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Thermal treatment applied during the cooking of pulses leads to denaturation and even aggregation of the proteins, which may impact protein digestibility. Thermal transitions of lentil, chickpea and bean proteins were studied using DSC. Protein-enriched samples were obtained by dry air classification of dehulled seeds and were heated up to 160 °C, with water contents ranging from 0.2 to 4 kg/kg dry basis. The DSC peaks of the resulting endotherms were successfully modeled as overlapping Gaussian functions. The denaturation temperatures were modeled as a function of temperature according to the Flory-Huggins theory. The modeling allows to calculate the degree of protein transition for any temperature and moisture condition. The denaturation diagrams reflect the different protein compositions of lentil, chickpea and bean (particularly the 11S/7S globulin ratio). Chickpea proteins were more thermally stable than those from lentil and bean. Proteins underwent an irreversible transition, suggesting that unfolding and aggregation were coupled.

Introduction

According to the FAO [START_REF]Definition and classification of commodities: 4. Pulses and derived products[END_REF] , pulses are legume crops that are harvested for their edible dry seeds but are not used for oil extraction. The International Year of Pulses (2016) highlighted their important nutritional benefits as part of sustainable food production targeting food security and nutrition. The seeds are rich in carbohydrates including starch, as well as in proteins and dietary fibers, and are a source of minerals and vitamins. [START_REF] Roy | Bioactive Proteins and Peptides in Pulse Crops: Pea, Chickpea and Lentil[END_REF] In particular, their high protein content (15-30 % dry weight) [START_REF] Avezum | Improving the Nutritional Quality of Pulses via Germination[END_REF] makes pulses an excellent source of plant-based proteins for the formulation of food and ingredients. However, the impact of processing on protein bioavailability and digestibility is important to take into account. In particular, thermal treatment during cooking leads to protein denaturation and aggregation [START_REF] Boye | Thermal Denaturation and Coagulation of Proteins[END_REF] , the latter being one of the main adverse effects on protein digestibility. [START_REF] Tang | Thermal Aggregation, Amino Acid Composition and in Vitro Digestibility of Vicilin-Rich Protein Isolates from Three Phaseolus Legumes: A Comparative Study[END_REF][START_REF] Carbonaro | Heat-Induced Denaturation Impairs Digestibility of Legume (Phaseolus Vulgaris L and Vicia Faba L) 7S and 11S Globulins in the Small Intestine of Rat[END_REF] Inter and intra molecular bonds that stabilize the native structure of the protein are allowed to break down during heating, depending on the temperature applied. [START_REF] Boye | Thermal Denaturation and Coagulation of Proteins[END_REF] This transition from a native state to a more disordered arrangement is called denaturation. Pulse proteins, which are oligomeric proteins with quaternary structure, undergo reversible dissociation into monomers. [START_REF] Carbonaro | Structural Aspects of Legume Proteins and Nutraceutical Properties[END_REF] Both the tertiary and secondary structure are affected with irreversible unfolding that generally remains partial. [START_REF] Boye | Thermal Denaturation and Coagulation of Proteins[END_REF] Denaturation of pulse proteins occurs between 80 °C and 100 °C in excess water. [START_REF] German | Thermal Dissociation and Association Behaviour of Soy Proteins[END_REF][START_REF] Rui | Comparative Study of the Composition and Thermal Properties of Protein Isolates Prepared from Nine Phaseolus Vulgaris Legume Varieties[END_REF][START_REF] Withana-Gamage | Thermal and Functional Characterisation of Protein Isolates from Kabuli and Desi Chickpea (Cicer Arietinum L.): A Comparative Study with Soy (Glycine Max) and Pea (Pisum Sativum L.)[END_REF] This spatial reorganization leads to exposure of the reactive groups, especially the hydrophobic amino acid residues embedded in the core of the native protein. [START_REF] Boye | Thermal Denaturation and Coagulation of Proteins[END_REF] As a consequence, the formation of new bonds and interactions between partially unfolded peptide chains is favored. The protein aggregation that follows the denaturation process results in the formation of soluble or insoluble high molecular weight complexes. Protein aggregation reduces access to certain essential amino acids that are specific for protease action, and that are trapped inside the aggregate structures. [START_REF] Carbonaro | Solubility-Digestibility Relationship of Legume Proteins[END_REF] Heat-induced aggregation can thus impair protein digestibility of cooked pulses [START_REF] Carbonaro | Heat-Induced Denaturation Impairs Digestibility of Legume (Phaseolus Vulgaris L and Vicia Faba L) 7S and 11S Globulins in the Small Intestine of Rat[END_REF] , to an even greater extent if aggregation is high. [START_REF] Tang | Thermal Aggregation, Amino Acid Composition and in Vitro Digestibility of Vicilin-Rich Protein Isolates from Three Phaseolus Legumes: A Comparative Study[END_REF] Therefore, a better understanding of the denaturation-aggregation status of proteins is needed, as a function of the cooking conditions to enable more accurate monitoring of the nutritional aspect. It should be noted that the presence of other factors that affect digestibility such as heat-sensitive antinutritional factors (enzymes inhibitors) also requires monitoring.

Previous studies on the denaturation of legume proteins mainly focused on thermal stability at constant water content. However, cooking in water implies that pulses undergo hydration. The water content in the seed increases from the initial value to reach equilibrium moisture. [START_REF] Ibarz | Describing the Food Sigmoidal Behavior During Hydration Based on a Second-Order Autocatalytic Kinetic[END_REF] Phase transitions of other components of the seed, i.e. gelatinization of starch, also result in varying hydration rates, meaning the water content in the protein pool changes during cooking.

Denaturation-aggregation thus needs to be described as a function of the water content. A similar approach to the one developed for the modeling of gelatinization-melting of starch at increasing temperature and water content 13 should be suitable. In the present study, the phase transitions of proteins were monitored using differential scanning calorimetry (DSC), a reliable and convenient thermo-analytical method to study the endothermic and exothermic changes associated with the denaturation and aggregation of proteins. [START_REF] Meng | Thermal Properties of Phaseolus Angularis (Red Bean) Globulin[END_REF][START_REF] Wright | Differential Scanning Calorimetric Study of Meals and Constituents of Some Food Grain Legumes[END_REF] To avoid the structural modifications usually caused by chemical extraction reported in most studies, we chose to work on protein-enriched samples obtained using a physical separation method only, i.e. air classification. The study was focused on beans, lentils and chickpeas, which are widely produced and the most consumed pulses in France. [START_REF] Margier | Nutritional Composition and Bioactive Content of Legumes: Characterization of Pulses Frequently Consumed in France and Effect of the Cooking Method[END_REF] 

Materials and methods

Raw material

Green lentils (L. culinaris, var. Anicia), chickpeas (C. arietinum, var. Elvar) and navy beans (P. vulgaris, var. Linex) were provided by Cibèle (Saint-Georges-Sur-Arnon, France), Moulin Marion (Saint-Jean-sur-Veyle, France) and Cavac (La Roche-sur-Yon, France), respectively.

The lentils were harvested in 2017 and the chickpeas and beans in 2018. All the seeds were stored in a vacuum pack at 7 °C until use.

Sample preparation

Protein-enriched samples were prepared by dry fractionation and air classification as described in Lefèvre et al. [START_REF] Lefèvre | Modeling the Gelatinization-Melting Transition of the Starch-Water System in Pulses (Lentil, Bean and Chickpea)[END_REF] Briefly, lentil seeds were dehulled by dry abrasion and residues of the hull were removed by sieving through a 2-mm mesh screen. Chickpea and bean seeds were crushed using a cutting mill equipped with a 8-mm sieve and residues of the hull were removed with a vibrating sieve. For all pulses, the removed hulls represented 10-12% of the raw weight, and the process induced 6-8% of losses. The dehulled and crushed pulses were ground into flour in a high speed impact mill equipped with a pin mill. The resulting flours were separated into coarse and fine fractions using an ATP air classifier (Hosokawa Alpine, Augsburg, Germany)

with the following optimized speeds: 6 500 rpm for lentils, 10 000 rpm for chickpeas and 8 000 rpm for beans. The resulting fine fractions were stored at 4 °C until use and are hereafter referred to as protein-enriched samples.

Sample characterization

Water content of the protein-enriched samples was calculated on a wet basis by drying 5 g of each sample for 2 h at 132 °C (± 2 °C) using the NF EN ISO 712 standard method (2010).

Starch content was measured using the enzymatic procedure of Holm et al. [START_REF] Holm | A Rapid Method for the Analysis of Starch[END_REF] Protein content was measured using the Kjeldhal method according to NF EN ISO 20483, with 5.4 as nitrogen conversion factor. [START_REF] Mariotti | Converting Nitrogen into Protein-Beyond 6.25 and Jones' Factors[END_REF] Lipid content was measured using the gravimetric ether extraction method according to AOAC 2003.05. [START_REF] Thiex | Crude Fat, Diethyl Ether Extraction, in Feed, Cereal Grain, and Forage (Randall/Soxtec/Submersion Method): Collaborative Study[END_REF] Soluble and insoluble fibers were measured using a TDF Analyzer (Ankom, Macedon, USA) according to AOAC 2011.25 and AACC 32-50.01. [START_REF] Mccleary | Determination of Insoluble, Soluble, and Total Dietary Fiber (CODEX Definition) by Enzymatic-Gravimetric Method and Liquid Chromatography: Collaborative Study[END_REF] Phytates were extracted according to a published method 21 with some modifications. A 100 mg-sample was added to a Pyrex vial with 5 mL of 0.5 M HCl. The capped vial was heated under stirring for 6 min in boiling water and then centrifuged for 20 min at 4 500 g. The supernatant was recovered and filtered through a 0.2 µm syringe filter (Acrodisc) and 0.5 M NaOH was added for neutralization and the solution was then diluted (1:10). Phytic acid content was measured by high performance ion chromatography (HPIC) using an ICS-2500 Dionex chromatograph (Sunnyvale, CA, USA). Fiber and phytate measurements were made in triplicate and all other measurements were made in duplicate.

Differential scanning calorimetry

Thermal denaturation of proteins was studied by DSC as described in Lefèvre et al. [START_REF] Lefèvre | Modeling the Gelatinization-Melting Transition of the Starch-Water System in Pulses (Lentil, Bean and Chickpea)[END_REF] Briefly, a Perkin DSC 8500 (Perkin Elmer, Norwalk, USA) was calibrated using indium as standard.

Protein-enriched samples and deionized water were weighed in stainless steel pans to obtain a water content X ranging from 0.2 to 4 kg kg -1 dry basis (db). This range covers the progressive hydration of proteins while the pulses are cooking. The pans were heated from 20 °C to 160 °C at a rate of 10 °C/min, using an empty sealed pan as reference. All measurements were duplicated. A blank thermogram (empty pans in both reference and sample ovens) was recorded daily. The heat flow (mW) of the sample pans minus the variation in the heat flow of the blank during heating was recorded using Pyris Thermal Analysis Software (Perkin Elmer, Norwalk, USA). 

Modeling the protein denaturation diagram

DSC thermograms record heat flow (ϕ ) as a function of temperature (T) at each water content.

Phase transitions of the sample components result in peaks in the endotherm. The DSC thermograms obtained from the protein-enriched samples are discussed as if the peaks were only due to the phase transition of proteins. This hypothesis will be confirmed in the results part.

Modeling the DSC peaks

Thermal denaturation of the protein-enriched samples resulted in single or double peaks in the DSC signal depending on the variety of the pulse concerned. The shape of all the endotherms depended on water content. Therefore, heat flows were analyzed according to the desummation procedure described in Lefèvre et al. [START_REF] Lefèvre | Modeling the Gelatinization-Melting Transition of the Starch-Water System in Pulses (Lentil, Bean and Chickpea)[END_REF] on pulse starches. First, baseline subtraction and nondimensionalization were performed on heat flow values in all pulses. In the lentil and chickpea samples, the heat flow was composed of two roughly overlapping endotherms depending on the water content, termed P1 and P2. The dimensionless heat flows (ϕ ) were fitted to a sum of two Gaussian functions (i = P1 or P2) as follows:

2 P1,P2 1 exp 2 2 i i i i i T T T T β ϕ π =     -   = -    ∆ ∆     ∑ (1) 
where i T (°C) is the temperature at maximum peak i; i T ∆ (°C) controls the width of the peak i and is related to the full width at half maximum (FWHM) of the peak i according to

2 2ln(2) FWHM i T × ∆ = ; i β is the dimensionless area of peak i. Therefore: P1 P2 1 ϕ β β ∞ -∞ = + = ∫ (2) 
In bean, the heat flow had a single endotherm (i = P1) irrespective of water content, so P1

β = 1.
Eq. ( 1) was similar to the equation used previously for modeling starch conversion heat flow [START_REF] Lefèvre | Modeling the Gelatinization-Melting Transition of the Starch-Water System in Pulses (Lentil, Bean and Chickpea)[END_REF] which was composed of overlapping gelatinization and melting peaks. The parameters from Eq. (1) depend on the water content X in the samples.

Peak temperature

The temperature at maximum peak i T (°C) is the denaturation temperature of the proteins responsible for transition i (i = P1 or P2). The Flory-Huggins equation [START_REF] Flory | Principles of Polymer Chemistry[END_REF] was used to describe the relation between i T and the volume fraction of the water (φ ) in the protein-water mixture:

( )

2 ,0 ,0 1 1 a i i i i w v R T T h v φ χ φ - = - ∆ (3) 
where

,0 i h ∆ (J mol -1
) is the change in the molar enthalpy of denaturation per repeating unit

(amino acid); / a w v v
is the ratio of the molar volume of the repeating unit ) [START_REF] Imai | Theoretical Study for Partial Molar Volume of Amino Acids in Aqueous Solution: Implication of Ideal Fluctuation Volume[END_REF] to the molar volume of the water ( ) and, therefore, / a w v v = 4.1; R is the gas constant (8.31 J mol -1 K -1 ); ,0 i T (K) is the denaturation temperature of the pure polymer and i χ is the Flory interaction parameter. To calculate φ , the density of water was taken to be 1 000 kg m -3 and the density of protein was attributed an average value of 1 350 kg m -3 . [START_REF] Fischer | Average Protein Density Is a Molecular-Weight-Dependent Function[END_REF] Therefore, φ (m 3 m -3 ) was expressed as a function of water content X:

1 1 1.35 db p x X φ = + (4) 
where db p x (kg kg -1 db) is the mass fraction of protein in the protein-enriched samples.

Peak width

The width-related parameter i T ∆ represents the cooperativity of protein unfolding process and the presence of multiple protein domains with heterogeneous thermal stabilities. ( )

, ,0 , exp i i i i i X T T T T γ ∞ ∞   ∆ = ∆ + ∆ -∆ -     (5) 
where ,0 i T ∆ (°C) and , i T ∞ ∆ (°C) are the values for i T ∆ , with zero and excess water contents, respectively; i γ is the rate parameter of decrease for the two correlations.

Amplitude of the peak area

The effect of water content on the relative peak areas i β was also investigated. With increasing water content, P1

β was likely to decrease. The following empirical equation was used to describe this relation for lentil and chickpea:

( ) ( ) P1 P1, P1,0 P1, exp X β β β β ∞ ∞ = + - - (6a) 
where P1,0 β and P1, β ∞ are the dimensionless area of the first peak, with zero and excess water contents, respectively. P2 β was calculated by combining Eq. ( 2) and Eq. (6a) as follows:

( ) ( ) P2 P1, P1,0 P1, 1 exp X β β β β ∞ ∞   = - + - -   (6b)

Degree of protein denaturation

The degree of protein denaturation τ was defined for any temperature T and water content X as the ratio between the change in enthalpy calculated from the beginning of the first peak to T, and the change in the whole enthalpy from the beginning of the first peak to the end of the second peak (Eq. (7a)). Denaturation refers to the global transition of proteins, which includes unfolding and potential aggregation.

( ) ( )

0 0 , , T T X dT T X dT τ ϕ ϕ ∞ = ∫ ∫ (7a)
Using the error function to calculate integral Gaussian functions, Eq. (7a) becomes Eq. (7b) for lentil and chickpea (with i = P1 and P2) and for bean (with only i = P1).

P1,P2 1 1 erf 2 2 i i i i T T T τ β =     - = × +         ∆     ∑ (7b)
Finally, isovalue lines of the degree of protein denaturation τ were represented as a temperature T versus water content X diagram.

Identification of parameters

The modeling of protein denaturation diagram involves 9 parameters for lentil ( ,

0 i T , ,0 i h ∆ , i χ , i T ∆ , P1 β ), 13 parameters for chickpea ( ,0 i T , ,0 i h ∆ , i χ , ,0 i T ∆ , , i T ∞ ∆ , P2 γ , P1,0 β and P1, β ∞ ) and 4 parameters for bean ( P1,0 T , P1,0 h ∆ , P1
χ , P1 T ∆ ), with i = P1 or P2. The overall procedure [START_REF] Lefèvre | Modeling the Gelatinization-Melting Transition of the Starch-Water System in Pulses (Lentil, Bean and Chickpea)[END_REF] was used to identify all the parameters. At the same fitting session, all dimensionless heat flow thermograms were fitted to the model combining Eq. (3), ( 5) and (6a) in Eq. (1). The curve fitting toolbox (Matlab software, version R2019b, The MathWorks Inc., Natick, USA) with the Levenberg-Marquardt algorithm was used as a solver.

Statistical methods

All parameter values presented in this study are given with a 95% confidence interval. The root mean square error (RMSE) was calculated between experimental and predicted dimensionless heat flows for all the experimental conditions.

Results and Discussion

Characterization of the samples [Insert Table 2 here]

The chemical composition of the protein-enriched fractions obtained after dry fractionation and air classification are listed in and between 2 and 11% db each. The interactions between proteins and those non-proteins components may affect the thermal stability of proteins [START_REF] Ricci | On the Thermal Behavior of Protein Isolated from Different Legumes Investigated by DSC and TGA[END_REF] and the water repartition due to the competition for available water [START_REF] Eliasson | Differential Scanning Calorimetry Studies on Wheat Starch-Gluten Mixtures[END_REF] . These interactions may impact the denaturation temperature of proteins and were intrinsic to the protein-enriched samples studied here. There have not been investigated further.

DSC characteristics of the protein-enriched fractions

[Insert Fig. 1 here] [Insert Fig. 2 here]

[Insert Table 3 here]

For each pulse, Fig. 1 presents a selection of three DSC thermograms at X = 0.4, 1.0 and 2.0 kg kg -1 db. All transition peaks were observed above 60 °C, so the temperature range of interest was between 60 and 160 °C. According to the protein enrichment of the fine fractions after air-classification in comparison with other components (Table 2), we confirmed the hypothesis that the DSC thermograms were mainly due to protein denaturation. Indeed, the second main component of the samples, IDF, underwent no thermal transition below 200 °C. [START_REF] Marsano | Regenerated Cellulose-Silk Fibroin Blends Fibers[END_REF] Denaturation of phytates and alpha-galactosides also occurred at temperatures exceeding the conditions of the study, whereas the melting point of lipids was lower than the temperature range of interest. Thus, only the gelatinization of residual starch could lead to additional DSC peaks in the temperature range of interest. However, the starch content was less than 6% db in all samples, resulting in a low contribution to the total enthalpy of the observed transition. The DSC peak were thus mainly attributed to the phase transitions of proteins.

The experiments revealed that the thermal behavior of proteins depended on both the water content and the type of pulse (Fig. 1). The DSC thermograms for lentils showed two roughly overlapping peaks P1 and P2, depending on the moisture content of the sample. With lower water content (i.e. X ≤ 2 kg kg -1 db), a biphasic endotherm was observed. With excess water, a single broad peak was observed, suggesting that both peaks are merged as modeled by the Gaussian functions (Fig. 1c). The endotherm for chickpea had two distinct peaks, P1 and P2, regardless of the water content. The shape and size of the peaks changed with the moisture content. The endotherm for bean had a single peak, P1, of constant size and shape, regardless of the water content. All DSC thermograms were successfully modeled as shown by the low RMSE between experimental and predicted heat flows (Fig. 1). The parameters presented in Modeling is particularly useful to understand the superposition of P1 and P2 endotherms.

The multiple or overlapping peaks observed by DSC showed that the thermal stability of the proteins varied. This is linked to the different protein fractions in the seed. The main proteins in pulses are globulins and albumins in varying proportions depending on the species and variety of the pulse concerned. [START_REF] Avezum | Improving the Nutritional Quality of Pulses via Germination[END_REF][START_REF] Derbyshire | Legumin and Vicilin, Storage Proteins of Legume Seeds[END_REF] Almost all pulses contain two main types of globulins with sedimentation coefficients around 7S and 11S called vicilin and legumin, respectively. [START_REF] Danielsson | Seed Globulins of the Gramineae and Leguminosae[END_REF][START_REF] Osborne | The Proteids of the Pea, Lentil, Horse Bean[END_REF] The temperature, shape and size of the denaturation endotherms presented in Fig. 1 were thus determined mainly by the thermal denaturation of 7S and 11S globulins. Vicilin has a trimeric structure stabilized by hydrophobic interactions, electrostatic and hydrogen bonds. Legumin has a quaternary structure made of three dimers held together by non-covalent bonds. In each dimer, acidic and basic subunits are associated with disulfide bridges. [START_REF] Carbonaro | Structural Aspects of Legume Proteins and Nutraceutical Properties[END_REF] The covalent bonds give legumin higher thermal stability than vicilin, because more energy is needed to break the bonds. [START_REF] Sirtori | Mechanical and Thermal Processing Effects on Protein Integrity and Peptide Fingerprint of Pea Protein Isolate[END_REF] In excess water, 7S and 11S globulins unfold at 80-85 °C and 90-100 °C, respectively. [START_REF] Withana-Gamage | Thermal and Functional Characterisation of Protein Isolates from Kabuli and Desi Chickpea (Cicer Arietinum L.): A Comparative Study with Soy (Glycine Max) and Pea (Pisum Sativum L.)[END_REF][START_REF] Barbana | In Vitro Protein Digestibility and Physico-Chemical Properties of Flours and Protein Concentrates from Two Varieties of Lentil (Lens Culinaris)[END_REF] In lentil, endotherms P1 and P2 were attributed to the denaturation of 7S and 11S globulin, respectively, with peak temperatures at 83 °C and 91 °C (with X = 3 kg kg -1 db).

P1,0 β and P1, β ∞ did not differ significantly in lentils, P1

β thus remained constant and equal to 0.65 irrespective of the water content (Table 3). This value suggests that the P1 transition was slightly predominant than to P2 transition. In chickpea, endotherms P1 and P2 were again attributed to the successive denaturation of 7S and 11S globulin, respectively, with peak temperatures at 83 °C and 103 °C (with X = 3 kg kg -1 db). P1

β was lower than 0.5, except at the lowest water contents (X ≤ 0.5 kg kg -1 db). This trend suggests that the legumin transition was predominant in chickpea. This result is in good agreement with the high 11S/7S ratio commonly reported for several chickpea species. [START_REF] Chang | Plant Proteins from Green Pea and Chickpea: Extraction, Fractionation, Structural Characterization and Functional Properties[END_REF][START_REF] Singh | Amino Acid Composition of Storage Proteins of a Promising Chickpea (Cicer Arietinum L) Cultivar[END_REF][START_REF] Tavano | Isolation, Solubility and in Vitro Hydrolysis of Chickpea Vicilin-like Protein[END_REF] The decreasing function for P1 β (Fig. 2e) suggests that part of the 7S globulin was solubilized without denaturation with increasing water content.

This hypothesis is consistent with the decrease in total enthalpy of phase transition observed before non-dimensionalization (from 21 to 10 J g -1 protein when X increased from 0.4 to 1 kg kg -1 db). In some cases, denaturation peaks of vicilin and legumin in chickpea have been reported to overlap. [START_REF] Withana-Gamage | Thermal and Functional Characterisation of Protein Isolates from Kabuli and Desi Chickpea (Cicer Arietinum L.): A Comparative Study with Soy (Glycine Max) and Pea (Pisum Sativum L.)[END_REF][START_REF] Chang | Plant Proteins from Green Pea and Chickpea: Extraction, Fractionation, Structural Characterization and Functional Properties[END_REF] In bean, the single peak P1 at 92 °C (with X = 3 kg kg -1 db) was attributed to the predominant vicilin fraction, as already suggested in several bean varieties. [START_REF] Rui | Comparative Study of the Composition and Thermal Properties of Protein Isolates Prepared from Nine Phaseolus Vulgaris Legume Varieties[END_REF][START_REF] Meng | Thermal Properties of Phaseolus Angularis (Red Bean) Globulin[END_REF][START_REF] Yin | Conformational Study of Red Kidney Bean (Phaseolus Vulgaris L.) Protein Isolate (KPI) by Tryptophan Fluorescence and Differential Scanning Calorimetry[END_REF] The diversity of DSC signals between lentil, chickpea, and bean clearly reflects the variations in the 11S/7S ratio between pulses, as already reported. [START_REF] Boye | Pulse Proteins: Processing, Characterization, Functional Properties and Applications in Food and Feed[END_REF][START_REF] Gupta | Characterization of Seed Storage Proteins of Lentil (Lens Culinaris M.)[END_REF] In this sense, DSC analysis can be used to rapidly determine globulin ratios when determination using chromatography and electrophoresis on protein isolates is not possible.

Modeling of peak width and temperature

No significant difference was observed between ,0 i T ∆ (°C) and 3). This low value (3-4 °C) reflected highly cooperative unfolding for vicilin and legumin, irrespective of the water content. [START_REF] Ma | Studies of Thermal Denaturation of Oat Globulin by Differential Scanning Calorimetry[END_REF] In chickpea, i T ∆ decreased with a reduction in water content, as shown by the decreasing exponential law (Fig. 2 and Table 3). The progressive sharpening of both P1 and P2 peaks showed that increasing moisture led to a more cooperative denaturation of chickpea vicilin and legumin. [START_REF] Boye | Thermal Denaturation and Coagulation of Proteins[END_REF] The heterogeneous composition of the protein-enriched samples may also play a role in the DSC characteristics. The lower protein content in chickpea than in lentil and bean (Table 2) may lead to a broader and more water-sensitive endotherm in the DSC thermogram due to the lower protein purity and hence, possible interaction with residual components, in particular with the higher IDF content. [START_REF] Ricci | On the Thermal Behavior of Protein Isolated from Different Legumes Investigated by DSC and TGA[END_REF] The denaturation temperatures i T of lentil, bean and chickpea proteins decreased with an increase in water volume fraction (Fig. 2). Temperatures were modeled using the Flory-Huggins theory for a polymer in solution (Eq. 3). The coefficient of determination (R²) was 0.98-0.99 for P1 T and 0.96-0.99 for P2 T . The fitting strength shows that this model fits both 7S and 11S protein denaturation in all pulses studied. Concerning the P1 transition, the denaturation temperatures of pure polymer were similar for lentil and bean, with a P1,0 T value of 165.2 °C and 166.2 °C, respectively. P1,0 T was 30 °C higher for chickpea. Again for the P2 transition, P2,0 T was 20 °C higher for chickpea legumin compared to lentil legumin (Table 3).

The denaturation temperatures of pure protein varied more between pulses than the denaturation temperatures of gelatinization and melting of pure starch, obtained with the same Flory-Huggins model. [START_REF] Lefèvre | Modeling the Gelatinization-Melting Transition of the Starch-Water System in Pulses (Lentil, Bean and Chickpea)[END_REF] The change in molar enthalpy of denaturation ,0 i h ∆ ranged from 41.2 kJ mol - 1 to 65.8 kJ mol -1 for vicilin and from 41.9 to 45.1 kJ mol -1 for legumin (Table 3). These enthalpies were higher than the change in molar enthalpy of gelatinization and melting of starch. [START_REF] Lefèvre | Modeling the Gelatinization-Melting Transition of the Starch-Water System in Pulses (Lentil, Bean and Chickpea)[END_REF] The Flory interaction parameter i χ was low (0-0.14) compared to the range 0.48-0.51 previously reported for cereal, potato or pulse starches. [START_REF] Lefèvre | Modeling the Gelatinization-Melting Transition of the Starch-Water System in Pulses (Lentil, Bean and Chickpea)[END_REF][START_REF] Cruz-Orea | Phase Transitions in the Starch-Water System Studied by Adiabatic Scanning Calorimetry[END_REF][START_REF] Habeych | On the Applicability of Flory-Huggins Theory to Ternary Starch-Water-Solute Systems[END_REF][START_REF] Van Der Sman | Prediction of the State Diagram of Starch Water Mixtures Using the Flory-Huggins Free Volume Theory[END_REF] These values suggests that the interactions between water and proteins were low. [START_REF] Van Der Sman | Prediction of the State Diagram of Starch Water Mixtures Using the Flory-Huggins Free Volume Theory[END_REF] To conclude, all the values determined for Flory-Huggins parameters ( ,0 i T , ,0 i h ∆ , i χ ) differ from those previously obtained for starch gelatinization and melting modeling. The Flory-Huggins theory is thus an accurate and useful tool for predicting the impact of moisture on the denaturation temperatures of pulse proteins.

Relevance of the predicted denaturation temperatures

Denaturation temperatures i T modeled using the Flory-Huggins parameters described above were consistent with denaturation temperatures already reported for lentil, chickpea and bean proteins. For lentil in excess water (X = 10 kg kg -1 db), two overlapping peaks were found at 77.9 °C and 83.7 °C, respectively. At the same water content and also in green lentil proteins, Barbana and Boye 36 observed a similar result with a broad peak at 79.6 °C. The denaturation temperatures of green lentil proteins were lower than those of red lentil proteins, which have been reported to range from 87 °C in excess water to 123 °C with limited water. [START_REF] Barbana | In Vitro Protein Digestibility and Physico-Chemical Properties of Flours and Protein Concentrates from Two Varieties of Lentil (Lens Culinaris)[END_REF][START_REF] Joshi | Physicochemical and Functional Properties of Lentil Protein Isolates Prepared by Different Drying Methods[END_REF] For chickpea, P1 T and P2 T were predicted to be 83.3-84.9 °C and 101.9-103.6 °C, respectively, when X ranged between 3 and 4 kg kg -1 db. These values are in good agreement with the denaturation temperatures of chickpea proteins reported in previous studies for the same range of water content. [START_REF] Kaur | Characterization of Protein Isolates from Different Indian Chickpea (Cicer Arietinum L.) Cultivars[END_REF][START_REF] Papalamprou | Influence of Preparation Methods on Physicochemical and Gelation Properties of Chickpea Protein Isolates[END_REF][START_REF] Paredes-López | Chickpea Protein Isolates: Physicochemical, Functional and Nutritional Characterization[END_REF] These authors reported broad peaks ranging from 85 °C to 100 °C, depending on the varieties and on the extraction methods used. Our results differ slightly from the two peaks observed by Chang et al. [START_REF] Chang | Plant Proteins from Green Pea and Chickpea: Extraction, Fractionation, Structural Characterization and Functional Properties[END_REF] at 79.3 °C and 96.3 °C. At higher water content (X = 9 kg kg -1 db), Withana-Gamage et al. [START_REF] Withana-Gamage | Thermal and Functional Characterisation of Protein Isolates from Kabuli and Desi Chickpea (Cicer Arietinum L.): A Comparative Study with Soy (Glycine Max) and Pea (Pisum Sativum L.)[END_REF] reported a vicilin transition at 80-85 °C depending on the variety of chickpea, which is similar to our P1 T at 80.5 °C. The same authors reported that the legumin transition occurred at 89.2-93.2 °C, which is lower than our P2 T predicted at 99.0 °C. For bean in excess water (X = 10 kg kg -1 db), we found a single peak at 87.1 °C. This temperature was slightly lower than the peak temperature of 90.6 °C reported by Rui et al. [START_REF] Rui | Comparative Study of the Composition and Thermal Properties of Protein Isolates Prepared from Nine Phaseolus Vulgaris Legume Varieties[END_REF] in white bean, the same variety as the navy bean we used in the present study. Yin et al. [START_REF] Yin | Conformational Study of Red Kidney Bean (Phaseolus Vulgaris L.) Protein Isolate (KPI) by Tryptophan Fluorescence and Differential Scanning Calorimetry[END_REF] and Law et al. [START_REF] Law | Study of Conformation of Vicilin from Dolichos Lablab and Phaseolus Calcaratus by Fourier-Transform Infrared Spectroscopy and Differential Scanning Calorimetry[END_REF] also reported higher peak temperatures for red bean and rice bean, respectively (92.5 °C and 91.9 °C, respectively). Meng and Ma 14 observed a major peak at 86.4 °C close to our result, and a shoulder at 92.2 °C for red bean globulin, at the same water content. Their measurements on fractionated fractions showed that the DSC signal could be split into a biphasic endotherm for 7S vicilin (peaks at 88 °C and 94 °C) due to non-glycosylated and glycosylated subunits, and a minor endotherm for 11S legumin (peak at 89.5 °C), overlapping the first one. In the present study, it is possible to hypothesize that a peak at a higher temperature than P1 T but with a lower amplitude may be hidden under P1 endotherm, corresponding with the denaturation of residual 11S legumin.

The denaturation temperature of proteins can differ considerably among pulse species, and also between varieties of the same species. In this study, the denaturation temperature of green lentil and navy bean proteins was lower than the denaturation temperatures reported for red lentil and for red and rice beans, respectively. A difference of up to 10 °C has been reported among the denaturation temperatures of proteins in different bean varieties. [START_REF] Rui | Comparative Study of the Composition and Thermal Properties of Protein Isolates Prepared from Nine Phaseolus Vulgaris Legume Varieties[END_REF][START_REF] Law | Study of Conformation of Vicilin from Dolichos Lablab and Phaseolus Calcaratus by Fourier-Transform Infrared Spectroscopy and Differential Scanning Calorimetry[END_REF] This variability is linked to the different proportions of storage proteins. [START_REF] Derbyshire | Legumin and Vicilin, Storage Proteins of Legume Seeds[END_REF] It is important to underline that the DSC characteristics are also affected by environmental and processing conditions, and protein extraction methods. [START_REF] Wright | Differential Scanning Calorimetric Study of Meals and Constituents of Some Food Grain Legumes[END_REF][START_REF] Barbana | In Vitro Protein Digestibility and Physico-Chemical Properties of Flours and Protein Concentrates from Two Varieties of Lentil (Lens Culinaris)[END_REF][START_REF] Joshi | Physicochemical and Functional Properties of Lentil Protein Isolates Prepared by Different Drying Methods[END_REF] Studying pure vicilin and legumin fractions or a globulin mixture may also lead to slight variations in the denaturation temperatures. [START_REF] Meng | Thermal Properties of Phaseolus Angularis (Red Bean) Globulin[END_REF][START_REF] Wright | Differential Scanning Calorimetric Study of Meals and Constituents of Some Food Grain Legumes[END_REF][START_REF] Chang | Plant Proteins from Green Pea and Chickpea: Extraction, Fractionation, Structural Characterization and Functional Properties[END_REF] The purity degree of

The irreversibility of the transition suggests that thermal denaturation involves both unfolding of the structure and aggregation between protein chains. [START_REF] Withana-Gamage | Thermal and Functional Characterisation of Protein Isolates from Kabuli and Desi Chickpea (Cicer Arietinum L.): A Comparative Study with Soy (Glycine Max) and Pea (Pisum Sativum L.)[END_REF][START_REF] Carbonaro | Solubility-Digestibility Relationship of Legume Proteins[END_REF] Partially denatured proteins may form a soluble and insoluble complex with new interactions. German et al. [START_REF] German | Thermal Dissociation and Association Behaviour of Soy Proteins[END_REF] showed that the dissociation of 11S purified soy proteins during heating was followed by aggregation of the released basic subunits into insoluble complexes. In the presence of 7S proteins, basic 11S subunits and 7S subunits can form soluble complexes. Denaturation and aggregation seemed to be coupled in the present study, or at least not separable using DSC analysis. Sirtori et al. [START_REF] Sirtori | Mechanical and Thermal Processing Effects on Protein Integrity and Peptide Fingerprint of Pea Protein Isolate[END_REF] also reported irreversible denaturation of pea globulins. These authors reported that the vicilin peak disappeared from the DSC thermogram when samples were pre-heated to 200 °C, or heated at 100 °C for a long time (120-300 min). The 11S peak was visible in all conditions, even after harsh treatment at 200 °C, but its detergent solubility decreased.

Modeling the denaturation diagram of proteins

[Insert here] Fig. 4.

The results obtained with desummation modeling allowed us to calculate the degree of protein denaturation (including unfolding and aggregation) for any temperature T and water content X.

Some isovalue lines of degree of protein denaturation are presented as a T versus X diagram in Fig. 4. The differences we observed in the denaturation temperatures between the three pulses, related to their respective protein composition, are still visible in the diagram. The higher 11S/7S ratio for chickpea led to isovalue lines of denaturation degree at higher temperatures than for bean and lentil proteins. For example, to achieve 99% protein denaturation at X = 4 kg kg -1 db, lentil and bean should be heated to 96-98 °C while chickpea should be heated to 111 °C. The fact that the thermal behavior depends on the species and variety of pulse means that extrapolating this diagram to other legumes will be tricky, in contrast to extrapolating the starch gelatinization diagram. [START_REF] Lefèvre | Modeling the Gelatinization-Melting Transition of the Starch-Water System in Pulses (Lentil, Bean and Chickpea)[END_REF] The specific denaturation characteristics of each pulse need to be known to accurately predict the denaturation state of the proteins.

In addition, some studies [START_REF] Sirtori | Mechanical and Thermal Processing Effects on Protein Integrity and Peptide Fingerprint of Pea Protein Isolate[END_REF][START_REF] Tang | Heat-Induced Modifications in the Functional and Structural Properties of Vicilin-Rich Protein Isolate from Kidney (Phaseolus Vulgaris L.) Bean[END_REF] demonstrated that the length of the thermal treatment and the moisture conditions have an effect on the degree of denaturation of pulse proteins. This result suggests that protein denaturation-aggregation should be considered as a kinetic process. From this point of view, our diagram represents a short heating time (8 minutes heating at between 80 °C and 160 °C). With longer heating times, the final diagram would probably be different.

To conclude, the DSC experiments on protein-enriched fractions of pulses and the desummation method of the thermograms were suitable for modeling the thermal denaturation of pulse proteins. The temperature, shape and size of the DSC peaks were consistent with the protein composition of each pulse, in particular the 11S/7S globulin ratio. The single transition observed for bean was characteristic of 7S vicilin denaturation, which is the main globulin in this pulse. However, an endotherm with two transitions was observed for chickpea and lentil.

Its thermal characteristics are in good agreement with the denaturation of 7S vicilin and then 11S legumin at higher temperatures. Irreversible denaturation of both protein types was observed, suggesting that unfolding and aggregation were coupled under the heating conditions used in the study. The three obtained diagrams of protein denaturation enable monitoring of the phase status of lentil, chickpea and bean proteins, in different T and X conditions. However, the diagrams cannot be used to generalize denaturation temperature ranges to all cultivars and has to be studied with a case-by-case approach as composition may vary.

Since the unfolding and aggregation caused by processing, such as heating, modifies the functionality and nutritional quality of pulse proteins, denaturation diagrams are key parameters to improve the cooking process of pulses. The next step in this work will be to combine the phase transition models for starch and for proteins to provide a model of physicochemical changes at the seed scale. However, the present results should be interpreted with caution, as the proteins may behave differently when purified or mixed with other components of the seeds. 

Figure captions

Fig. 1. DSC thermograms of lentil, chickpea and bean protein-enriched fractions for water contents X = 0.4 kg kg -1 db (a), X = 1.0 kg kg -1 db (b) and X = 2.0 kg kg -1 db (c). The experimental dimensionless heat flows (dots) were modeled using the overall procedure described in Lefèvre et al. [START_REF] Lefèvre | Modeling the Gelatinization-Melting Transition of the Starch-Water System in Pulses (Lentil, Bean and Chickpea)[END_REF] The predicted dimensionless heat flows and P1 and P2 endotherms are represented by the solid, dashed, and dotted lines, respectively. RMSE were calculated between experimental and predicted heat flows for the different water contents. 5) and ( 6) used to describe the heat flows (Eq. (1)) for lentil, chickpea and bean protein-enriched samples (mean values ± 95 % confidence interval). The values were used to calculate the degree of protein denaturation 
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  Full width at half maximum (°C) P1 First peak of the DSC thermogram P2 Second peak of the DSC thermogram R Gas constant (J mol -1 K -1 ) RMSE Root mean square error T Temperature (°C) i T Temperature at maximum peak i (°C) X Water content (kg kg -1 dry basis) db p x Mass fraction of protein (kg kg -1 dry basis) Dimensionless area of first peak (P1) when water content is zero P1, β ∞ Dimensionless area of first peak (P1) in excess water ,0 i h ∆ Change in molar enthalpy of transition i per repeating unit (J mol -1 ) i T ∆ Parameter related to the width of peak i (°C) ,0 i T ∆ Parameter related to the width of peak i when water content is zero (°C) , i T ∞ ∆ Parameter related to the width of peak i in excess water (°C) a Molar volume of repeating unit amino acid (m 3 mol -1 ) w Molar volume of water (m 3 mol -1 ) Volume fraction of water in protein-water mixture (m 3 m -3 ) i Flory interaction parameter for i transition

Fig. 2 .

 2 Fig. 2. Parameters of the Gaussian functions i T (a,b), i T ∆ (c,d) and P1 β (e) represented as a

Fig. 3 .

 3 Fig. 3. DSC thermograms of protein-enriched fractions of lentils (a), chickpeas (b) and beans (c) using the double scan procedure, for X = 0.8 kg kg -1 db. Samples were pre-heated from

Fig. 4 .

 4 Fig. 4. Modeled denaturation diagram of lentil, chickpea and bean proteins obtained with the

  P1 and P2 for lentil and chickpea) or one peak (P1, bean).φ : volume fraction of water (m 3 m -3 ) X : water content (kg kg -1 db)
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[Insert Table 1 here]

  Table 1 lists the experimental conditions applied for the different water contents. In the

	study conditions (i.e. at T ≤ 160 °C), the lowest water content to be able to detect a complete
	DSC signal was 0.2, 0.3 and 0.4 kg kg -1 db, for beans, lentils and chickpeas, respectively. When
	the heat flows were similar for close water contents, fewer intermediate water contents were
	used. In addition, double scans were performed with an intermediate water content of
	0.8 kg kg -1 db. Samples were heated from 20 °C to 80 °C, 110 °C or 160 °C at a rate of
	10 °C/min, then cooled to 20 °C and heated a second time from 20 °C to 160 °C at a rate of
	10 °C/min.

Table 2 .

 2 Proteins were the main component in the fine fractions, 2% of db weight for chickpea to 55.8% db for lentil. These values are in good agreement with protein concentration range of 40-60% db reported in literature for air-classification on pulse flours.[START_REF] Boye | Pulse Proteins: Processing, Characterization, Functional Properties and Applications in Food and Feed[END_REF][START_REF] Tyler | Air Classification of Legumes. I. Separation Efficiency, Yield, and Composition of the Starch and Protein Fractions[END_REF][START_REF] Pelgrom | Pre-and Post-Treatment Enhance the Protein Enrichment from Milling and Air Classification of Legumes[END_REF] Protein contents of the dehulled seeds were 24.1% db, 19.3% db and 23.2% db in lentil, chickpea and bean, respectively. The dry air-classification process can thus be considered as an efficient physical method to produce protein-enriched samples while avoiding the structural modifications that may occur with chemical extraction.

	with db p x ranging from 38.

Tyler et al.

[START_REF] Tyler | Air Classification of Legumes. I. Separation Efficiency, Yield, and Composition of the Starch and Protein Fractions[END_REF] 

already reported good protein separation efficiency using air-classification, particularly for green lentil and navy bean. Insoluble dietary fibers (IDF) were the second component in the protein-enriched samples, ranging from 11.1% db for lentil to 18.5% db for chickpea. Other components listed in Table

2

represented all together 25-37% db of the samples

Table 3

 3 had low confidence intervals, which allows accurate modeling of experimental data.

Table 1 .

 1 Experimental conditions of the database according to the type of pulse: water content (X) of protein samples analyzed with DSC from 20 °C to 160 °C.

	Tables			
	X (kg kg -1 db)	Lentil	Chickpea	Bean
	0.2	nd	nd	×
	0.3	×	nd	-
	0.4	×	×	×
	0.6	×	×	×
	0.8	×	×	×
	1.0	×	×	×
	1.2	-	×	×
	1.4	-	×	×
	1.6	-	×	×
	1.8	-	×	×
	2.0	×	×	×
	2.2	-	-	-
	2.4	-	-	-
	2.5	-	×	×
	2.6	-	-	-
	2.8	-	-	-
	3.0	×	×	×
	3.5	×	-	×
	4.0	×	-	-
	Total measurements	18	22	26
	×: measured in duplicate.			
	nd: incomplete signal detected by DSC at T ≤ 160 °C;		
	-: not tested.			

Table 2 .

 2 Chemical composition of protein-enriched fractions as a fine fraction obtained after dry fractionation and air classification (g/100g dry weight basis)

	Pulse	Moisture	Starch	Proteins	IDF	SDF	Lipids	Phytates	Alpha-galactosides

Table 3 .

 3 Parameters of Eqs. (3), (
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the protein sample is important because the thermal stability of proteins may be affected by interactions between protein and non-protein components. [START_REF] Ricci | On the Thermal Behavior of Protein Isolated from Different Legumes Investigated by DSC and TGA[END_REF] All these factors can explain the variations in denaturation temperatures, number and shape of DSC peak between studies on a similar pulse cultivar.

Thermal aggregation of proteins

[Insert Fig. 3 here] Double scans were performed in order to determine if the observed transitions were reversible, i.e. still observable on the DSC signal after a preheating treatment. The first heating treatments are hereafter referred to as preheating. The DSC signals of the second heating treatments are presented in Fig. 3 and showed that a peak disappears when the temperature of the preheating exceeds the temperature of the transition considered. For all pulses, a preheat treatment to 80 °C did not damage the protein, since the DSC thermograms were similar to the control. This is consistent with the higher denaturation temperatures described above. When lentil and chickpea samples were preheated to 110 °C (Fig. 3a andb), only one transition was observed at a temperature corresponding to the P2 transition of the untreated sample (115-120 °C). This means that the vicilin transition P1 was no longer detected, while the legumin peak P2 was still observed. In addition, the legumin peak was no longer detected when the sample was preheated to 160 °C. These results confirm that 11S globulin is more thermally stable than 7S globulin. Also in bean, vicilin was irreversibly damaged at 110 °C (Fig. 3c). In conclusion, both types of protein were irreversibly damaged when the thermal treatment exceeded their denaturation temperature. Ricci et al. [START_REF] Ricci | On the Thermal Behavior of Protein Isolated from Different Legumes Investigated by DSC and TGA[END_REF] also observed irreversible denaturation process using DSC. The authors reported additional reversible glass transition for lentil, bean and chickpea (X = 0.15 kg kg -1 ) ranging from 150 to 170 °C. The differences in water content, heating temperatures, protein purity and pulse variety may explain why a similar glass transition was not observed on the DSC thermograms in Fig. 3.
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