1. Food Safety in Aquaculture: Biotic Hazards

Foodborne poisonings are a relevant cause of mortality and morbidity which result from drinking
water or eating food contaminated with such pathogens as viruses, bacteria and parasites, and
their toxins.

Regarding biotic hazards, there are two main groups of bacteria that affect food products of aquaculture:
those naturally present in its habitat (Aeromonas spp., Clostribuim botulinum, Listeria monocytogenes,
Vibrio cholerae, and Vibrio parahaemolyticus) and those derived from environmental contamination
(Enterobacteriaceae, Escherichia coli, and Salmonella spp.) [76]. Additionally, Staphylococcus aureus can
infect aquaculture species during management due to inadequate hygiene conducts of operators in the
processing factories [77,78].

Proteomics has been applied to the detection and identification of bacterial species from aquaculture
products both after their direct detection in fish products, or after their isolation and growing in
different culture media. For instance, MALDI-TOF-MS techniques enabled us to achieve mass spectral
fingerprints of Vibrio spp., a Gram-negative bacteria causative of gastrointestinal diseases in humans
after ingestion of poorly cooked infected seafood, such as seabream and mollusks [79,80]. The exhaustive
proteome and transcriptome data analysis obtained by the study of Li and coworkers by iTRAQ
coupled to MRM provided some critical protein signatures for the study of the regulatory mechanisms
of the intestinal mucosal immunity in grass carp (Ctenopharyngodon idella) against Vibrio mimicus [81].
Vaccination altered the regulation of 5339 genes and of 1173 proteins in the grass carp intestines.
The conclusions of the study suggest that the integration of the five activated immune-related pathways
is relevant to the improved immune response of the intestinal mucosal in immunized carp. MALDI-TOF
MS analyses have been performed to obtain available reference spectral libraries for diverse bacterial
strains isolated from seafoods [82]. Recently, the open MALDI Biotyper library (Bruker MALDI
Biotyper) allowed for the precise identification of 75 pathogenic bacterial isolates [83].

Targeted proteomics applications in the field of pathogenic bacteria have increased substantially in
recent years. For example, both SRM and PRM have produced sensitive quantitative results about the
proteins associated with bacterial infection, particularly in the fields of clinical diagnosis and antibiotic
resistance [84]. Thus, iTRAQ-based quantitative proteomics followed by MRM studies were used to
contrast the differentially regulated proteins of Aeromonas veronii. This bacterium, a Gram-negative
virulent pathogen associated with infections in freshwater fish species and mammals, is capable of
adhering to biotic and abiotic surfaces surrounded by the extracellular matrix produced by the resident
microorganisms. The study, which used an in vitro biofilm model [85], showed that the upregulated
TonB protein increased the nutrient absorption capacity, and the enolase gene was involved in the
regulation of multiple pathways, leading to enhancement of the bacteria’s ability to undergo invasion
and metastasis. These changes may be the principal cause for the capability of A. veronii to create
biofilms and its increased dissemination.

Protozoan parasites, such as Ichthyophthirius multifiliis, cause important economic losses to the
aquaculture sector. Upon exposure to the parasite, LC-ESI-MS/MS revealed the differential regulation
of some immune-related signal transduction proteins in the skin mucus of common carp [86]. Multiple
lectins and several serpins with protease inhibitor activity were likely implicated in lectin pathway
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activation and regulation of proteolysis, indicating that these proteins support the carp innate immune
system and the preventive characteristics of the skin mucus.

Virus infections can decimate the production in fish and shrimp farms. Among the latter, white
spot syndrome virus is currently one of the most serious global hazards. A protein interactomics map
for the white spot syndrome virus has been produced by means of a co-immunoprecipitation assay
(co-IP) from a yeast two-hybrid approach [87].

Harmful algal blooms (HABs) generate shellfish poisoning toxins that affect aquaculture, particularly
mussel farming. Gel-based proteomic approaches were used to distinguish and identify nontoxic
dinoflagellates from the toxic dinoflagellate Alexandrium tamarense [88]. An alternative approach
consists of the generation and application of monoclonal antibodies directed against intracellular
antigens of the toxic dinoflagellate Alexandrium minutum as described by Carrera et al. (2010) [89].
Recent proteomic studies have contributed to enlarge the volume of data in sequence databases suitable
to identify how the proteomes of HABs are modulated by physiological parameters and in response
to changes in the environment, such as climate change [90]. In that regard, Piñeiro et al. (2010) [91]
reviewed the application of proteomics methods to study the effects of climate change on the quality
and safety of wild and cultivated seafood products.

Proteomic studies and systems biology analysis of allergenic proteins have also been critical
determinants for the evaluation of the quality and safety of wild and cultivated fish and crustacean
food products [92]. The major allergen identified in fish is β-parvalbumin. A rapid strategy for
the detection of fish β-parvalbumin in fish products was performed by targeted proteomics using
SMIM [93]. On the other hand, tropomyosin is the major allergen in shrimp and mollusks. Proteomic
profiling of the allergen tropomyosin was performed to obtain the full amino acid sequence in a Q-TOF
instrument [94]. Recently, the impact of EDTA-enriched diets on farmed fish allergenicity was studied
by 2-DE [95].

3.3.2. Food Safety in Aquaculture: Abiotic Hazards

Abiotic hazards in aquaculture have been extensively studied in mollusks exposed to contaminants in
polluted areas. Discovery proteomics studies have been mainly performed for environmental assessment
and marine pollution monitoring using the digestive glands of mussels Mytilus galloprovincialis by 2-DE
and MS [96]. Bottom-up proteomics approaches on mussels exposed to fresh fuel and weathered
fuel in a laboratory experiment that attempted to mimic the effects of the Prestige’s oil spill were
performed by 2-DE and MS [97]. Moreover, 2-DE and MALDI-TOF/TOF MS analyses have also
been applied to the identification of differentially regulated proteins in the gonads of the oyster
Crassostrea angulata after HgCl2 contamination [98]. The first shotgun proteomics analysis of mussels
after exposure to pharmaceutical environmental contaminants, such as propanolol, was performed by
Campos et al. (2016) [99].

To assess complex field contamination, targeted proteomics using SRM methodologies was applied
to the quantification of dozens of protein biomarkers in caged amphipods (Gammarus fossarum) after
in situ exposure to several aquatic environments [100]. The work detected some of the previously
identified and currently well-established protein biomarkers for amphipod crustaceans, such as the
detoxification/antioxidant enzymes glutathione S-transferase, acetylcholinesterase, catalase, superoxide
dismutase and some digestive enzymes [100].

Nanoparticle pollution is a recent issue of concern that has also been addressed by proteomic
techniques. Thus, targeted proteomics has shown that the ionic form of Ag impacted on the growth of
Pseudomonas spp. more strongly than did the nanoparticulate form of Ag in a bacterium isolated from
waters in a region where fish is farmed for human consumption [101]. Possessing broad-spectrum
antimicrobial properties, silver nanoparticles (AgNPs) are widely used in textiles and medical drugs.
Approximately 20–130 tons of ionic silver (Ag+) have been predicted to reach EU freshwaters annually,
mostly due to leaching of ionic AgNPs from biocidal plastics and textiles. Proteomic analysis using
SWATH-MS allowed the identification of 166 proteins affected by exposure to the nanoparticulate
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form of Ag, which also impacted on the growth of Pseudomonas spp. The form of Ag induced different
adaptive responses in the metabolic, stress, and energetic pathways in Pseudomonas spp., and proteins
affected were transmembrane transporters, chaperones, and proteins related to the metabolism of
carbohydrates and proteins, indicating their potential value as biomarkers of the stress induced by Ag+

and/or AgNPs. Among all the modified proteins, 59 had their content significantly changed by one or
both forms of silver. In view of the evidences obtained in these studies, we believe that nanoparticle
pollution should be considered an emergent hazard in waters with aquaculture production.

3.4. Antibiotic Resistance in Aquaculture

Antibiotics are natural and synthetic compounds that kill bacteria and have been heavily used
and abused in aquaculture for over 50 years [102] not only to treat and prevent infections, but also to
promote growth. Fortunately, success in the development of vaccines for the most relevant infections
and in the implementation of vaccination programs has greatly reduced their use in some countries
(e.g., Norway) although it is still a very serious problem in other countries and in the breeding of
some species.

The abuse in antibiotic treatments has provoked the development and spreading of bacterial
resistance and the appearance and expansion of multidrug-resistant strains in such a way that the
aquatic environment has become an important reservoir of antibiotic resistance genes/proteins (ARG/Ps)
and a route for their dissemination and potential transmission to human pathogens. Until now, five
main mechanisms of antibiotic resistance have been accurately recorded due to the related development
of resistance to drugs that (a) deteriorate enzymes, (b) bypass target pathways, (c) change antibiotic
focus sites, (d) alter the penetrability of porins, and/or (e) trigger flow systems [103].

Proteomics techniques have the potential to significantly contribute to increase the knowledge
about molecular mechanisms related to antibiotic resistance [104]. In the last five years, metagenomics
and metaproteomics have been applied to identify correlations between the “resistome” (the antibiotic
immunity genes/proteins) and the transmission of ARG/Ps from natural microflora to human pathogenic
microorganisms, which could become a serious health issue. Conventional methodologies to evaluate
water quality had been used to analyze marine sediments close to aquaculture farms, evidencing that
the native “resistome” had been enriched by the use of antibiotics at the farming sites, although the
findings were restricted to only a group of genes/proteins [5].

Proteomic studies on antibiotic resistance of fish- and shellfish-borne bacteria have largely been
performed on Aeromonas spp., because this pathogen is responsible of hemorrhagic septicemia and
hemolytic diseases in aquaculture, which cause large financial losses to farmers. Some of these studies
are described below.

Tetracyclines are commonly used antibiotics comprising the monocyclines group, doxycycline,
and chlortetracycline (CTC), and they are very efficient against both gram-positive and gram-negative
microbes. In aquaculture, tetracycline resistant Aeromonas hydrophila (a notorious pathogen causing
infections in many relevant wild and farmed species including carp, shellfish, grass carp and shrimp)
has been confirmed by different proteomics analyses. Comparison between the fitness and acquired
resistance to CTC in an Aeromonas hydrophila biofilm by TMT-labeling-based quantitative proteomics
indicated an increase in translation-related ribosomal proteins in both cases and an increase in proteins
involved in fatty acid biosynthesis only in biofilm fitness, while proteins involved in other pathways
were less abundant in acquired resistance biofilm. Targeting the up-regulation of fatty acid biosynthesis,
the authors found that a mixture of CTC and triclosan (a fatty-acid-biosynthesis inhibitor) had a more
powerful antimicrobial effect than either one of them alone. This information is highly relevant in the
fight against this pathogen when forming biofilms, which are always a challenge in seafood farming
and processing [105].

Two different quantitative proteomic studies, using dimethyl labeling and label-free methods,
performed on the same year as the previous work, were conducted to examine the differential
regulation of proteins in response to several doses of oxytetracycline (OXY) in A. hydrophila [103].
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The results showed an increase in translation-related proteins, although the amount of many central
metabolic-related proteins decreased upon OXY treatment and, also, antibiotic sensitivity seemed
to be significantly inhibited by numerous external metabolites when they were compounded with
OXY antibiotics.

In 2018, Li et al. published a quantitative proteomics experiment based on iTRAQ methodology,
to compare proteins differentially regulated in CTC-resistant A. hydrophila and in control strains [106].
The majority of the detected differentially regulated proteins were involved in key energy biosynthesis
pathways, such as metabolic and catabolic processes, transportation and signal transduction.
Chemotaxis-related proteins were downregulated in CTC-resistant strains, but exogenous metabolite
addition increased bacterial susceptibility in A. hydrophila. In addition, Elbehiry and colleagues
described the application of MALDI-TOF MS for the discrimination of the Aeromonas genus from meat
and water samples, with a spotlight on the antimicrobial resistance of A. hydrophila [107].

Recently, another proteomic study using 2-DE and MALDI-TOF/TOF analysis was conducted
by Zhu and coworkers with multidrug resistant (MDR) and sensitive A. hydrophila strains to find
differences in the regulation of proteins [108]. The work showed that, in the sensitive strains, proteins
engaged in glycolysis/gluconeogenesis and antibiotic biosynthesis were up regulated in the MDR strain,
while those involved in biosynthesis of secondary metabolites, cationic antimicrobial peptide resistance,
metabolic processes related to carbon regulation and bacterial metabolism were downregulated.
Other proteomics approaches have been used to obtain knowledge about antibiotic resistance in
other pathogenic genera, such as Edwardsiella, a gram-negative microorganism that also generates
hemorrhagic septicemia in a broad number of cultivated fish species, including yellowtail carp and eels.
As in the case of Aeromonas, the antibiotic resistance status of Edwardsiella tarda is of high relevance
for seafood safety, particularly when the bacterium is forming biofilms. Sun and coworkers, used
iTRAQ-based quantitative proteomics and high-resolution LC-MS/MS to analyze the differential
protein regulation of E. tarda in response to OXY stress in biofilms [109]. Their work showed a total
of 281 modified proteins, 193 of which were downregulated and 88 upregulated. As A. hydrophila

in biofilms, many ribosomal proteins were upregulated in response to the stress in E. tarda, while
treatment with OXY increased the amount of Uvr C, a member of the UvrABC system that plays an
important role in multiple antibiotic resistance processes.

iTRAQ and LC-MS/MS were used in conjunction to evidence the differential proteome of
the ampicillin-resistant LTB4 (LTB4-RAMP) strain of the gram-negative facultative aerobic bacteria
Edwardsiella piscicida and showed that a depressed P cycle seemed to be a characteristic of the differential
proteome in the LTB4-RAMP [110] strain, leading the authors to conclude that the depressed P cycle
caused the ampicillin resistance in E. piscicida.

The above research works in aquatic organisms, using iTRAQ technologies, seem to indicate that
the acquisition of antibiotic resistance involves chemotaxis, energy metabolism, biofilm characteristics
and external membrane proteins, as well as networks of proteins associated to antibiotic resistance.

Finally, “reprogramming proteomics” needs to be developed in a general manner to revert an
antibiotic-resistance proteome to an antibiotic-sensitive proteome for the control of antibiotic-resistant
pathogens [104].

4. Concluding Remarks and Future Directions

As presented in this review, proteomic approaches help to characterize some of the principal
issues associated to farming conditions and to address some of the main challenges in aquaculture,
such as dietary management, fish welfare, stress responses, food safety and antibiotic resistance.

Proteomics helps to elucidate how dietary management in the aquaculture sector influences the
production, growth, immunity and wellness/welfare of living aquaculture organisms and assists in the
selection of optimal diets. A large number of publications have shown that the composition of the
feed influences the fish muscle nutritional value and its proteome. Efforts have been made to discover
protein markers for such quality traits. In addition, various proteomics investigations have been
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published on the identification of robust protein signatures for fish chronic stress. From this perspective,
amelioration of aquaculture conditions to reduce chronic stress during farming and maintain fish
welfare is one of the principal issues that can be addressed with discovery proteomics. Additionally,
innovative fast targeted proteomics workflows have demonstrated the rapid detection of fish allergens,
parasites and microorganisms in aquaculture. The characterization of species-specific peptides by
MS/MS-based proteomics and their monitoring by targeted proteomics demonstrated the adequacy of
these approaches for food safety control, enabling the differential detection of several hazards in the
aquaculture sector. In this way, the utilization of rapid sample preparation methods, combined with
sensitive and accurate MS for both the discovery and targeting of fish quality and safety biomarkers,
may enhance quality control and safety in aquaculture. Moreover, proteomics offers a more holistic
point of view on the molecular mechanisms of antibiotic resistance in the aquaculture sector and it can
be directly linked to the metagenomic/metaproteomic approaches that are being applied to the study
of a new concept known as the resistome, a current challenge of high relevance that needs an effective
and rapid response and that may be elucidated through proteomics techniques.

As the proteins are considered the principal functional macromolecules in all biological systems,
we consider that proteomics strategies and their associated techniques can offer several advantages
compared with other methodologies for the study of the impact of farming conditions on food quality
and safety in aquaculture products. This is the case primarily because, with those methodologies,
it is possible to identify and directly quantify protein/peptide signatures without the necessity of
inferring conclusions based on other approaches such as genomics tools. Secondly, the benefits of
proteomic analysis may be adapted for fish products with short shelf-life. Finally, the current advances
in proteomic methodologies allow for the implementation of precise methods that may be useful for
routine control test with a potentially lower cost and in a relatively short estimated time (<30 min).

Lastly, the development and practical implementation of new advances based on protein arrays,
microfluidics, and biosensors to the aquaculture sector offers a promising research area in which the
results of proteomic studies can be established for the routine control test and diagnosis of fish products.
We also assume that the digitalization of these new devices may be relevant to the aquaculture industry
and control authorities in the next several years and may supply rapid monitoring information to
effectively drive decision enforcing by the industry and authorities.
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