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Identification and characterization of the main peptides in pea protein isolates using ultra highperformance liquid chromatography coupled with mass spectrometry and bioinformatics tools
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Highlights

 3,005 unique peptides identified in pea protein solutions  45% of peptides came from seed storage proteins, mainly vicilins  11 peptides displayed sequence homology with known antioxidants  1,640 peptides were associated with high broth scores, perhaps reflecting umami  14 peptides appeared to influence the perception of bitterness

Introduction

A major recent challenge in the agrifood industry is developing new protein sources to compensate for the anticipated future paucity of traditional animal proteins. Consequently, both the industry and consumers are focusing their attention on plant proteins. Plant protein isolates, such as those derived from peas (Pisum sativum L.), are often used to create foods because of their functional properties, protein content, sustainable production, and relatively low cost [START_REF] Davis | Environmental impact of four meals with different protein sources: Case studies in Spain and Sweden[END_REF]. However, plant proteins, and especially isolate fractions from raw plant matter, have some drawbacks from a sensory point of view (e.g., their color, smell, and taste). It is necessary to better understand the sensory issues associated with plant proteins if we wish to develop plant protein-based foods that will be attractive to consumers.

Research on the perception of pea-based products has largely focused on the role of volatile aroma compounds in creating sensations of beaniness [START_REF] Bi | Characterization of key aroma compounds in raw and roasted peas (Pisum sativum L.) by application of instrumental and sensory techniques[END_REF] and of phenolics/saponins in creating sensations of bitterness and astringency [START_REF] Heng | Bitterness of saponins and their content in dry peas[END_REF]. However, it is important to carry out more detailed compositional analyses to clarify how foods are sensorily perceived.

Pea protein isolates are mainly composed of globulins, which are the main storage proteins in seeds.

Globulins consist of two fractions that are characterized by their ultracentrifugation sedimentation coefficients: 7S (20%-40%) and 11S (20-30%). The 7S fraction is composed of vicilins and convicilins. The 11S fraction is composed of legumines [START_REF] Crevieu-Gabriel | Digestion des protéines végétales chez les monogastriques. Exemple des protéines de pois[END_REF]. During protein isolate extraction (notably during temperature and pH changes), proteins may be naturally hydrolysed into numerous peptides of different sizes [START_REF] Li | Identification and inhibitory properties of multifunctional peptides from pea protein hydrolysate[END_REF][START_REF] Sirtori | Mechanical and thermal processing effects on protein integrity and peptide fingerprint of pea protein isolate[END_REF]. Several structural changes result because of the exposure of hydrophobic sites normally found in the protein's core [START_REF] Daher | 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[END_REF]. Although such peptides remain little studied, they could potentially have properties that might serve to improve the sensory properties of plant-based products.

Indeed, specific protein fragments may elicit various sensory perceptions (e.g., sweet, bitter, umami, sour, or salty notes). Sourness and saltiness could result from the presence of charged terminal groups and/or charged side chains [START_REF] Temussi | The good taste of peptides: peptides taste[END_REF]. Other perceptions (sweetness, umami, and bitterness) could be explained by the presence of different peptide families. For example, certain small peptides [START_REF]CRediT authorship contribution statement Audrey Cosson: Methodology, Investigation, Formal analysis[END_REF][START_REF]This work was funded by Roquette (Lestrem, France), the French National Research and Technology Agency[END_REF][START_REF] Aubes-Dufau | Production of peptic hemoglobin hydrolyzates: Bitterness demonstration and characterization[END_REF](8) residues in size) can activate the TAS2R bitter taste receptors in the mouth [START_REF] Aubes-Dufau | Production of peptic hemoglobin hydrolyzates: Bitterness demonstration and characterization[END_REF][START_REF] Maehashi | Bitter peptides and bitter taste receptors[END_REF]. These peptides tend to be hydrophobic with proline-and leucinerich side chains, especially at their C-terminals [START_REF] Kim | Tastes and structures of bitter peptide, Asparagine-Alanine-Leucine-Proline-Glutamate, and its synthetic analogues[END_REF]. They can have quite an impact: for example, 0.25 mM of a peptide (VVYPWTQRF) solution derived from bovine hemoglobin elicits the same sensation of bitterness as 0.073 mM of quinine sulfate or 21 mM of caffeine [START_REF] Aubes-Dufau | Production of peptic hemoglobin hydrolyzates: Bitterness demonstration and characterization[END_REF]. With regards to sweetness, there are no known natural peptides that result in sweet notes.

However, semi-synthetic peptides, such as aspartame (the methyl ester of the aspartic acid/phenylalanine dipeptide) and neotame (a secondary amine of 3,3-dimethylbutanal and aspartame), can activate T1R2/T1R3 sweet taste receptors. In the case of umami, the umami heterodimer (T1R1/T1R3) has ligands with multiple binding sites, and thus the receptor displays low specificity and can respond to a chemically diverse range of umami molecules. More than 50 peptides (such as KGDEESLA) appear to elicit umami, but their specific functional roles remain unclear. Research on the relevant receptors has suggested that such peptides might directly lead to the sensation of umami. However, it is also possible that umami is a consequence of partial hydrolysis, which leads to sizeable concentrations of Asp or Glu [START_REF] Temussi | The good taste of peptides: peptides taste[END_REF][START_REF] Wang | Characterization and evaluation of umami taste: A review[END_REF].

Several experimental approaches have been used to study the sensory properties of protein fractions.

The most common strategy to examine how specific compounds affect the sensory characteristics of products, using a combination of fractionation and omission tests [START_REF] Engel | Relevance of omission tests to determine flavour-active compounds in food: Application to cheese taste[END_REF][START_REF] Toelstede | Sensomics mapping and identification of the key bitter metabolites in Gouda cheese[END_REF]. However, peptidomics techniques are increasingly used thanks to advances being made in modern mass spectrometry and bioinformatics. These tools are ideally suited for carrying out comprehensive peptide analysis, especially when such analyses exploit the massive quantities of information currently available in genomic and transcriptomic databases. In peptidomics, diff erent solvents and techniques are used in the fractionation, separation, and analysis of peptides [START_REF] Gao | Evaluation of the bitter components of bamboo shoots using a metabolomics approach[END_REF][START_REF] Salger | Taste modulating peptides from overfermented Cocoa Beans[END_REF]. In such work, liquid chromatography-mass spectrometry is the most widely used analytical method. Fragmentation spectra obtained from samples are compared with theoretically expected spectra for peptide reference sequences. Sample peptides are thus assigned to the proteins that contain their sequences. Several bioinformatics tools have been developed to automate these operations, such as COMET [START_REF] Eng | Comet: An open-source MS/MS sequence database search tool[END_REF] or X!tandempipeline [START_REF] Langella | X!TandemPipeline: A Tool to manage sequence redundancy for protein inference and phosphosite identification[END_REF].

Information about peptide properties can be found in databases such as BIOPEP [START_REF] Iwaniak | BIOPEP database of sensory peptides and amino acids[END_REF].

Recently, [START_REF] Daher | 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[END_REF] demonstrated that peptidomics could be a valuable tool for evaluating the bitterness of protein isolates.

Thus, the aim of this study was to identify the main oligopeptides and polypeptides (5-40 amino acids long) found in pea protein isolates and to characterize their sensory properties. To this end, we used pea protein solutions and an experimental design previously employed by [START_REF] Cosson | Using a mixture design and fraction-based formulation to better understand perceptions of plant-protein-based solutions[END_REF]. The peptide profiles of the solutions were determined using ultra high-performance liquid chromatography coupled with mass spectrometry (UHPLC-MS/MS). The resulting peptides were identified, and both their physicochemical properties and their antioxidative properties were characterized. Then, we examined the impact of our fraction-based formulation strategy on peptide profile. Finally, the relationship between peptide profiles and the sensory properties of solutions (as determined in [START_REF] Cosson | Using a mixture design and fraction-based formulation to better understand perceptions of plant-protein-based solutions[END_REF] was explored, with a particular focus on perceived bitterness.

Materials and methods

Solution preparation

To obtain a pea protein isolate, different unit fractionation steps (precipitation, centrifugation, membrane separation) followed by heat treatments are implemented. These processing steps influence sensory characteristics as well as functional property of products [START_REF] Gharibzahedi | Effects of high hydrostatic pressure on the quality and functionality of protein isolates, concentrates, and hydrolysates derived from pulse legumes: A review[END_REF][START_REF] Roland | Flavor aspects of pulse ingredients[END_REF]. Thus, two commercial pea protein isolates were used in this study. Six fractions were obtained from two pea protein isolates (protein content = nitrogen [N] content x 6.25; 83% dry matter) as explained in [START_REF] Cosson | Using a mixture design and fraction-based formulation to better understand perceptions of plant-protein-based solutions[END_REF]: permeates a and b; retentates a and b; and pellets a and b.

The main elements of fractionation are recalled here. The isolates were dispersed in tap water to obtain a suspension (4% (w/w) dry matter content) and maintained under agitation for 12 h at 3 •C. Then, it was centrifuged (Jouan Kr4i and a Sorvall Lynx 4000 [Thermo Scientific, Waltham, US]; 6000 g, 10 min, 4 •C) and the supernatant was manually separated from the pellet. The pellet was then diluted with tap water (12.35% (w/w) dry matter content). Then, a tangential filtration module (TIA, Bollene, France) was used with two ST-3B-1812 PES Synder membranes (46-mil spacer; 10-kDa MWCO) and a high-pressure diaphragm pump (Wanner Hydra-Cell G10, Wanner International Ltd, Church Crookham, UK). Throughout filtration, the retentate was at 13 •C, the inlet pressure (P1) was at 1.5 bar, the outlet retentate pressure (P2) was at 1 bar, and the mean transmembrane pressure ([P1 + P2]/2) was at 1.25 bar. First, ultrafiltration was used to obtain 10 L of permeate; then, diafiltration was performed to partially wash the retentate with one diavolume.

Then, these six fractions were combined in various ways to formulate the 28 unique and different solutions of the mixture design described in [START_REF] Cosson | Using a mixture design and fraction-based formulation to better understand perceptions of plant-protein-based solutions[END_REF] (see Supplementary Table 1). Among these solutions Refa (respectively Refb) correspond to the solutions of pea protein isolates a (resp. b) at 4% (w/w). This process was carried out at 4°C in 50 mL glass flasks, which were stored at -20°C.

Work was performed on different groups of compound types rather than on a single compound type.

Each fraction was associated with a main compound type: insoluble proteins in the case of the pellets; soluble compounds (e.g., volatiles, peptides, and phenolics) in the case of the permeates; and soluble proteins interacting with volatiles in the case of the retentates. This approach made it possible to formulate a diversity of pea-protein-based solutions to obtain continuous responses and build reliable statistical models. Solutions were chosen to represent a broad spectrum of combinations while also remaining realistic in terms of protein concentrations (0-4.25%). The different steps to obtain the solutions and the solutions analysis are described in the Supplementary Figure 1.

Overall characterization of the solutions

For each fraction, protein content was determined via the Kjeldahl method (N content x 6.25). Dry matter content (% w/w) and ash content were determined by a certified external laboratory (SAS IMPROVE, Amiens, France) via drying and calcination (prepASH ® 219 analysis system). Conductivity at 20°C was measured with a calibrated conductivity probe (InPro 7108-25/65-VP 3.B, M300 transmitters; Mettler Toledo, Switzerland), and pH was measured at 20°C (InPro 4801i/SG/120; Mettler Toledo, Switzerland).

Hydrophobicity index values were measured as per [START_REF] Kato | Hydrophobicity determined by a fluorescence probe method and its correlation with surface properties of proteins[END_REF]. The reaction between the 8-anilinonaphthalene-1-sulphonic acid probe (ANS) and hydrophobic amino acids (Alanine, Valine, Leucine, Isoleucine, Methionine, Phenylalanine, Tryptophan, Proline) leads to the formation of a fluorescent complex, which is measured by spectrofluorometry. Each solution was diluted with phosphate buffer (0.053 M Na2HPO4-2H2O, 0.067 M KH2PO4, pH = 7.0) to establish five concentration levels between 0.002% and 0.032% (wt). Then, 20 μL of an 8-anilinonaphthalene-1sulphonic acid probe (ANS; Sigma Aldrich) was added to 4 mL of each solution; the result was thoroughly mixed for 15 min in the dark (concentration of 8 mM in the phosphate buffer). Signal intensity was measured using a spectrofluorometer (Cary Eclipse; Agilent) with excitation wavelengths of 380nm and emission wavelengths of 480nm.Protein surface hydrophobicity was then calculated as the initial slope of relative fluorescent intensity in function of the protein concentration.

The relative fluorescent intensity was calculated as (F-Fo)/Fo where Fo is the fluorescent intensity values of the ANS blanks (ANS solution made with buffer -without any proteins). F is the fluorescent intensity values of the protein solutions. The slope of the relationship between protein concentration (%) and fluorescent intensity was determined via linear regression analysis. Three replicates of the analysis were performed.

Peptide identification and relative quantification

Before the UHPLC-MS/MS analysis, a sample pre-treatment procedure was applied adapted from previous work [START_REF] Guillot | Mass spectrometry analysis of the extracellular peptidome of Lactococcus lactis: Lines of evidence for the coexistence of extracellular protein hydrolysis and intracellular peptide excretion[END_REF]. Due to the nature of the samples, which are the result of several fractionation steps, it was possible to simplify the sample preparation procedure as follows. Pea solutions were centrifuged (15,000 g, 4°C, 15 min). The supernatants were filtered using a Vivaspin centrifugal concentrator (20 mL, 10 kDa; Sigma Aldrich) run at 8,000 g (30 min, 4°C). The filtrates were stored in the dark at -80°C prior to analysis.

MS was performed at the PAPPSO platform (MICALIS, INRAE, Jouy-en-Josas, France). An Orbitrap Fusion TM Lumos TM Tribrid TM mass spectrometer (Thermo Fisher Scientific) coupled to an UltiMate TM 3000 RSLCnano System (Thermo Fisher Scientific) was used. Peptides were loaded into a precolumn (Acclaim PepMap C18; 5 µm particle size, 5 mm length, 300 µm ID) at a rate of 20 µL/min and were separated using a C18 column (Acclaim PepMap nanoViper; 2 µm particle size, 500 mm length, 75

µm ID) at a rate of 300 nl/min and measured over a total gradient length of 147 min with increasing buffer B (80% acetonitrile [ACN] and 0.1% formic acid) from 1 to 60 % for 115 min. Buffer A was 0,1% formic acid in 98% water. The eluted peptides were distributed throughout the gradient showing a good and an adequate peptide separation (Supplementary Figure 2). The eluted peptides were analyzed online using the Orbitrap mass analyzer. The mass spectrometer was operated in data dependent acquisition (DDA) and positive mode ionization was performed, employing a spray voltage of 2.8 kV. Peptide ions were analyzed using a data-dependent method as follows: a full MS scan (m/z: 300-1,600; resolution: 120,000) was performed by the Orbitrap mass analyzer. Doubly and triply charged peptides underwent MS/MS analysis (collision energy: 30%; resolution: 30,000; cycle time: 3 sec).

Peptide identification was performed with X!Tandem v. 2017.2.14 (Alanine) and X!Tandem Pipeline (C++) v. 0.2.40 [START_REF] Langella | X!TandemPipeline: A Tool to manage sequence redundancy for protein inference and phosphosite identification[END_REF] using protein sequences for Pisum sativum L. The main peptide identification parameters were the following: no cleavage specificity, variable methionine oxidation state, and mass tolerance for parent and fragment ions of ±10 ppm. Peptides were retained when the Evalue was ≤ 0.05, and the presence of one peptide per parental protein was considered to enable identification. Contaminant peptides were discarded following identification using a standard proteomics contaminant database, and the false discovery rate was estimated using the reversed protein database.

MassChroQ software (v. 2.2.17) was employed to perform alignment, XIC extraction, peak detection, and quantification [START_REF] Valot | MassChroQ: A versatile tool for mass spectrometry quantification[END_REF].

Fourteen pea solutions were analyzed using UHPLC-MS/MS: Refa, Refb, 100Pa, 100Pb, 100Ra, 100Rb, 50Ia-50W, 50Ib-50W, 50Pb-25Ib-25W, 25Pa-25Ra-13Ia-38W, 70Pb-30Ra, 40Ra-30Ib-30W, 50Ra-25Ia-25W, and 50Pb-50Rb. Among them, 100Ra, 100Rb, Refa, and Refb were performed in duplicate to assess method repeatability.

To cut down on the analysis time, we hypothesized that the solutions' peptide concentrations could be estimated from solution formulations, given that the solutions were mixtures of the fractions. We found support for this hypothesis using a subset of six of the solutions (50Pb-25Ib-25W, 25Pa-25Ra-13Ia-38W, 70Pb-30Ra, 40Ra-30Ib-30W, 50Ra-25Ia-25W, and 50Pb-50Rb). For the other thirteen solutions (50Pa-Ia25-W25, 50Rb-50W, 40Pb-60W, 50Pb-50W, 40Pa-60Rb, 30Ia-70W, 60Ra-40W, 50Pa-25Ib-25W, 40Pa-60W, 50Pa-50Ra, 40Rb-30Ia-30W, 25Ib-75W, and 40Rb-30Ib-30W), peptide composition was calculated based on the peptide composition of the fractions. A linear equation of the following type was used: where A was the area of the peptides, and C was the relative quantity of each fraction.

Before the statistical analyses were performed, the data were processed. First, the areas of each replicate were averaged (cleansing step). The areas of identical peptides with the same charges were also summed. In this study, we chose to use all a peptide's isotopes in its quantification. This decision was made for two reasons: a) the isotope distribution for a given peptide is discrete and depends mainly on the presence of heavy isotopes and b) isotope composition can be treated as "homogeneous." Consequently, using all the isotope peaks should improve the results because signal variability should decline if multiple values are used. Missing data are always a modeling concern, so we assumed that this approach would still yield a better approximation than comparing isotopes separately. Second, certain peptides were removed (first filtering step): only peptides present in at least two solutions were retained. Third, the peptide composition of 13 of the solutions was calculated as described above (calculation step). Fourth, peptides with little variation in area were removed (second filtering step): only peptides that varied at least 50% among the solutions were retained. Finally, to remove any artefacts, null values were replaced by randomly selected values between 1+E04 and 1+E05 (i.e., values corresponding to the detection threshold). The general workflow of the different steps of peptidomics analysis is illustrated below (Fig. 1).

Characterization of peptide properties

Peptides were characterized based on nine physicochemical properties: length (number of amino acids), the GRAVY index (the grand average of hydrophobicity), bulk (the average bulkiness of the amino acids), the aliphatic index (relative volume occupied by aliphatic side chains), polarity (average polarity of the amino acids), charge (overall net charge), relative basic nature (fraction of informative positions that are occupied by Arg, His, or Lys), relative acidic nature (fraction of informative positions that are occupied by Asp or Glu), and relative aromatic nature (fraction of informative positions that are occupied by His, Phe, Trp, or Tyr). As in [START_REF] Proust | Insights into the complexity of yeast extract peptides and their utilization by Streptococcus thermophilus[END_REF], these properties were computed using the aminoAcidProperties function of the R package "alakazam" v. 0.2.8 [START_REF] Gupta | Change-O: A toolkit for analyzing large-scale B cell immunoglobulin repertoire sequencing data: Table 1[END_REF]. Default settings were used for scaling and normalization. The bioactivity and sensory properties of peptides were explored via comparisons with known bioactive and taste peptides listed in the BIOPEP database [START_REF] Iwaniak | BIOPEP database of sensory peptides and amino acids[END_REF]. Only peptides that were more than three amino acids long were examined to avoid noise in the results. Finally, the perceptions of peptides were investigated by looking at the sensory scores of the 28 solutions evaluated by [START_REF] Cosson | Using a mixture design and fraction-based formulation to better understand perceptions of plant-protein-based solutions[END_REF].

Statistical analysis

Analyses were performed using R (R Core Team, 2019) and JMP (v. 13.1.0; SAS Institute Inc., Cary, SC, USA). For the inferential analyses, α = 0.05 was the threshold for statistical significance. To visualize the intersections in the peptide sets among the six fractions and the two raw solutions, the function "upset" in the package UpSetR was used [START_REF] Conway | UpSetR: An R package for the visualization of intersecting sets and their properties[END_REF]. To visually explore differences in peptide profiles among the 28 solutions, we carried out principal component analysis (PCA, wide method) on a correlation matrix. To visualize the overall characteristics of the peptides, we plotted the distributions of each physicochemical property (normalized distribution, kernel density). Finally, to examine the relationships between the peptide data and the sensory data for the 28 solutions, we analyzed a correlation matrix (Pearson method).

Results and discussion

Identification and characterization of the main peptides in pea protein isolate solutions

Identification of the peptides in the pea protein solutions

After preliminary processing of the peptide data, 3,561 peptide ions (with different charges) and 3,005 unique peptides were identified. Mass ions varied in m/z (305-1395 m/z), charge (2-4), isotope number (0-5), and area (1.0E+04-1.0E+10, median = 1.4E+06). The three most common peptides were NPFIFK, FANAQPQQR, and NQKQSYF; they came from vicilins and provicilins. They likely represent favored hydrolysis sites. In addition, 348 peptides with the following modifications were identified: loss of an ammonia, usually via vicinal dehydration, ammonia rearrangement, and rehydration via ammonia release, resulting in the loss of nitrogen without any gain in oxygen (MOD:01160); oxygenation of an L-methionine residue to form a diastereomeric L-methionine sulfoxide residue (MOD:00719); replacement of a residue amino or amino hydrogen with an acetyl group (MOD:00408); and formation of a double bond via the removal of a water molecule from a residue (MOD:00704) [START_REF] Jupp | A new ontology lookup service at EMBL-EBI[END_REF].

The 3,005 peptides had origins in a wide range of proteins from three main groups (Fig. 2): storage proteins (45%), enzymes (23%), and proteins derived from seed metabolism (32%). Within these groups, only the proteins with the most peptides are illustrated. The others have been grouped according to their functions. The majority of the peptides came from storage proteins and more specifically, from vicilins (18%), convicilins (4%), and legumins (11%). This result is not surprising since protein isolates are mainly composed of the latter three protein types [START_REF] Crevieu-Gabriel | Digestion des protéines végétales chez les monogastriques. Exemple des protéines de pois[END_REF].

It was interesting to note the presence of peptides from proteins associated with sensory off-notes.

There were large quantities of peptides from lipoxygenases (7%), which catalyze the degradation of polyunsaturated fatty acids; the latter are thought to play an important role in the development of undesirable off-flavors in pulses. The initial products of lipoxygenase activity are hydroperoxides, which are further degraded into a wide range of compounds, including many that are responsible for off-flavors, such as hexanal and n-pentylfuran [START_REF] Roland | Flavor aspects of pulse ingredients[END_REF]. In addition, peptides from aldehyde dehydrogenase were observed. This enzyme catalyzes the oxidation of aldehydes and so can modify the composition of volatile compounds of pea protein solutions and so the sensations of beaniness. Peptides from protein that catalyzes phenolic acids modifications were observed: carotenoid cleavage dioxygenase, chalcone synthase, gibberellin dioxygenase, and isoflavone synthase were present. Phenolics acids play also a role in the development of undesirable off-flavors in pulse (bitter and astringent notes).

The peptides displaying modifications were generally associated with three types of proteins: lipoxygenases (10% of modified peptides), histones (12% of modified peptides), and ribosomal proteins (5% of modified peptides). Peptides from these protein types could probably more sensitive to modifications during the pea processing.

Thus, these results show that a wide variety of peptides were identified. These peptides represent proteins from different families, mainly seed storage proteins. Clarifying the origin of these peptides also gives us information about the proteins present in the isolates, including which proteins may cause sensory perceptions (e.g., the lipoxygenases).

Physicochemical properties of the peptides in the pea protein solutions

The peptides' physicochemical and antioxidative properties were characterized. The nine physicochemical properties were chosen with a view to comprehensively describing pea peptide diversity. The normalized distributions of the property values for the peptides are in Figure 3. The peptides were mostly polar and hydrophilic. The mean GRAVY index value was around -0.5, which is also the overall mean value for the 20 standard amino acids (i.e., -0.49; [START_REF] Kyte | A simple method for displaying the hydropathic character of a protein[END_REF]. The median net charge was close to zero. Mean bulk was around 15 Å, which is also the overall mean for the 20 standard amino acids (i.e., 15.4 Å; [START_REF] Zimmerman | The characterization of amino acid sequences in proteins by statistical methods[END_REF]. In terms of amino acid composition, the peptides had more aliphatic amino acids (Ala, Val, Leu, and Ile) than aromatic amino acids (His, Phe, Trp, and Tyr) or acidic amino acids (Asp and Glu). Finally, average length was 10 residues, although this observation should be interpreted with caution given the specificities of the analytical pipeline. Indeed, the upper limit on length was defined by the purification process and, more specifically, by the ultrafiltration steps; the lower limit on length (no peptides < 6 residues were detected) was a direct consequence of the chosen MS detection range (300-1,600 m/z). Thus, these results show that the main peptides in the pea protein isolates varied greatly in their physicochemical properties; however, when the overall averages were obtained, they generally corresponded to the averages for the 20 standard amino acids.

In addition, some of the identified peptides matched with antioxidant peptides observed in pea and included in BIOPEP database (see Supplementary Table 2). Bioactive peptides are usually 2-20 amino acids long and have molecular masses of less than 6 kDa [START_REF] Sarmadi | Antioxidative peptides from food proteins: A review[END_REF][START_REF] Sun | Novel antioxidant peptides from fermented mushroom Ganoderma lucidum[END_REF].

Here, eleven peptides had sequences that were homologous with those of known antioxidant peptides (BIOPEP database) previously identified in pea-protein-based solutions [START_REF] Iwaniak | BIOPEP database of sensory peptides and amino acids[END_REF]: ADGF; ADVFNPR; ELLI; FVPH; HLHP; KFPE; LPILR; SAEHGSLH; SGAF; YLKT; and YVGD. These peptides contained many copies of phenylalanine, an amino acid known to mediate antioxidant activity [START_REF] Sarmadi | Antioxidative peptides from food proteins: A review[END_REF]. They came from different proteins-storage proteins such as legumins; enzymes such as seed linoleate 9S-lipoxygenase-3; and metabolic proteins such as transporters. These results highlight that the diversity of peptides present in pea-protein-based solutions may have nutritional benefits and could be used to enhance the value of plant-based foods. Peptide composition should be studied further from a nutritional point of view.

Impact of fractionation and recombination on peptide profiles

Impact of fractionation on peptide profiles

This study adopted an original approach: the decision was made to work with fractions instead of compounds because i) we had no a priori hypothesis on which compounds would be linked to perceptions and ii) from a sensory point of view working with all compounds (e.g. with molecular fractionation and omission tests) can be very long and difficult. We broke down the pea protein isolates into six fractions (two pellets, two retentates, and two permeates), which were then recombined to form different solutions using a mixture design. Before studying the recombined solutions, we studied the impact of fractionation on peptide profile composition.

The overall characteristics of the six fractions and the two raw solutions are presented in Table 1. The number of peptides per fraction was linearly correlated with the sum of the areas of the peptides (Pearson method; R² = 0.83). The permeates (100Pa and 100Pb) contained the greatest number of peptides, followed by the raw solutions (Refa and Refb). The pellets (50Ia-50w and 50Ib-50W) had the lowest number of peptides. Solutions from pea protein isolate b (Refb, retentate 100Rb, permeate 100Pb and pellet 50Ib-50W) had fewer identified peptides overall than solutions from pea protein isolate a (Refa, retentate 100Ra, permeate 100Pa and pellet 50Ia-50W). These differences could come from the processing of the two commercial products. A perspective to this work could be to study and identify the step (or steps) of the processing that generates these differences in peptide composition.

To visualize the intersections in peptide sets among the six fractions and the two raw solutions (Rfa and Refb), an UpSet plot was used (Fig. 4). An higher number of peptides were observed in solutions from Refa (permeate 100Pa, retentate 100Ra, refa and then pellet 50Ia-50W) than in the respective products from Refb (permeate 100Pb, retentate 100Rb, refb and pellet b). However, there were more peptides in the raw solution from Refb than in the raw solution from Refa. Thus, the two pea protein isolates were not impacted in the same way by the pea processing: it would appear that more specific peptides were "lost" from isolate b.

To understand the effect of fractionation on the peptide profiles of the fractions, we examined the relationship between the fractions' physical characteristics (Table 1) and the sum of the areas of the peptides. There was not a significant correlation between peptide area and either dry matter content, protein content, ash content, pH, or surface hydrophobicity. However, there was a significant linear correlation with conductivity (Pearson method; R² = 0.84). Peptides (e.g., salts, which drive conductivity) are rather soluble and small in size. During the centrifugation step, they must have mostly gone into the supernatant, and then, during the filtration step, they must have passed into the permeate. Protein content and conductivity were slightly higher in isolate a than in isolate b. It can be assumed that these properties explain the higher peptide concentrations in the fractions from batch a.

The peptides' physicochemical properties showed similar normalized distributions across fractions (Fig. 3). The only notable differences occurred in charge between the pellets (50Ib-50W and 50Ia-50W) and the permeates (100Pb and 100Pb) and in the polarity between the raw solutions (Refa versus Refb). The peptides in the permeate solutions varied slightly more in charge. The peptides in the raw solution Refb were slightly more polar. Therefore, the fractionation process did not lead to peptide profiles that differed in physicochemical properties. As for the eleven peptides with sequences homologous with those of known antioxidant peptides, they occurred across the range of solutions.

They were, however, most common in the raw solutions (Refa and Refb).

Peptide profiles of the recombined solutions

A mixture design was used to create a suite of solutions by combining the pea protein fractions in different ways. To validate this methodology, the peptide profiles of six of the recombined solutions were determined; the results were compared with the peptide profiles that were calculated using the fraction-based approach. Considering the number of values to be compared (3,561 peptides x 6 solutions), we did not contrast the individual values of the recombined solutions but rather the distributions of the differences between their measured and calculated values. These distributions were compared to the distributions for replicates of the experimental replicate solutions (100Ra, 100Rb, Refa and Refb). The quartiles were calculated excluding any null values. The quartiles for repeated solutions were: 1st quartile-4.39E+05, median-1.18E+06, 3rd quartile-2.39E+06, and maximum-6.11E+08. The differences between the quartiles for the measured versus calculated values were as follows: 1st quartile-7.19E+05, median-1.65E+06, 3rd quartile-4.22E+06, and maximum-1.47E+09. The overall distributions were similar between replicate solutions and the data for the recombined solutions. The quartiles were slightly lower in the case of the former, but the orders of magnitude were similar. In the case of some peptides, there were significant differences between the measured and calculated values for the recombined solutions. However, these peptides were among those with the largest areas, and the relative differences were therefore small. In conclusion, it appeared that peptide profiles could be reliably estimated for the recombined solutions using fractionbased calculations.

PCA was used to visually assess the main differences among the recombined solutions (Fig. 5). The solutions were well distributed along axes F1 and F2, which accounted for 71.8% of the variance.

Thus, the maps based on the first two axes seemed to provide a good-quality projection of the initial multidimensional table, even though some information might have remained hidden in the subsequent axes. The data for the areas of the 3,561 peptides were clustered within one half of the correlation circles and were thus clearly correlated. Overall, peptide concentrations increased from water solution (X, lower left) to the more permeate-based solutions (100 Pb and 100Pa; X upper/right). The solutions formulated with fractions from batch a (Fig. 5: in green) and the solutions formulated with fractions from batch b (Fig. 5: in blue) stand out clearly. Batch a variability is mainly found on axis 1, and batch b variability is mainly found on axis 2. Solutions formulated with fractions from both batch a and b are in the middle (Fig. 5: in orange). Regardless of the batch, permeates (100Pa and 100Pb) had the highest peptide concentrations. The pellets (50Ia-50W and 50Ib-50W) had the lowest peptide concentrations. The raw solutions (Refa and Refb) had intermediate peptide concentrations.

Consequently, with this experimental design, we have managed to create two different ranges of peptide concentrations. The peptides in fraction mixtures (batch a and batch b) allowed us to explore any interactions.

Identifying factors influencing perceived bitterness

Sensory properties of the recombined solutions

The 6 different fractions were combined in various ways to formulate 28 pea protein solutions (see Supplementary Table 1). These solutions had been used by Cosson et al., in a previous sensory study to obtain greater insight into the origin of perceived beaniness (expressed via the following attributes: almond, broth, cereals, nuts, pea, and potato), bitterness, and astringency in pea-protein-based foods. Cosson et al., found that the attributes contributing to perceived beaniness were mainly influenced by the retentate and permeate fractions, likely because of their levels of volatiles, which were indirectly reflected by hexanal levels. Perceived astringency was mainly influenced by the retentate and pellet fractions, while perceived bitterness was largely driven by the retentate fraction. Bitterness and astringency were associated with the levels of phenolics, which were indirectly reflected by caffeic acid content. However, this previous study concluded that a more detailed analysis of solution composition (i.e., beyond hexanal and caffeic acid levels) would be needed to uncover the more precise origins of these sensory perceptions [START_REF] Cosson | Using a mixture design and fraction-based formulation to better understand perceptions of plant-protein-based solutions[END_REF].

Drawing upon the results of this previous study, the peptide profiles of the pea protein solutions were examined in tandem with the sensory profile data. The correlations between peptide areas and sensory scores were evaluated (Pearson method). Each sensory attribute (score out of 10) was correlated with the areas of several peptides (p-value < 0.05). Correlations were most common for the broth attribute (1,640 out of 3,561 peptides), followed by the salty attribute (1,277 out of 3,561 peptides). In contrast, correlations with other attributes were significantly less frequent: bitter-275 peptides; astringent-173 peptides, mouthfeel-410 peptides, pea-440 peptides, potato-246 peptides, almond-80 peptides, nuts-135 peptides, and cereals-214 peptides. We also compared the peptides from this study with the sensory peptides listed in the BIOPEP database [START_REF] Iwaniak | BIOPEP database of sensory peptides and amino acids[END_REF], but there were no noteworthy findings.

Perceived saltiness can arise from the presence of peptides with charged terminals and/or charged side chains [START_REF] Temussi | The good taste of peptides: peptides taste[END_REF]. However, the phenomenon can also have an indirect cause: NaCl and peptides (small soluble molecules) are likely distributed in a similar way in pea protein fractions. Furthermore, a higher salt concentration can also change how protein hydrolysis or peptide fractionation plays out, resulting in different peptide concentrations [START_REF] Cheison | Impact of the environmental conditions and substrate pretreatment on whey protein hydrolysis: A review[END_REF].

Broth notes may be perceived when peptides have activated T1R1/T1R3 umami receptors. Indeed, umami is often described as a meaty, broth-like, or savory taste and can participate in perceived brothiness [START_REF] Lioe | Soy sauce and its umami taste: a link from the past to current situation[END_REF]. Such peptides are between 2 and 11 residues long. For example, Glu-Gly-Ser-Glu-Ala-Pro-Asp-Gly-Ser-Ser-Arg was found to elicit the sensation of umami during the consumption of peanut hydrolysate [START_REF] Su | Isolation and identification of two novel umami and umami-enhancing peptides from peanut hydrolysate by consecutive chromatography and MALDI-TOF/TOF MS[END_REF]. However, the idea that some peptides activate umami receptors is controversial because when such peptides are synthetized, they do not always elicit umami [START_REF] Maehashi | Isolation of peptides from an enzymatic hydrolysate of food proteins and characterization of their taste properties[END_REF]. Another explanation could be that the sensation of umami is a consequence of the peptides' partial hydrolysis, which results in sizeable concentrations of Asp or Glu [START_REF] Temussi | The good taste of peptides: peptides taste[END_REF][START_REF] Wang | Characterization and evaluation of umami taste: A review[END_REF]. Considering the number of peptides associated with the broth note (36% of the peptides), several mechanisms are likely at work. In any case, peptides appear to play a major role in the construction of brothiness.

Relationships between peptide presence and bitterness

Although bitterness is correlated with a much smaller number of peptides, it is important to discuss this sensation as well. Indeed, the bitterness of pea-protein-based foods is a major off-note in these products [START_REF] Roland | Flavor aspects of pulse ingredients[END_REF]. Here, among the 275 peptides correlated with bitterness, 106 were exclusively correlated with bitterness. Many peptides have the ability to activate bitter receptors [START_REF] Aubes-Dufau | Production of peptic hemoglobin hydrolyzates: Bitterness demonstration and characterization[END_REF]. Based on past research, such peptides are between 5 and 8 residues long [START_REF] Aubes-Dufau | Production of peptic hemoglobin hydrolyzates: Bitterness demonstration and characterization[END_REF][START_REF] Maehashi | Bitter peptides and bitter taste receptors[END_REF]. Here, however, only 14 of the peptides associated with bitterness were less than 8 residues in length: SRNPIY, KRHGEW, NLQNYR, SNKFGKF, NQKQSYF, YLKGLKF, YQKSTEL, APHWNIN, AQPLQRE, ISLNKIRL, NQKQSYFA, ANAQPLQR, NAQPLQRE, and EVLSWSFH. The peptides KRHGEW, NQKQSYF, NAQPLQRE, and AQPLQRE are particularly noteworthy because they were positively correlated with the bitterest solutions. In contrast, the peptides YLKGLKF, YQKSTEL, and EVLSWSFH were negatively correlated with bitterness. The correlations are shown on the Supplementary Figure 3.

Using BitterX software [START_REF] Huang | BitterX: A tool for understanding bitter taste in humans[END_REF], it was found that these eight peptides were highly likely to activate bitter receptors (either TA2R7 or T2R40; probability: 88-79%). However, to confirm that these peptides contribute to perceived bitterness in the mouth, it would be necessary to study their effects on bitter receptors in vitro or to have a sensory panel evaluate them in solution. It would also be useful to assess their concentrations relative to their perception thresholds. For example, [START_REF] Toelstede | Sensomics mapping and identification of the key bitter metabolites in Gouda cheese[END_REF] found that 12 peptides eliciting bitter sensations had recognition thresholds between 0.05 and 6.0 mmol/L. In addition, while other groups of peptides correlated with sensory perceptions had largely overlapping characteristics, bitterness-related peptides displayed certain differences (Fig. 3), such as lower GRAVY values (i.e., are more hydrophilic on average), lower aliphatic values (i.e., have smaller relative volumes on average), and higher polarity (i.e., are more polar on average). These results do not concur with the results of previous studies, which have shown that such peptides are mainly hydrophobic [START_REF] Kim | Tastes and structures of bitter peptide, Asparagine-Alanine-Leucine-Proline-Glutamate, and its synthetic analogues[END_REF]. In conclusion, these peptides may affect sensations of bitterness in the mouth by activating bitter receptors (i.e., the peptides displaying positive correlations), blocking bitter receptors (i.e., the peptides displaying negative correlations), or interacting with other molecules that do either (i.e., the peptides displaying positive or negative correlations).

Conclusion

In this study, we identified and characterized the main oligopeptides and polypeptides (5-40 amino acids long) found in pea protein solutions. We had four main findings. First, we identified a wide variety of peptides representing a range of protein families, mainly those containing seed storage proteins but also those containing proteins that can play a role in sensory perceptions, such as lipoxygenases. Second, these peptides were mostly polar and hydrophilic, and our fraction-based formulation strategy did not affect their overall physicochemical properties. Third, eleven peptides had sequences homologous with those of known antioxidant peptides. These results indicate that the variety of peptides present in pea protein solutions can have nutritional benefits. Fourth, most of the peptides in the pea protein solutions were correlated with sensory attributes. In particular, many peptides were correlated with salty and broth attributes, perhaps expressing the relationship of some peptides to umami. A lower but still significant number of peptides displayed a correlation with bitterness. These results highlight the mechanistic importance of these molecules in sensory perceptions in the mouth. Taken together, these results suggest that a better understanding of the peptide composition of plant protein isolates could help us address related sensory issues and develop plant-protein-based foods whose taste appeals more to consumers. The black dots and lines show the combinations of peptides that make up each cluster or subset of the fractions/solutions. The vertical histogram shows the number of peptides in each subset. 
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 34 Figure 3 : A) Distribution of the overall 3,561 peptides on the 28 solutions (normalized distribution, kernel density): A1 = Relative aromatic nature; A2 = Relative acidic nature; A3 = Aliphatic index; A4 = Relative basic nature; A5 = Polarity; A6 = Bulk; A7 = GRAVY index; A8 = Length; A9 = Charge. B) Comparison of distributions of the overall 3,561 peptides (normalized distribution, kernel density): B1 = Charge with 50Ib-50W in blue; 100Rb in green and 100Pb in red; B2 = Charge with 50Ia-50W in blue; 100Ra in green and 100Pa in red; B3 = Polarity with Refa in yellow and Refb in orange. C) Comparison of distributions of the overall peptides (3,561 peptides in blue) and for the peptides correlated to bitterness (275 peptides in red) on the 28 solutions (normalized distribution, kernel density): C1 = Polarity; C2 = Aliphatic index; C3 = GRAVY index. A1 A2 A3
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Table 1 :

 1 Overall characteristics of the six fractions and the two raw solutions

		Number of peptides identified	Sum of peptide area	Dry matter content (% w/w)	Protein content (%)	Ash content (%)	Conductivity (mS/cm) at 20°C	pH at 20°C	Surface hydrophobicity index
	100Pa	2586	1.31E+11	0.20	0.04	0.07	1.44	8.4	363
	100Pb	1756	4.92E+10	0.20	0.04	0.04	1.16	9.3	298
	100Ra	2376	7.05E+10	1.70	1.41	0.15	1.08	7.5	933
	100Rb	1551	2.98E+10	1.70	1.48	0.12	0.88	7.5	1269
	50Ia-50W	1565	3.72E+10	6.00	4.91	0.18	1.06	7.5	2083
	50Ib-50W	809	9.26E+09	6.00	5.10	0.19	0.84	7.5	2172
	Refa	2235	7.13E+10	94.00	79.05	4.14	1.09	7.5	2961
	Refb	1488	2.26E+10	93.70	80.68	3.84	1.01	7.5	3504

Captions to Supplementary Tables

Supplementary Table 1: Composition of the 28 solutions used in this study, which were created by mixing permeates a and b, retentates a and b, and pellets a and b. For the coding: Refa (respectively Refb) correspond to the solutions of pea protein isolates a (resp. b) at 4% (w/w); "Pa" (resp. "Pb") mean permeate from Refa (resp. from Refb), "Ia" (resp. "Ib") mean Pellet from Refa (resp. from Refb), "Ra" (resp. "Rb") mean Retentate from Refa (resp. from Refb) and "W" mean water. For example, "X Pb-Y Ra" mean "Recombined product constituted of X% of permeate from Refb and Y% of retentate from Refa".

Supplementary Table 2:

Peptides identified in the pea protein solutions that had sequences homologous to those of previously described antioxidant peptides (BIOPEP database) [START_REF] Iwaniak | BIOPEP database of sensory peptides and amino acids[END_REF]. 
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