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Peanut proteins are mostly composed of arachins and conarachins, globular proteins that can 18 form gels under thermal denaturation or enzymatic treatment. We explore here how ionic 19 strength (0.5 M or 0.8 M) and gelation process (a thermal treatment preceded or not by an 20 enzymatic pre-treatment) affect peanut protein gel properties. Gel formation and final 21 properties are characterized by rheology, and gel structure by confocal microscopy. We show 22 that the ionic strength imposed during protein extraction determines the arachins/conarachins 23 ratio, and that conarachins-rich samples give stronger gels, which is attributed to their higher 24 content in free thiol groups and lysine residues. The gel storage modulus exhibited a power-law 25 dependence with the protein concentration, which exponent depends on the gelation process.

26

Rheological results, together with confocal microscopy imaging, showed that an enzymatic pre-27 treatment results in denser structures.

141

an urea Tris-glycine EDTA buffer (8 M urea, 0.086 M Tris, 0.09 M glycine, 4 mM EDTA; pH 8.0). 142 500 µL of the protein suspension with a protein concentration Cp≈ 5-10 mg/mL are mixed with 143 2.5 mL of buffer and 20 µL of Ellman's reagent. Samples are gently stirred for 15 min, before 144 absorbance measurement at 412 nm (spectrophotometer Carry 100 UV-VIS, Agilent 145 Technologies, USA). The TFS content is calculated using the following equation (Shen,Fang,Gao,146 & [START_REF] Shen | Effects of ultrasound treatment on 483 physicochemical and emulsifying properties of whey proteins pre-and post-thermal 484 aggregation[END_REF], with D the dilution factor: as this concentration induces the gelation of grinded peanuts suspensions [START_REF] Basse | Peanut Suspension 406 Crosslinking by Means of Microbial Transglutaminase Studied with the Indentation 407 Technique[END_REF].

177

The sample naming is specified in Cp is determined based on the protein content of the single batch used for its preparation.

212

The protein composition of the two extracts at 0.5 M and 0.8 M determined by electrophoresis 213 showed 25 bands, from 8 kDa to 250 kDa, assigned to the different subunits of conarachins and 214 arachins as depicted in Figure 1. The band at 64 kDa, attributed to conarachins subunits (Toomer,215 2017) is 1.6 times more intense in the proteins extracted at 0.5 M (lanes 2-4) than in the ones 216 extracted at 0.8 M (lanes 5-7). In the opposite, the bands at 22 kDa, 37 kDa and 39 kDa, If the thermal treatment is preceded by an enzymatic pre-treatment (eTT process), the behavior 251 is profoundly different and depends on both the ionic strength and the protein concentration.

252

At the lowest protein content (Cp ≈ 4 g/100 g), enzymatic pre-treatment itself is not associated 253 with any rheological signature: both G' and G" remain constant, with the storage modulus that conarachins [START_REF] Brown | The Threonine, Serine, Cystine And Methionine Content of Peanut 421 Proteins[END_REF][START_REF] Wang | Peanut Processing Characteristics and Quality Evaluation[END_REF], their reactivity under enzymatic treatment is much 298 lower. During the thermal treatment, the gelation time decreases when the protein 299 concentration increases, and the gelation temperature of the 0.8 M extract is higher, for a given 300 concentration, than the one of the 0.5 M.

301

We also observe that the gelation time does not differ significantly whether gelation occurred at individual elementary objects eventually forming a three-dimensional network (Ikeda,11 fraction. This has been observed for peanut-protein gels formed by acidification [START_REF] Bi | A novel critical 410 point for isotropic gel in rheological-fractal model[END_REF], 311 but, as far as we know, never evidenced on heat-set gels of these proteins. Fractal dimensions 312 can be estimated from the power-law exponent, with the following equation [START_REF] Shih | Scaling behavior of the elastic 487 properties of colloidal gels[END_REF]:

313 𝐺′ ∝ φ ( ) ( ) ⁄

314

With G' the storage modulus of the gel (in Pa), ϕ the volume fraction of the proteins, d the fractal 315 dimension of the backbone (between 1.1 and 1.3), and Df the fractal dimension of the gel.

316

For samples submitted to a thermal treatment only, the storage modulus indeed follows 𝐺 ~𝐶 317 , with x=3.4 (Figure 4). Applying the equation given above, we obtain a fractal dimension 318 1.74<Df<1.82, suggesting a diffusion-limited cluster aggregation regime [START_REF] Lin | Universality in 472 colloid aggregation[END_REF]. The 319 fractal-like scaling is similar for both extracts, however, for a given protein concentration, 320 conarachins-rich samples (0.5 M extracts) exhibit a higher storage modulus than arachins-rich 321 samples (0.8 M extracts). This is attributed to the higher sulfur content of conarachins, resulting 322 in a higher propensity to form disulfide bonds during thermal treatment. For samples submitted to an enzymatic pre-treatment before the thermal treatment, the power-325 law scaling of the storage modulus is also found.

326

For the E0.5G0.5eTT samples, the exponent is x = 4.6, which corresponds to a fractal dimension 327 2.07<Df<2.13, characteristic of a reaction limited cluster aggregation regime, during which dense 328 clusters are formed [START_REF] Lin | Universality in 472 colloid aggregation[END_REF]. Beside low concentration samples gelled during the thermal 329 treatment, and high concentration samples gelled during the enzymatic pre-treatment, this does 330 not apparently affect the final modulus, suggesting that the characteristic scale probed during 331 oscillatory shear has the same fractal dimension, resulting from the initial enzymatic cross-332 linking.

333 For the E0.8G0.8eTT samples, the range of concentration for which samples gelled is much limited: 334 all samples with Cp>7wt% gelled, but none of the samples for Cp<6.1wt%. For 6.1wt%<Cp<7wt%, 335 half of the 6 samples investigated gelled, and the other half did not, suggesting a minimum 336 concentration for gelation Cg≈6.5wt%. As the concentration range in which gel are obtained is 337 reduced, the determination of the fractal exponent is difficult. Still, the data are compatible with 338 a value of 4.6, as for the E0.5G0.5eTT samples. The absence of gelation below Cg≈6.5wt%, contrarily 339 to the E0.5G0.5eTT samples, could result from (i) their lower content in conarachins (rich in sulfur 340 and lysine, both involved in enzymatic and thermal gelation), and (ii) the higher density of the 341 aggregates formed during enzymatic pretreatment (higher fractal dimension), which occupy less 342 volume but rapidly include most, if not all, of the little amount of conarachins solubilized in these 343 extracts.

345

It is worth noticing the different behaviors of proteins that were extracted at a certain ionic 346 strength and then gelled at a different ionic strength. E0.5G0.8TT and E0.8G0.5TT samples exhibit a 347 modulus which value lays between the one of their counterpart extracted and gelled at the same 348 ionic strength, e.i. samples E0.5G0.5TT and E0.8G0.8TT, respectively. However, if submitted to an 349 enzymatic pre-treatment, the sample gelation is strongly limited. For E0.5G0.8eTT samples, out of 350 5 samples for which 3.1wt%≤Cp≤7.7wt%, only one gelled (for Cp≈5wt%), but exhibited a very weak 351 modulus (G'≈1 Pa). The change in ionic strength, from 0.5 M during extraction to 0.8 M for 352 gelation, may have resulted in the partial insolubilization of the conarachins extracted at 0.5 M, 353 thus reducing the suspension propensity to gel. For E0.8G0.5eTT samples, three samples were 354 prepared with 3.1wt%≤Cp≤7.7wt%, and none of them gelled. For Cp>7.7wt%, gel moduli are 355 slightly higher to the ones observed for the E0.5G0.5eTT samples. This might result from the partial 356 solubilization of a small fraction of conarachins, initially present in the suspension as insoluble 357 aggregates, thereby reinforcing the gel. Peanut proteins extracted at different ionic strength, 0.5 M or 0.8 M, strongly differ in their 368 conarachins/arachins relative contents. We showed that conarachins, extracted in larger 369 quantities at 0.5 M, strongly contribute to gel formation and gel elasticity. When submitted to a 370 thermal treatment, conarachins-rich samples gelled at a lower temperature and if the thermal 371 treatment is preceded by an enzymatic pre-treatment, their gelation is observed already during 372 the pretreatment (for high enough protein concentration), which is not the case of the arachin-373 rich samples. For a given gelation process, conarachins-rich samples also give stronger gels. This 374 is attributed to their higher cysteine and lysine contents, two amino-acids involved in protein 

  determined in triplicate from fluorescence measurements(Shen et al., 152 2017), with the fluorescent probe 1-anilino-8-naphthalene sulfonate (ANS). Five protein solutions 153 (of 4 mL) were prepared from 0.0025 % to 0.02% w/v in a phosphate buffer (8 mM, pH 7.0). The 154 fluorescence intensity is measured after ANS addition (20 µL), for excitation and emission 155 wavelengths of 390 nm and 470 nm, respectively (spectrophotometer Carry 100 UV-VIS, Agilent 156 6 Technologies USA). The relative fluorescent intensity (RFI) is determined as RFI = (F -F0)/F0, with 157 F the fluorescence of the protein-ANS conjugate, and F0 the fluorescence of the ANS probe alone.

  217attributed to arachins subunits, are 3 to 5 times more intense in the samples extracted at 0.8

  254is almost negligible owing to the liquid-like behavior of the suspension. However, when 255 submitted to the thermal treatment, the protein ability to form a gel is now limited: for the 0.8 M 256 extract, gel formation is inhibited, while for the 0.5 M extract, gelation still occurred but gel 257 strength (G'≈3 Pa) is lower than without pre-treatment (G'≈6 Pa).258At the highest protein content (Cp ≈ 11-13 g/100 g), both extracts form a gel. For the 0.5 M 259 extract, gelation occurred during the enzymatic pre-treatment, giving rise to very weak gels 260 (G'≈0.1 Pa). The following thermal treatment significantly strengthen the gel, and the final 261 modulus is similar to the one obtained with thermal treatment only (G'≈300-450 Pa). By contrast, 262 for the 0.8 M extract, gelation is not observed during enzymatic pre-treatment (but a slight 263 increase in G' possibly suggests the formation of aggregates). Gelation occurred later on during 264 the thermal treatment, but the final modulus remains below the one of samples only finally a similar rheological signature, with G'/G"≈10 and a slight moduli 268 dependence towards angular frequency ω: G'∼ ω a , with 0.08<a<0.2 for 0.06 rad.s -1 <ω<10 rad.s - 269 1 (results not shown). Strain sweep confirmed that measurements conducted at γ=1% were well 270 in the linear regime, however, we did not observe any evolution of the limit of linearity with the 271 protein concentration, gelation process or ionic strength (results not shown).272These first results show that both ionic strength and gelation process play a key role. The 0.5 M 273 extracts (conarachins-rich) exhibit a higher propensity to gel and result in firmer gels than the 274 0.8 M extracts (arachins-rich). The pre-treatment with transglutaminase results in gels with a 275 lower strength, and inhibit gelation at low proteins concentration. In the next sections, or sol-gel transition, determined as the cross-over between G' and G"submitted to thermal treatment, gelation occurred during the temperature 283 ramp, 20 to 30 min after launching the experiments for temperatures ranging from 60 °C to 95 °C.284For both ionic strengths, the gel point decreases with the protein concentration Cp (Figure3, top 285 panels). The higher the Cp, the shorter the time required for the growing protein aggregates to 286 span the entire volume, as observed for other globular proteins[START_REF] Tobitani | Heat-induced gelation of globular proteins. 1. Model 503 for the effects of time and temperature on the gelation time of BSA gels[END_REF]. 287 For suspensions submitted to an enzymatic pre-treatment, the behavior depends on the ionic 288 strength (Figure 3, lower panels). 289 For the E0.5G0.5eTT samples (conarachins-rich), the gelation time depends on the protein 290 concentration. At high concentrations (Cp > 6wt%), most of the samples gelled in the first three 291 hours, during the enzymatic treatment. At low concentrations, (Cp < 6wt%), gelation only 292 occurred later on, during the thermal treatment. 293 For the E0.8G0.8eTT samples (arachins-rich), the scenario is completely different. Although it is 294 known that the transglutaminase activity increases with ionic strength (Kütemeyer, Froeck, 295 Werlein, & Watkinson, 2005), gelation always occurred during the thermal treatment (except for 296 one single case). As arachins contain about 15 times less lysine (transglutaminase substrate) than 297

  302the ionic strength imposed for proteins extraction or at a different one under the -like scaling of the storage modulus 306 One common pathway for proteins and colloids gelation consists in the fractal aggregation of 307

  peanut protein gels structure acquired on the samples produced at high 361 protein concentration are presented in Figure5(samples prepared at low protein concentration 362 are so weak that they broke in pieces during manipulation). While it is not possible to distinguish 363 between the two extracts at 0.5 M and 0.8 M, it can be observed that applying an enzymatic 364 pretreatment gives a much thinner and denser structure, which is coherent with the

  375cross-linking during thermal or enzymatic treatment. Observations in confocal microscopy 376 showed that the enzymatic pre-treatment gives much denser and thinner structures. Indeed, 377 while the fractal dimension of thermally treated samples, estimated from rheological 378 measurement, is about 1.7, it increases to about 2.1 for enzymatically pre-treated samples. These 379 values are characteristic of gels formed in the diffusion-limited and reaction-limited cluster 380 aggregation regimes, respectively. The ionic strength imposed during gelation (in the 381 investigated range) does not strongly modify the gels properties, except if an enzymatic-pre-382 treatment is applied. In that case, gelation is inhibited if an ionic strength different from the 383 extraction one is imposed, suggesting solubility loss. Ionic strength and transglutaminase pre-384 treatment therefore constitute two parameters that can be tuned during food processing to 385 generate protein gels with different properties. Conceptualization, Investigation, Formal analysis, Validation, Visualization, Writing 390 -Original Draft. Véronique Bosc: Conceptualization, Methodology, Visualization, Project 391 administration, Supervision, Writing -Review & Editing. Jean-Marc Saiter: Conceptualization, 392 Methodology, Visualization. Monique Chan-Huot: Conceptualization, Project administration, 393 Funding acquisition, Writing -Review & Editing. Jean-Pierre Dupas: Resources. Marie-Noëlle 394 Maillard: Conceptualization, Supervision, Writing -Review & Editing. Paul Menut: 395 Conceptualization, Methodology, Visualization, Project administration, Supervision, Writing -396 Original Draft, Writing -Review & Editing.
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 1234 Figure1: SDS-PAGE patterns (in triplicate) of the proteins extracted at 0.5M (lanes 2-4) and 0.8M
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 5585234 Figure 5: Images of peanut protein gels (Cp = 12g/100g) obtained by CSLM (magnification x40).
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 5 Figure 5: Images of peanut protein gels (Cp = 12g/100g) obtained by CSLM (magnification x40). Proteins are stained
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  The surface hydrophobicity is calculated from the initial slope of RFI versus protein

	159	
	160	concentration.
	161	2.2.2.4 Protein profile
	162	SDS-Page gel electrophoresis is performed with a Mini-PROTEAN Tetra System, with Mini-
	163	PROTEAN TGX gels and Precision Plus Protein Unstained Standards from Bio-Rad (USA). Protein
	164	suspensions (Cp=5 µg/µL) are mixed with an equal volume of 2X Laemmli buffer (5% v/v β-
	165	mercaptoethanol, 40% v/v glycerol, 12.5% v/v Tris-HCl at 0.5 mol/L (pH=6.8), 20% v/v SDS 10%
		w/v, 1% v/v of bromophenol blue, and 21.5% v/v distilled water). A volume of 10 µL of sample is
	171	
	172	
		2.2.3 Gelation and gel characterization

166 then loaded on each lane of the gel. Migration is performed at 200 V in a running buffer 167 composed of 1% w/v SDS, Tris buffer (250 mM) and glycine solution (1.92 M, pH=8.3). After 168 staining with Coomassie brilliant blue R-250 for one hour, gels are thoroughly washed in distilled 169 water and scanned in a GS-800 Calibrated densitometer (Bio-Rad, USA), before image analysis 170 with PDQuest 2-D Gel Analysis Software (v 6-2-1). 173 Protein suspensions are all submitted to a thermal treatment (95 °C for 40 min), preceded or not 174 by an enzymatic pre-treatment with transglutaminase. Whenever used, transglutaminase is 175 added to the suspension under magnetic stirring for 5 min. Its concentration is always 0.3wt%, 176

Table 1

 1 Hz. Prior tests ensured that such low oscillatory strain did not 188 affect gelation and remain in the linear regime for the final gel characterization. Whatever the 189 gelation process, the suspension is first maintained for 5 min at 25 °C. For samples submitted 190 only to a thermal treatment (TT), the temperature was then increased to 95 °C at a rate of

	182
	183
	2.2.3.1 Rheological characterization

. It distinguishes samples based on (i) the applied 178 process (Thermal Treatment, TT or enzymatic + Thermal Treatment, eTT) and (ii) the Ionic 179 Strength during protein Extraction (E) and (after dialysis) during Gelation (G). Due to the different 180 dilution factors observed during dialysis, the lowest and highest protein concentrations (Cp) 181 slightly differ from one sample to another, as indicate in the table.

184 Rheological tests are performed with a stress-controlled rheometer Physica MCR 301 (Anton 185 Paar, Austria) in a Couette cell (sample volume = 25 mL, gap = 1 mm) equipped with a Peltier 186 temperature controller. Gelation is monitored in situ under a constant oscillatory strain γ = 1% 7 and at a constant frequency f = 1

Table 1 :

 1 Classification and protein concentration range (Cp, in g/100g) of the different

	397

Table 1 :

 1 Classification and protein concentration range (Cp, in g/100g) of the different samples.

[START_REF] Ikeda | Rheological Study on the Fractal Nature of the 455 Protein Gel Structure[END_REF][START_REF] Wu | Model relating structure of colloidal gels to their elastic 514 properties[END_REF]. A rheological signature is the power-law 309 scaling of the plateau storage modulus of the gel with the protein concentration or volume
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