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ABSTRACT 63 

Pea proteins, in the form of flours, isolates and concentrates, are increasingly used in large-scale food 64 

processing reflecting the rising demand for sustainable plant-based protein sources. However, a detailed 65 

https://orcid.org/0009-0004-5578-6220


assessment of pea proteomics is lacking, particularly in response to processing stages. In this study, data-66 

independent acquisition (DIA) mass spectrometry was used to measure quantitative proteomics of Pisum 67 

sativum L. (cultivar CDC Lewochko) under different processing conditions, including: i) dehulling and 68 

milling, ii) dry fractionation and iii) wet fractionation. Various structural and techno-functional attributes 69 

were also investigated with the goal to compare protein abundance, identify the pea proteins of interest 70 

and correlate protein quantities with phenotypic traits. Our analysis identified 3,692 proteins across 71 

Lewochko samples subjected to various processing conditions. Among these, 1,796 proteins were 72 

differentially abundant at a 1% False Discovery Rate (Benjamini–Hochberg correction). We observed 73 

distinct clusters of proteins with varying abundance levels across the different conditions. Protein groups 74 

such as vicilin, albumin and seed lipoxygenase were particularly sensitive to thermal processing. Notably, 75 

vicilin, convicilin and legumin exhibited higher abundance in the wet fractionation condition. DIA-LC-76 

MS/MS allowed analysis of proteome changes at the level of total protein, select subgroups of proteins 77 

(e.g., vicilins, legumins) and individual proteins. This revealed that, in certain cases, such as for vicilin, 78 

the variation in a single protein can drive the apparent change in the entire subgroup. These findings yield 79 

quantitative insight into how processing methods, particularly wet extraction, selectively influence protein 80 

composition.  81 

 82 

KEYWORDS: Wet fractionation; dry fractionation; Radio Frequency (RF); Micronization (MC); 83 

Legume proteins; quantitative proteomics; DIA LC-MS/MS; protein functionality; Microfluidic 84 

Modulation Spectroscopy (MMS);  85 

INTRODUCTION 86 

Peas are a nutritionally valuable source of plant-based protein, with the pea protein market expected to 87 

reach a value of USD 480 million by 2032.1 Pea proteins are used as ingredients in the formulation of a 88 

wide range of food products, including plant-based meats, milk and cheese alternatives and synthetic 89 



coffee. The cultivation, harvesting and exportation of peas contribute minimally to carbon emissions.2 90 

This environmental benefit largely stems from their ability to form nitrogen-fixing symbiotic 91 

relationships, which reduces the reliance on synthetic nitrogen fertilizers produced by the Haber-Bosch 92 

process.3 93 

Peas are rich in starch (36.9-49%) and protein (21.2-32.9%), with low levels of fat (1.2-2.4%).4 Pea 94 

proteins are primarily composed of globulins and albumins. Globulins, including 7S globulins (vicilins 95 

and convicilins), 11S globulins (legumins) and vicilin- and legumin-like globulins, typically account for 96 

55-65% of pea protein, while albumins, including lipoxygenases and other metabolic proteins such as 97 

protease inhibitors and lectins make up 18-25% of the total protein mass.5 The globulins have higher 98 

digestibility but low levels of sulfur amino acids while the albumin fraction is rich in these but also 99 

contains antinutritional factors like protease inhibitors.6 100 

For use as food ingredients, pea proteins are commonly enriched via one of two fractionation procedures.7 101 

In dry fractionation, dry peas are ground and the enriched protein (fine fraction around 1–3 μm) is 102 

separated from carbohydrate (coarse fraction, around 20 μm) based on their distinct particle densities and 103 

particle size via air classification8–10. Wet fractionation involves dispersing the pea flour in water at 104 

alkaline pH to achieve protein extraction, followed by isolating the protein from other soluble components 105 

through isoelectric precipitation. The isoelectric point (pI) of pea protein is around pH 4.5 to 4.8, where 106 

the protein has a neutral net charge, leading to minimal solubility. At this pH, the lack of attractive charges 107 

reduces the protein's ability to interact with water, causing it to precipitate out of solution. In contrast,  108 

at a more basic pH during alkaline extraction or moderately below pI, the proteins become more 109 

soluble.7,11–13  110 

Protein concentrates produced by dry-fractionation of pulses are less pure (40-60% protein) while protein 111 

isolates from wet-fractionation of pulses are often >80% protein, although more of the protein may be 112 

denatured.14,15 Dry and wet fractionation methods can lead to differential enrichment of protein mixtures 113 



during extraction. However, there's limited understanding of how these changes manifest in peas, whether 114 

in terms of protein composition or structure. Both dry- and wet-fractionation greatly impact the 115 

functionality of the resulting pea proteins, although the details of the changes in protein composition and 116 

structure remain unclear. Several studies have examined the effect of fractionation conditions, at the lab-117 

scale, on protein functionality and found a range of effects that may relate to differences in composition 118 

(legumin:vicilin ratio, presence of albumins and extent of denaturation.16,17 The albumins are highly 119 

soluble, while the globulins have better gelling and emulsifying properties, with vicilins performing better 120 

than legumins.18 A comparison of dry- and wet-fractionated faba bean proteins found higher solubility 121 

and foaming and gelling capacity in the dry-processed samples, while the wet-processed proteins were 122 

more digestible and lower in trypsin inhibitory activity (anti-nutritional factor).19 123 

Heat treatments, such as radiofrequency (RF) or micronization (MC), can be applied to seeds to inactivate 124 

antinutrients and enzymes to improve digestibility and flavor/sensory properties.20–22 RF heating uses 125 

electromagnetic waves at much lower frequencies23 than the 2.45 GHz band employed by consumer-grade 126 

microwave ovens24, which is beneficial for enzyme inactivation25 and preserving delicate attributes such 127 

as cotyledon seed color that requires low intensity heating. RF heating is constrained to three frequency 128 

bands centered at 13.56 MHz, 27.12 MHz and 40.68 MHz to avoid overlap with communication RF 129 

bands.26 The underlying mechanism of RF heating in dielectric materials involves pumping the alignment 130 

of the electric dipole of the molecules back and forth to the oscillating electric field, channeling this 131 

movement into kinetic energy - thus creating rapid localized heating. This rapid heat transfer of entrapped 132 

water pockets can produce geometric changes (micro-explosions), forming microscopic pores and 133 

channels.27 MC, or infrared heating, is a rapid, high-temperature process that uses infrared wavelengths 134 

(1.8–3.4 μm) to heat seeds by vibrating water molecules, converting electromagnetic energy into thermal 135 

energy28. Given its limited penetration depth (0.31–4.76 mm), uniform heating can be challenging, 136 

especially for seeds of varying sizes and shapes and often requires both tempering and agitation to ensure 137 

consistent results.29 MC can significantly shorten cooking times in legumes such as cowpea (by 44%) and 138 



lentils (by 50%), highlighting its value in pulse processing.30 However, the effectiveness of this method 139 

depends strongly on adequate seed moisture content; without proper tempering, cooking times may 140 

increase, as observed in pinto beans, chickpeas and yellow peas processed with moisture (<18%).31,32 141 

The complete genome sequencing for Pisum sativum L. cultivars Caméor33 and ZW634 were recently 142 

published. With these genomes, new opportunities for proteomics studies have emerged, which are needed 143 

owing to a lack of detailed characterization of legume protein structure and composition.35 Indeed, 144 

knowledge about the protein compositions of legumes remains limited; however, it is known that pea 145 

protein composition can change in response to environmental conditions such as chilling, osmotic stress 146 

and pathogen infections.36,37 Furthermore, the functionality of pea proteins varies greatly between 147 

different suppliers,35 likely owing to variations in processing, along with seasonal and cultivar 148 

variations.35,38 Certain functionality traits may have particular importance for certain applications; e.g. pea 149 

proteins are the leading protein ingredient for beverage applications,39 where solubility is key. A 150 

systematic and detailed knowledge of processing effects on protein structure and composition is required 151 

to understand how to optimize pea protein ingredients for various food applications.  152 

Recently, advanced proteomics with higher-sensitivity peptide identification using LC-MS/MS through 153 

data-independent acquisition (DIA) mode has been successfully applied to various plant tissues including 154 

Arabidopsis,40–44 winter rapeseed (Brassica napus L45–47 and Brassica rapa L.48), Morus alba L. leaves,49 155 

Cinnamomum camphora leaves,50 Oolong tea leaves,51 tomato (Solanum lycopersicum) fruit cuticles,52 156 

roots from cotton plant Gossypium barbadense53 or rice roots54.  Other studies further highlighted DIA 157 

deep profiling in seed proteome characterization such as from Arabidopsis55, barley (Hordeum vulgare 158 

L.),56–58 chickpea (Cicer arietinum L.),59 narrow-leafed lupin (Lupinus angustifolius L.),60 soybean61,62 159 

and wheat (Triticum aestivum).63,64 DIA is recognized for surpassing traditional data-dependent 160 

acquisition in terms of sensitivity and proteome coverage including the detection of low-abundant 161 



proteins.65 To our knowledge, this study is the first to use DIA-based label free quantification (LFQ) for 162 

yellow pea seeds (Pisum sativum L.).  163 

As quantitative proteomics in general has rarely been applied to peas, particularly in a food-processing 164 

context, this study examined how pea proteins are affected by dry- and wet-fractionation, with and without 165 

RF and MC pretreatments and how these changes impact their functionality. DIA LC-MS/MS was used 166 

to identify proteins in pea flours, concentrates and isolates, and quantify changes in their abundance across 167 

these processing stages. Further, correlations between the proteomic profile and the functional phenotype 168 

of pea proteins were examined. Understanding these relationships is crucial for optimizing processing 169 

conditions and enhancing the food quality attributes of pea protein ingredients.  170 

MATERIALS AND METHODS  171 

Pea sample preparation 172 

Yellow pea seeds (Pisum sativum L., seed variety CDC Lewochko) were sourced from Ardell Seeds Ltd. 173 

(Vanscoy, Saskatchewan, Canada) in summer of 2021. Approximately 100-150 kg were collected and 174 

stored in 25 kg bags at ambient temperature until further processing within 6 months of harvest. Processing 175 

included heat treatments, dehulling and milling, dry fractionation (air-classification) and wet fractionation, 176 

as summarized in Scheme 1, producing pea flours (DMF: dehulled-milled flour, RFF: radiofrequency-177 

treated flour, MCF: micronized flour), concentrates (DFC: dry fractionated concentrate, RFDFC: radio 178 

frequency-treated dry fractionated concentrate, MCDFC: micronized dry fractionated concentrate) and 179 

wet isolates (WEI: wet extracted isolate, RFWEI: radiofrequency-treated wet extracted isolate, MCWEI: 180 

micronized wet extracted isolate).  181 

Proximate analysis  182 

Moisture and ash contents were determined using the AOCS Ba 2a-38 and AOCS Bc 5-49 methods, 183 

respectively. Nitrogen content was measured using the LECO combustion method (AOCS Ba 4e-93), and 184 



a nitrogen factor of 6.25 was applied to calculate the crude protein content. Crude oil content was 185 

quantified through an internal Swedish tube-based method, with petroleum ether used as the extraction 186 

solvent. Total starch content was assessed using the AACC-76-13 method. Carbohydrate content was 187 

calculated by the difference method (100 - sum of protein, fat, ash, and moisture). Insoluble fiber and 188 

soluble fiber contents were determined using the AACC 32-21 method. The results were corrected for 189 

moisture content and reported as an average on a g/100 g dry matter (DM) basis. 190 

Seeds heat pre-treatments 191 

Whole seeds were heat treated prior to dehulling and milling and some seeds were kept without thermal 192 

processing and used for dehulling and milling as control samples. RF heating of seeds (13.58% moisture) 193 

was performed at 100°C and a frequency of 27.12 MHz at a retention time of 9 min using GP-15 RF 194 

equipment (Serial #: 92010003, Quantum Mechanical Technologies Inc., Price Albert, SK) at electrode 195 

with conveyor speed at 0.15 m/min. The average outfeed temperature was 84.4°C. Final seed moisture 196 

content obtained was 9.55%. MC consisted of tempering seeds to 15% moisture and heating seeds at 125-197 

130°C using infrared heating at a residence time of 60-90 seconds using a lab-scale MC unit (Micronizing 198 

Company UK Ltd., Sufolk, UK. Model A 156379-B0, with FMC Syntron vibrating conveyor and feeder). 199 

The feed was set at setting 55 and the conveyor was set at setting 37-45. The MC work was done at 200 

InfraReady Products (Saskatoon, SK). The final seed moisture content of micronized seeds was 10.56%. 201 



 202 

Scheme 1. Overview of processing steps for Lewochko pea samples. Yellow peas were processed into 203 

flours, concentrates and isolates through dehulling, milling, dry fractionation and wet fractionation. The 204 

flour from fine milling (Buhler laboratory mill) was used for wet fractionation. Three samples resulting 205 

from each condition are indicated.  206 

 207 

Dehulling and milling 208 

About 90-100 kg of whole seeds were dehulled using a stone mill (Buhler Stone Mill (MJSG) at Cereals 209 

Canada, Winnipeg, MB). The untreated seeds contained 13.1% moisture and tempering was not needed.  210 

Dehulled seeds

Dehulling
Stone mill

Coarse milling
Hammer mill

Fine milling
Buhler

Field peas

Seeds
+ Radiofrequency heating
+ Micronization

Flour

Milled seeds

Coarse milling
Hammer mill

Fine milling
Classifier mill

Air classification
Coarse/fine fractions 80/20 by weight

Dehulled seeds

Concentrates

Dry fractionation

Mechanical agitation

Alkaline extraction
1:10 flour:water (w/w), pH 9

Isoelectric Precipitation
pH 4.5

Milled flour

Isolates

Wet fractionation

Centrifugation

Centrifugation

Neutralization
pH 7.0

Spray-drying
190°C inlet and 85°C outlet 

DMF: Dehulled-milled flour
RFF: Radiofrequency-treated flour
MCF: Micronized flour

DFC: Dry fractionated concentrate
RFDFC: Radio frequency-treated dry 
fractionated concentrate 
MCDFC: Micronized dry fractionated 
concentrate

WEI: Wet extracted isolate
RFWEI: Radiofrequency-treated 
wet extracted isolate
MCWEI: Micronized wet extracted 
isolate



After RF and MC treatment, the seed moisture content decreased to below 10% and they were re-tempered 211 

to approximately 12% moisture to ensure consistent dehulling performance. Dehulled seeds were coarsely 212 

milled using a hammer mill (Jacobson Model 120-B), followed by fine milling into flour using a Buhler 213 

Laboratory Mill (MLU-202) to achieve D10 of 13-15 µm, D50 of 50µm and D90 of 130-140 µm). About 214 

250 g of flour generated from this step was used for proteomics and compositional analysis and the rest 215 

was used for wet fractionation.  216 

Dry fractionation (air-classification) 217 

Air classification was performed at the Saskatchewan Food Industry Development Centre Inc. (Saskatoon, 218 

SK) to produce protein-enriched fractions (protein concentrates) using dehulled yellow pea seeds. About 219 

10 kg of dehulled seeds (20 kg total from duplicate runs) from untreated and thermal treated (RF and MC) 220 

were fed first into a hammer mill (Fitz®Mill, The Fitzpatrick Company, Illinois, USA) for coarse milling 221 

and then into a classifier mill (CLM-18 SS, Prater Industries Inc., Bolingbrook, USA) for fine milling. 222 

The classifier mill was set at 80% mill speed, 50% classifier speed, 138 ± 5.5 CFM air flow, 10 kg/h feed 223 

rate and 100% fan speed. Targeted particle size was at D50 14-17 µm and D90 under 36 µm. Milled flour 224 

was then air-classified using an air classifier (Mini Split, Prater Industries Inc., Bolingbrook, USA) with 225 

40% classifier speed, 3 VVM secondary air and 12 kg/h feed rate. The target coarse/fine fraction split was 226 

80/20 by weight.  227 

Wet fractionation 228 

Milled flours (3 kg) were used to prepare protein isolates using an alkaline extraction-isoelectric 229 

precipitation (AE-IEP) method, developed internally and optimized for pulse protein extraction, at the 230 

National Research Council Canada laboratory (Saskatoon, SK). Pea flour (1.5 kg) was first dispersed in 231 

water at a 1:10 flour:water ratio (w/w). The mixture was adjusted to pH 9 using 1 M sodium hydroxide 232 

and stirred for 1 h at room temperature (18-20°C) in a 5 L vessel. The suspension was centrifuged at 233 

12,000 g for 20 min (Model: Avanti JXN-26, Beckman Coulter). The supernatant was collected and pH 234 



was adjusted to 4.5 using 1 M HCl and with continuous agitation for 0.5 h. The slurry was centrifuged at 235 

12,000 g for 20 min and the precipitated protein was recovered. The solid content of protein curd recovered 236 

from two extractions (1.5 kg each) was adjusted to 8-10%, neutralized to pH 7 using 1 M sodium 237 

hydroxide and spray-dried (BUCHI Mini B-290 spray dryer) using 175°C and 80-90°C inlet and outlet 238 

temperatures, respectively. Pea protein isolates were stored in the cooler (≤4°C) for further analysis.  239 

SDS-PAGE and densitometry analysis  240 

Five gram of sample (pea flour, concentrates and isolates) was mixed with 50 mL of water and the pH 241 

was adjusted to 8. The mixture was stirred at room temperature for 2 h, then centrifuged at 13,000 × g for 242 

20 min at 4°C. The supernatant was collected and stored at 4°C, and protein concentration was measured 243 

using the Bradford assay. Protein extracts were mixed in a 3:1 (v/v) ratio with 4x Laemmli sample buffer 244 

(Bio-Rad, Hercules, CA, USA) supplemented with 2% (v/v) β-mercaptoethanol. The samples were then 245 

heated at 95°C for 5 min and centrifuged at 10,000 × g for 3 min. After cooling, the samples were loaded 246 

(10 µL of 2 mg/mL) onto 4–20% gradient polyacrylamide gels with Tris/Glycine/SDS running buffer and 247 

run at 200 V for 45 min. The gels were stained with Coomassie G-250 for 1 h and destained overnight 248 

under continuous agitation. The gels were imaged using a Bio-Rad ChemiDoc MP Imaging System and 249 

densitometry was performed using Image Lab 4.1.66,67 250 

Surface hydrophobicity via ANS fluorescence 251 

Proteins were extracted similarly to SDS-PAGE. To assess protein surface hydrophobicity by linear 252 

regression, samples were standardized using concentrations of 8, 4, 2 and 1 mg/mL in a Tris-HCl buffer 253 

at pH 8, based on estimated protein content with Bradford assay. A 0.2 mM solution (40 µL) of 1,8-ANS 254 

(1-anilino-8-naphthalene-sulfonate; A47, Thermo Fisher Scientific Inc.) was prepared in 20 mM Tris 255 

buffer at pH 8 and mixed with 160 µL of each protein dilution.68 The mixtures were incubated in the dark 256 

at room temperature for 10 min before measurement69. 257 



The ANS binding of pea proteins was evaluated through fluorescence. For each sample, 200 µL samples 258 

were measured in a 96-well plate (F-Bottom, microclear, black, non-binding; 655906, Greiner Bio-One) 259 

and readings were taken at  25°C using a TECAN Infinite M200 PRO Plate Reader with an excitation 260 

wavelength of 390 nm and emission at 470 nm70. To calculate net fluorescence (Fnet), the fluorescence 261 

intensities of the ANS and protein blanks were subtracted from the fluorescence intensity of the ANS-262 

protein solution:  263 

ᵃ釔�ᵅ뇔�ᵅ뇔�ᵅ뇔� =  ᵃ釔�ᵆǔ�ᵄ�ᵅꇔ�ᵅꇔ�ᵅꇔ�𝑚𝑚 −  ᵃ釔�ᵃ䇔�ᵃ䇔�ᵃ䇔� −  ᵃ釔�ᵄ㇔�ᵄ㇔�ᵄ㇔�𝑃𝑃𝑃𝑃ᵄ㇔�𝑃𝑃 265 

where: 264 

Fnet = Final sample intensity 266 

Fsample = Fluorescence intensity of protein sample with ANS 267 

FANS = Fluorescence intensity of ANS only 268 

FProtein = Fluorescence intensity of protein 269 

 270 

The initial slope (S₀) of the fluorescence intensity (Fnet) versus protein concentration plot was determined 271 

by linear regression and used as an indicator of protein surface hydrophobicity.69 Each measurement was 272 

conducted in triplicate using isolates from two independent protein extractions (n = 2). 273 

Microfluidic Modulation Spectroscopy (MMS) 274 

Pea protein concentrates and isolates were analyzed at various concentrations in 20 mM Tris-HCl buffer 275 

at pH 8 using the RedShiftBio Aurora system (RedShift Bioanalytics, Boxborough, MA, US). Prior to the 276 

measurement, the protein solutions were centrifuged at 13, 000 × g to remove any insolubles. The samples 277 

were analyzed against the matching buffer at a backing pressure between 7-12 psi with an average flow 278 

rate of 1.4 µL/s. The differential absorbance spectra were collected across the Amide-I band from 1589-279 



1712 cm-1 with a resolution of 1 cm-1. Delta analytics software was used for sample analysis and spectral 280 

processing.71 The differential absorbance spectra were normalized to absolute spectra using a 0.63 nominal 281 

displacement factor using the untreated pea protein concentrate or isolate as the model proteins for the 282 

fitting. The absolute spectra were then converted to similarity spectra by first taking the second derivative, 283 

then inversed and baselined. Savitsky-Golay smoothing was applied to the second derivative plot using a 284 

window of 19 wavenumbers.72 Higher order structure elements were calculated using the spectral 285 

similarity by Gaussian curve fitting. An example using the data processing workflow is shown in Figure 286 

S1. The list of Gaussians with designated wavenumbers and corresponding structural types is shown in 287 

Table S1. 288 

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR)  289 

(ATR)-FTIR was performed using a Perkin Elmer Spectrum 100 instrument. Spectra were collected as 290 

the average of 16 scans, spanning 4000 to 550 cm⁻¹ at 4 cm⁻¹ resolution, using an empty cell as the 291 

background. Each sample was measured three times. The secondary structure of the protein isolates was 292 

analyzed by focusing on the Amide I region (1589–1712 cm⁻¹) and data processed similarly as for the 293 

MMS data.  294 

Protein functionality properties  295 

Lipoxygenase activity 296 

Lipoxygenase (LOX) activity was measured using a modified method based on McCurdy et al. (1983),73 297 

Chang and McCurdy (1985)74 and Pathiratne et al. (2015).75 LOX was extracted by mixing 50 mg of 298 

sample with 1000 μL of extraction buffer (50 mM sodium phosphate buffer at pH 6, with 2% 299 

polyvinylpolypyrrolidone) on a Tube Rotator with rotation for 60 min at 4°C. The homogenate was 300 

centrifuged for 20 min at 16,000 × g at 4°C and an aliquot was taken for protein concentration 301 

measurement using the Bio-Rad protein assay kit, then diluted to 0.2 mg/mL. The LOX assay was 302 

performed at room temperature in a 96 well UV plate in the 50mM sodium phosphate buffer (pH 6.0) 303 



using 10 mM linoleic acid as the substrate. The dynamic absorbance changes at 234 nm were immediately 304 

recorded after adding extract, every 15s for 10 minutes on a plate reader (BioTeK Synergy H1 Hybrid 305 

Multi-Mode Reader). One unit of LOX activity is equivalent to an increase in absorbance at 234 nm by 306 

0.001 units per min in the linear region of the reaction curve. Triplicate analysis was performed. 307 

Trypsin inhibitor activity 308 

One gram of each sample was mixed in 50 mL of 10 mM NaOH for 3 h. The resulting extract was diluted 309 

to a concentration that would induce trypsin inhibition falling within the range of 30% to 70%. 13 mm 310 

glass culture tubes were set up in a heat block pre-warmed to 37ºC (3 tubes per sample) and in each tube, 311 

1 mL of the diluted extract was added. Additionally, a set of tubes containing 1 mL of distilled water was 312 

prepared to serve as reference samples for spectrophotometer readings. To each tube, 2.5 mL of a substrate 313 

solution pre-warmed to 37ºC, containing Tris, CaCl2 and Na-benzoyl-D L-arginine 4-nitroanilide 314 

hydrochloride (DL-BAPNA), was added and the contents were mixed by vortexing. Of the three tubes 315 

created for each sample, one was designated as the blank and the other two as readings. 0.5 mL of 30% 316 

(v/v) glacial acetic acid was added to each of the blank tubes and vortexed. After 10 min, 1.0 mL of trypsin 317 

solution (containing 20 μg/mL trypsin in an HCl and CaCl2 solution) was added to each blank tube and 318 

vortexed. Concurrently, 1.0 mL of trypsin solution was added to each of the reading tubes and vortexed 319 

to mix. After 10 min, 0.5 mL of acetic acid solution was added to each sample and vortexed to terminate 320 

the reactions. A 1.2 mL aliquot of each reaction mixture was then centrifuged for 10 min at 10,000 rpm. 321 

The supernatant was measured for absorbance at 410 nm to calculate the TIA (TIU/mg) as below: 322 

 ᵄ燔�ᵄ燔�ᵄ燔� ᵅ퇔�ᵅ퇔�ᵅ퇔� ᵅꇔ�ᵅꇔ� ᵆǔ�ᵆǔ�𝑠𝑠𝑠𝑠ᵆǔ�𝑠𝑠 =
��ᵃ䇔�{410ᵄ凔�}− ᵃ䇔�{410ᵄ凔�ᵄ凔�}�− �ᵃ䇔�{410ᵄ懔�}− ᵃ䇔�{410ᵄ懔�𝑆𝑆}��×50

ᵅꇔ�ᵅꇔ� ᵆǔ�𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑒𝑒 ᵄ�𝑎𝑎𝑎𝑎ᵄ�ᵄ�
 323 

where TIU is the trypsin inhibitor unit(s), A410R = reference reading, A410RB = reference blank, A410S = 324 

sample reading and A410SB = sample blank. 325 



Water holding capacity (WHC) 326 

WHC was determined according to the AACC Method 56-37.01. About 1 g of the sample was added to a 327 

test tube followed by a small amount of distilled water. The mixture was placed upside down into a syringe 328 

barrel which contained filter cloth at the bottom. The syringe assembly was placed into a 50 mL conical 329 

tube, then centrifuged for 10 min at 300 × g. The syringe assembly was weighed before and after 330 

centrifugation. The WHC was reported as the quantity of water held by 1 g of sample. 331 

Oil holding capacity (OHC) 332 

The method developed by Wang et al. (2020)76 was used. The sample (0.5) was mixed with 1.5 mL of 333 

canola oil in a test tube. The mixture was then inverted into a syringe with filter paper at the bottom. The 334 

whole assembly was placed into a 50 mL conical centrifuge tube, then centrifuged for 25 min at 600 × g. 335 

The weight of the syringe assembly before adding the oil and after centrifuging was recorded. The OHC 336 

was expressed as grams of oil bound per gram of sample. 337 

Protein solubility  338 

Solubility was tested according to a method modified from Stone et al. (2015)69. Sample was prepared in 339 

10 mM sodium phosphate buffer (pH 7) or 0.1 M citrate buffer (pH 3) at 5%, 2% and 1% (w/w, protein 340 

weight basis) for flours, protein concentrates and protein isolates, respectively. The solution was mixed 341 

every 15 min for a total of 1 h at room temperature (21-23°C), then centrifuged at 9100 × g for 10 min. 342 

Solubility was calculated as the portion of nitrogen in the supernatant divided by the total nitrogen in the 343 

sample determined using a LECO combustion method (AOCS Ba 4e-93, Nx6.25) and expressed as a 344 

percentage of the target concentration. 345 

Least gelation concentration (LGC) 346 

A modified method from O’Kane et al. (2005)77 was used. Briefly, a series of 5-20% flour and protein 347 

solutions were prepared in 15 mL centrifuge tubes with 10 mM sodium phosphate buffer (pH 7) or 0.1 M 348 



citrate buffer (pH 3). The samples were mixed well and heated in a 95°C water bath for 30 min, then 349 

cooled to room temperature and kept at 4°C overnight. The tubes were inverted on a paper towel the 350 

following day. The concentration at which the liquid remained in place without dripping or flowing from 351 

the cooked gel indicated the LGC for that specific sample at the designated pH. 352 

Emulsion Stability  353 

The method described by Stone and Nickerson (2012)78 was used with some modifications. A 0.5% 354 

protein solution (based on dry weight) was stirred at 500 rpm for 16 h at 4°C. A 50:50 oil-in-water 355 

emulsion was prepared, then homogenized for 2 min at 8,000 × g. The emulsion was immediately 356 

transferred to a graduated cylinder and left to stand for 1 h to separate. Emulsion stability was expressed 357 

as an emulsion volume percentage based on the total volume: 358 

ᵃ臔�𝐸𝐸ᵃ臔�𝐸𝐸𝐸𝐸ᵃ臔�ᵃ臔�ᵃ臔� ᵄ懔�ᵄ懔�𝑆𝑆ᵄ懔�𝑆𝑆𝑆𝑆𝑆𝑆ᵄ懔�ᵄ懔� =
ᵃ臔�𝐸𝐸ᵃ臔�𝐸𝐸𝐸𝐸ᵃ臔�ᵃ臔�ᵃ臔� ᵆ㇔�𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑎𝑎ᵄ�𝑎𝑎𝑎𝑎𝑎𝑎 1ℎ

ᵄ燔�𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 ᵆ㇔�𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
 ᵆ凔� 100% 360 

Foaming properties  359 

Foam capacity and stability were measured using 1% (w/w) flour or protein solutions prepared with 10 361 

mM sodium phosphate buffer (pH 7) by stirring at 500 rpm for 16 h at 4°C. A 15 mL of solution was 362 

aliquoted and homogenized for 5 min at 8,000 × g with a 12 mm diameter dispersing probe. The initial 363 

total volume and the volume at which the foam is first visible (the separation) were recorded. To determine 364 

foam stability, the volume of foam that remained after 30 min at room temperature was expressed as a 365 

percentage of the initial foam volume. 366 

ᵃ釔�𝐹𝐹𝐹𝐹𝐹𝐹 ᵃ懔�𝐶𝐶𝐶𝐶𝐶𝐶ᵃ懔�𝐶𝐶𝐶𝐶𝐶𝐶 =
ᵃ釔�𝐹𝐹𝐹𝐹𝐹𝐹 ᵆ㇔�𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ᵆ㇔�𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
 ᵆ凔� 100% 368 

 367 

ᵃ釔�𝐹𝐹𝐹𝐹𝐹𝐹 ᵄ懔�ᵄ懔�𝑆𝑆ᵄ懔�𝑆𝑆𝑆𝑆𝑆𝑆ᵄ懔�ᵄ懔� =
ᵃ釔�𝐹𝐹𝐹𝐹𝐹𝐹 ᵆ㇔�𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑎𝑎𝑎𝑎 30 ᵅꇔ�𝑚𝑚𝑚𝑚
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ᵆ㇔�𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

 ᵆ凔� 100% 369 



 370 

Mass spectrometry quantitative proteomics 371 

Sample preparation  372 

The S-Trap™ mini spin column digestion protocol was used as adapted from Prem et al.,79 with 373 

modifications. Pea proteins from flour, concentrate and isolate (30 mg each) were extracted using 50 mM 374 

TEAB and 5% SDS. The mixture was vortexed for 1 min and shaken for 1 h at room temperature using a 375 

rotator shaker, then centrifuged at 13,000 × g for 8 min at room temperature. The supernatants were 376 

collected and kept at 4°C for subsequent steps. The protein content was determined with the RCDC assay 377 

using γ-globulin as a standard. Protein content was adjusted to 300 μg before being reduced, alkylated and 378 

digested overnight at 37°C with Trypsin/Lys-C Mix (Promega, Mass Spec Grade, V5073). All working 379 

solutions were prepared in LC-MS Grade water.  380 

LC-MS/MS data collection 381 

All samples were prepared in triplicate and analyzed by LC-MS/MS in triplicate. A total of 27 samples 382 

were studied and the order of injection into the LC-MS/MS system was carefully randomized to avoid 383 

correlation between injection order and the experimental groups. This also helped to minimize the risk of 384 

any systematic effects caused by changes in instrument sensitivity over time. The samples were 385 

reconstituted in a solution containing 0.5% acetonitrile and 0.1% formic acid. A total of 100 ng of peptides 386 

were injected and separated online using the Easy-nLC 1200 (Thermo Fisher Scientific) equipped with an 387 

Aurora Series analytical column (25 cm x 75 μm, 1.6 μm C18; Ion Opticks, Parkville, Victoria, Australia). 388 

The column temperature was maintained at 40°C using an integrated oven (PRSO-V2, Sonation, Biberach, 389 

Germany). The mobile phase consisted of buffer A (0.1% formic acid and 2% acetonitrile in water) and 390 

buffer B (0.1% formic acid and 80% acetonitrile in water). A gradient was applied, starting from 2% to 391 

20% B over 46 min, increasing to 32% B in the next 15 min and then to 50% B from 61 to 66 min. It was 392 

further increased to 95% B over 5 min, held at 95% for 8 min and finally reduced to 3% B over 2 min, 393 



held at this level for 6 min. The separation was carried out at a flow rate of 0.25 μL/min, with the Easy-394 

nLC thermostat set to 7°C. 395 

The peptide analysis was conducted using an Orbitrap Exploris 480 mass spectrometer (Thermo Fisher 396 

Scientific) coupled with a Nanospray Flex ion source, operated at 1900 V spray voltage and a 290°C ion 397 

transfer tube temperature. The mass spectrometer was operated in DIA mode, with full MS scans in 398 

positive ion mode. The full scan resolution was set to 60,000, with a normalized automatic gain control 399 

(AGC) target of 300% and a maximum injection time of 25 ms, covering an m/z range of 380–985 Th. 400 

DIA fragment spectra were recorded at a resolution of 15,000, with an AGC target of 2000%, a maximum 401 

injection time of 40 ms and an m/z range of 145–1450 Th. Isolation windows were set at m/z 10 Th with 402 

a 1 Th overlap and the normalized collision energy was fixed at 28%. Mass-to-charge ratio calibration 403 

was performed using three ions from the Pierce FlexMix Calibration Solution (m/z 195, 322, 524, 622, 404 

922, 1122, 1222, 1322, 1422, 1522, 1622, 1722, 1822). The typical mass accuracy was within 2 ppm, with 405 

a tolerance limit of 3 ppm. 406 

Data processing  407 

Data processing was performed with DIA-NN v1.8.180 using the UniProtKB Garden Pea proteome 408 

database. The Pisum sativum (Garden pea) (Lathyrus oleraceus) proteome from the UniProtKB FASTA 409 

database (65,853 entries) was downloaded on February 7, 2024 and a list of potential common protein 410 

contaminants was added to the database. A library-free search was conducted using FASTA, along with 411 

library generation and match-between-runs was applied in double-pass mode under neural network 412 

classification. Deep learning-based predictions for spectra, retention times and ion mobilities were 413 

applied. To expedite the DIA-NN search without compromising performance, precursor charges of 2-4 414 

and a precursor m/z range of 300-1200 were applied. The remaining parameters were left at their default 415 

settings. For downstream analysis, we used the Protein.Group column from the DIA-NN output to 416 

represent quantified proteins. 417 



Statistical analysis  418 

All proteomics data visualizations and analyses were conducted in R version 4.4.0 (2025-04-24 ucrt) using 419 

RStudio (2025.05.1+513).81 The columns of the normalized protein group quantities from the DIA-NN 420 

report.pg_matrix.tsv output file were initially log2 transformed for data normalization. To ensure the 421 

reliability of protein identification, proteins were retained if they were supported by at least two replicate 422 

identifications within any single sample rather than being detected only in one replicate of a given 423 

processing condition across all conditions. Differential expression analysis was conducted by fitting a 424 

linear model to the protein matrix, using processing conditions as factors for the three replicates.82 The 425 

sample injection order was also added as a covariate to check for batch effects. The analysis revealed that 426 

injection order did not significantly influence protein abundance, as no proteins were associated with 427 

injection order at a 5% false discovery rate (FDR). All possible pairwise contrasts among the nine 428 

processing conditions were assessed using the limma package (Bioconductor v3.21, BiocManager 429 

1.30.25) in R 4.5.0 (2025-04-11 ucrt), applying Bayesian statistics and the Benjamini–Hochberg method 430 

to control the FDR. Proteins were considered differentially abundant within each contrast if their adjusted 431 

p-values were below 0.05. For the combined analysis across all contrasts, a more stringent FDR threshold 432 

of 1% was used to select the most robustly changing proteins for heatmap visualization and clustering. 433 

Plots were generated using ggplot2.83 434 

  435 

RESULTS AND DISCUSSION 436 

This study investigated variation in pea protein composition, structure and function in response to dry- 437 

versus wet-fractionation and seed heat pre-treatments. Samples included pea flours, concentrates and wet 438 

isolates that were increasingly enriched in protein (from ∼30% to 60% to 90%) and reduced in starch 439 

(from ∼50% to <2% to <0.1%) and varied in moisture, oil, ash and fiber composition as determined by 440 

proximate analysis (Table 1). Primarily the aim was to examine pea samples using bottom-up, quantitative 441 



proteomics to identify and quantify as many proteins as possible and to explore relationships between the 442 

proteome and structure and function.  443 

Pea protein structure   444 

The effect of processing on protein conformation was examined by measuring secondary structure of the 445 

samples both in solution with MMS and as dry powders with FTIR (Figure 1). Beyond allowing us to 446 

measure both solid and liquid samples, our choice to use MMS was also driven by the limitations of FTIR 447 

for protein secondary structure analysis. As highlighted by Arrondo et al. (2004),84 assigning reliably 448 

FTIR peaks to specific secondary structures remains largely empirical and does not suffice without prior 449 

knowledge of the structural composition from another technique. MMS helps overcome this challenge by 450 

delivering higher spectral resolution, automated background correction and consistent reproducibility over 451 

a wide concentration range. Analysis of the secondary structure content with MMS (Figure 1A-D) 452 

revealed that β-sheet content remained consistent across all processing conditions, with only a modest 453 

decrease observed in the dry concentrates. Unordered regions and α-helical structures decreased in the dry 454 

fractionated concentrates with heat treatment (RFDFC and MCDFC), while there was a decrease only in 455 

α-helix in the wet isolates. Turn content increased with heat treatments for both dry concentrates and wet 456 

isolates while there was an increase in aggregated β structure in the RF- and MC- dry concentrates. FTIR 457 

analysis (Figure 1E-H) revealed that, in dry fractionated samples only, the β-sheet content decreased with 458 

heat treatment, from around 43% in DFC to 30% in MCDFC. An increase in β-aggregate structure was 459 

seen, but again only in the dry fractionated samples. Unordered, α-helical and turn content remained 460 

largely unchanged between treatments.  Further, secondary structure content was very similar between 461 

flours and concentrates (Table S2). Together, the MMS and FTIR data revealed that the overall protein 462 

conformation remained similar in both the solution and powdered forms: rich in beta-sheet and beta-turn, 463 

but lower in alpha-helix in the powdered samples. The powdered samples were notably higher in β-464 



aggregate content, a specific intermolecular beta-sheet absorbance band associated with amyloid fibrils 465 

and other protein aggregates,85,86 that likely reflects the high packing density in the powdered samples.  466 

Pea protein functionality  467 

Several techno-functional properties were characterized (Table 1), with several notable trends across 468 

sample processing stages and heat treatment. The LOX activity was substantially reduced in the wet isolate 469 

(2.8×102 units mg⁻¹) compared the flour (79×102 units mg⁻¹) and concentrate (148×102 units mg⁻¹) and 470 

was significantly reduced by heat treatment in all samples. Trypsin inhibitor activity was significantly 471 

reduced by heat treatment but only in the flour (reduced from 5.9 to 1.9 TUI mg⁻¹) and concentrate 472 

(reduced from14.8 to 3.9 TUI mg⁻¹). Heat treatment reduced solubility at pH 7 in the flours (from 100.0% 473 

to 61.1%) and concentrates (from 92.7% to 58.2%) but not in the wet isolates, where solubility at pH 3 474 

was reduced instead (from 52% to 26.1%). Water and oil holding capacities improved in concentrates and 475 

oil holding capacity in isolates, particularly after heat treatments. Exposure of more non-polar residues 476 

from the interior of the protein molecules due to protein denaturation (i.e., increase of surface 477 

hydrophobicity) can be a major reason for higher OHC of protein isolates, especially after heat 478 

treatment.87,88 Apart from proteins, other non-protein compounds such as fibers, starch, oil in flours and 479 

protein concentrates also contribute to the OHC and WHC differences.76 Furthermore, smaller particle 480 

sizes produce larger surface area for increased oil binding. With heat treated flours and concentrates, 481 

partial starch pre-gelatinization and protein denaturation might have contributed to higher WHC.88,89 482 

Regarding gelation, untreated flours showed lower LGC values at pH 3 (16%) and pH 7 (17%) compared 483 

to those subjected to heat treatments (ranged form 19-25%). All flour samples exhibited higher LGC 484 

values  compared to concentrates and isolates at both pH levels. Lower LGC indicates better gelling 485 

capacity. Roasting and other dry heat treatments can lead to partial starch pre-gelatinization, reduced 486 

starch granule accessibility and protein denaturation, all contributing to less effective gel formation 487 

compared to untreated flours.87 Emulsion stability  was higher in all concentrates and isolates compared 488 



to the flours, as was foam stability, except in the untreated flour, which was the highest (83%). Foam 489 

capacity was highest in the concentrates (58% untreated), followed by the isolates (44% untreated) and 490 

flours (32% untreated), with heat treatment having a marginal (non-significant) effect in all but the MCF 491 

(reduced to 25%). Solubility, flexibility and surface hydrophobicity contribute to a proteins ability to form 492 

a stable interfacial film.90 Variations in emulsion capacity can also be related to differences in protein 493 

fraction composition and different thermal and chemical treatment conditions.91 To evaluate the exposure 494 

of hydrophobic regions relevant to functional properties, surface hydrophobicity was measured using ANS 495 

fluorescence. Surface hydrophobicity was greatest in isolates and similar across flours and concentrates 496 

(Table 1). This indicates that wet extraction causes conformational changes that expose hydrophobic sites 497 

typically buried within the folded protein. These results agree with a previous comparison of wet isolate 498 

and dry concentrate from pea that found hydrophobicity values increased by a factor of 1.9 for the pea 499 

protein isolate,91 similar to the factor of 1.5 (WEI/DFC) found here. This may also reflect changes in 500 

protein composition, as some studies have indicated that 11S proteins are more hydrophilic than 7S 501 

proteins and that globulins are more hydrophobic than albumins. 90,91 502 

 503 



 504 

Figure 1. Secondary structure analysis. MMS average second derivative spectra in the Amide I region 505 

(1700–1600 cm⁻¹) of protein extracts from dry-fractionated (A) and wet-extracted (B) fractions, and the 506 

corresponding deconvolution of the spectra into major secondary structure content (C, D). ATR-FTIR 507 

average second derivative spectra in the Amide I region (1700–1600 cm⁻¹) of protein extracts from dry-508 

fractionated (E) and wet-extracted (F) fractions, and the corresponding deconvolution of the spectra into 509 

major secondary structure content (G, H). Bar plots indicate mean ± SE (n = 3510 



Table 1. Composition and functional properties of pea flours, pea protein concentrates and pea protein isolates 511 

 
Yellow pea 

Flours Concentrates Isolates 

Untreated  
(DMF) 

RF Treated 
(RFF) 

IR Treated 
(MCF) 

Untreated 
(DFC) 

RF Treated 
(RFDFC) 

IR Treated 
(MCDFC) 

Untreated 
(WEI) 

RF Treated 
(RFWEI) 

IR Treated 
(MCWEI) 

Moisture (%) 8.7±0.0a 7.9±0.0b 8.0±0.0b 7.9±0.1b 7.1±0.1c 6.7±0.1d 3.8±0.0e 3.2±0.0f 3.6±0.0e 

Composition 
(%, dry basis) 

Protein 27.9±0.0c 28.2±0.2c 28.6±0.1c 61.6±0.5b 63.3±1.4b 59.1±0.2b 91.2±2.6a 92.2±0.9a 90.5±0.1a 

Lipid 0.97±0.00ef 1.18±0.03de 1.30±0.05d 2.26±0.02 2.55±0.02a 2.76±0.11a 1.56±0.11c 0.66±0.04g 0.75±0.06f

g 
Ash 3.3±0.1f 3.3±0.2f 3.5±0.0f 5.6±0.1c 5.2±0.1d 4.7±0.0e 5.4±0.0cd 6.0±0.0b 6.5±0.0a 

Carbohydrates 67.8 67.3 66.6 30.6 28.9 33.4 1.8 1.1 2.2 

Total starch 50.0±0.6a 49.7±0.2a 49.9±0.3a  1.61 0.58  0.58 <0.1 <0.1 <0.1 

Insoluble fiber 6.1 6.2 6 16.1 13 13.9 0.7 1.3 0.8 

Soluble fiber 0.7 0.9 0.5 0.15 2.23 1.03 1.5 <0.1 <0.1 
Lipoxygenase activity (x102unit 
mg−1) 79±2b  23.1±0.2d  2.3±0.2g  148±2a  49.9±0.3c  20.9±0.2d  2.8±0.0g  6.0±0.0f  9.3±0.0e  

Trypsin Inhibitor  
(TUI/mg sample DM) 5.9±0.2c 3.62±0.03e 1.9±0.1f 14.8±0.2a 7.6±0.1b 3.9±0.2de 4.1±0.1de 4.3±0.2de 4.5±0.3d 

Protein solubility (%) at pH 3 26±1bc 24.9±0.4bc 22±1.0bc 24±2bc 20±1c 18±2c 52±8a 36±8b 26.1±0.1bc 
Protein solubility (%) at pH 7 100.0±0.0a 85.1±0.4c 61.1±0.1f 92.7±0.4b 73.4±0.3e 58.2±0.3f 79±2d 99.5±0.7a 81±1d 
WHC (g/g DM) 0.78±0.01g 1.05±0.01e 1.22±0.04d 0.86±0.01f 1.50±0.02c 2.0±0.1a 1.78±0.01b 1.70±0.01b 1.58±0.01c 
OHC (g/g DM) 0.25±0.02d 0.19±0.01e 0.18±0.02e 0.82±0.03c 0.91±0.03c 0.87±0.02c 0.97±0.02b 1.02±0.03a

b 1.04±0.00a 

LGC (%) at pH 3 16 19 25 9 10 10 10 13 11 
LGC (%) at pH 7 17 23 24 5 7 7 14 14 13 
Emulsion stability (%) 48±2b 47±3b 43±1b 65±1a 59±4a 62±2a 62±2a 66±4a 65±5a 
Foam capacity (%) 32±2ef 37±3de 25±2f 58±3a 51±5abc 53±7ab 44±1bcd 41±3cde 43±3bcd 
Foam stability (%) 83±3a 38±1be 35±1e 68±2d 71±1cd 69±3d 76±3bc 76±3bc 77±2b 

Surface hydrophobicity 220±30a 200±20a 270±10ab 220±30a 220±20a 200±10a 340±20b 343±2b 250±10ab 
Values are given as the mean ± standard deviation (n = 3). Different superscripts within a row indicate significant differences (p < 0.05)512 



Quantitative proteomics with mass spectrometry 513 

A total of 3,743 proteins were identified across 27 samples analyzed. Proteins were retained if they had at 514 

least two valid (non-missing) replicate values in at least one processing condition. This resulted in 3,692 515 

proteins identified after excluding 51 proteins that were not relevant as proteins of interest (POI).  The 516 

POI encompassed globulins (vicilin, legumin, convicilin, provicilin) and albumins (seed lipoxygenases, 517 

lectins, protease inhibitors), identified through their unique protein IDs based on available lists within 518 

UniProtKB Garden Pea proteome database (Table S3). The highest number of proteins was observed in 519 

DMF (Figure 2), with comparable values in RFF and MCF. Most proteins were detected in the flours, 520 

with 3,505 proteins identified in DMF. Moving from flour to concentrates and isolates, the total number 521 

of identified proteins decreased. The number of proteins slightly decreased in concentrates compared to 522 

flour, with relatively few proteins missing (481 in DFC). However, the number of proteins dropped 523 

significantly in isolates: RFWEI had 600 proteins missing, while MCWEI lost 1,270 proteins (Figure 2). 524 

These findings are consistent with the protein loss expected during the alkaline extraction and isoelectric 525 

precipitation steps of wet fractionation92. Given that only the proteins that are extracted and digested can 526 

be detected by LC-MS/MS, we selected the S-Trap method for protein digestion because it has been 527 

demonstrated to yield better proteome coverage compared to filter-aided sample preparation and in-528 

solution digestion93. Further, we used 5% SDS in the extraction buffer to maximize protein yield. 529 



 530 

Figure 2. Proteome coverage across pea processing conditions. Total number of proteins observed 531 

within a sample and missing from that sample but observed in at least one of the other samples. The 532 

experimental design included n = 3 replicates per processing condition, and only proteins found in at least 533 

n = 2 of the replicates were included as being identified for that sample.  534 

To explore how protein composition varied across processing conditions, proteins were plotted in rank 535 

order according to their relative abundance (Figure 3). First, proteins from the flour sample (DMF) were 536 

ranked from most to least abundant and then the proteins from all other samples (heated flours and all 537 

concentrate and wet isolate samples) were plotted according to this rank order.  The RF and MC treatments 538 

produced minor differences in distribution pattern. Notably, the untreated and heat-treated flours showed 539 

nearly overlapping profiles, suggesting that thermal pretreatments had a minimal impact on the rank and 540 

abundance of the most prominent proteins in flour. The clearest distinction revealed was between the WEI 541 

samples and those obtained from flour or concentrate. Overall, among the thousands of proteins identified, 542 



the top 20 accounted for approximately 50% of all detected proteins, with convicilin (Q9M3X6) among 543 

the most abundant, while the top 100 proteins comprised 76% of the total protein content. In contrast, the 544 

remaining ~3,600 low-abundance proteins collectively contributed the remaining 24%.  545 

Several proteins that were of very low (<0.003) abundance in DMF stood out as being enriched in the 546 

other samples (Figure’s 3 and S3). One data point corresponding to alcohol dehydrogenase (ADH) was 547 

notably higher in the MCF and MCDFC samples. Peas are classified among the very‑high‑respiring 548 

vegetables, losing > 30 ml CO₂ kg⁻¹ h⁻¹ at 5 °C.94 Such an intense metabolic demand can rapidly deplete 549 

internal O₂ postharvest physiology and ADH rise whenever pea tissues experience low‑O₂ stress. Indeed, 550 

during respiration, glycolysis supplies pyruvate. When oxygen is abundant, this pyruvate is transported 551 

into the mitochondrion, where the tricarboxylic acid cycle fully oxidizes it to organic acids and NADH. 552 

When oxygen supply runs low, however, pyruvate is converted to ethanol by ADH.94 Linking biological 553 

function to processing behavior, although in vivo osmotic stress induces the expression of ADH in living 554 

pea plants for detoxification, as plant defense mechanism95 and oxidative stress,96 in the context of 555 

industrial wet processing, osmotic stress likely contributes to the removal or loss of ADH, leading to its 556 

lowest intensity in the WEI proteome. The increased abundance of ADH observed in MCF and MCDFC 557 

suggests a processing-dependent enrichment of this protein during dry processing, its higher abundance 558 

here is more likely due to its intrinsic thermal stability and solubility under dry processing conditions. 559 

During micronization, the brief exposure to high infrared temperatures (125–130 °C for 60–90 s) may 560 

selectively denature less heat-stable proteins, resulting in a relative enrichment of stable proteins like ADH 561 

in the final product. Furthermore, the dry fractionation process, particularly air classification may favor 562 

the partitioning of soluble, low-molecular-weight proteins into the fine fraction of MCDFC, further 563 

contributing to ADH recovery. In contrast, WEI undergo alkaline solubilization, isoelectric precipitation 564 

and multiple centrifugation steps, which impose both chemical and osmotic challenges. Proteins that are 565 

less soluble at high pH or that aggregate during isoelectric precipitation may be lost during processing. 566 



 567 

Figure 3. Rank–abundance profiles of the pea proteome across processing conditions. Proteins 568 

quantified by DIA‑LC-MS/MS were ordered by their percent abundance in native pea flour, and the same 569 

rank order was then applied to every sample.  570 

To look more closely at the impact of processing, we performed differential expression analysis across all 571 

conditions. The heatmap in Figure 4 illustrates the changes in relative protein abundance compared to the 572 

overall average, visualized as z-scores. Out of the 3,692 proteins identified, 1,796 were differentially 573 

expressed at a 1% false discovery rate, representing approximately 49% of the quantified proteome. This 574 

value includes only the proteins common to all conditions (e.g., it does not include the missing proteins). 575 

The most pronounced changes were observed in the wet isolates, which showed strong clusters of proteins 576 

in the untreated isolate as well as substantial shifts in the RF and MC-treated isolates. By contrast, the 577 

flour samples remained relatively stable, with only minor variations under RF and MC treatments. The 578 

concentrates occupied an intermediate position, showing more changes than the flours but less extensive 579 

changes than the isolates. While the data in Figure 3 report on the absolute abundancies, the z-values 580 

(Figure 4) highlight within-protein variation across conditions; integration of both allows for a more 581 

complete understanding of processing-related shifts in the proteome. These results highlight that 582 

processing, particularly the production of wet isolates, substantially alters the protein abundance profile 583 

by depleting many proteins to trace levels while enriching the remaining proteins.  584 



Impact of processing on key pea subgroups 585 

The relative abundance of several POI subgroups was tracked along processing conditions (Figure 5). 586 

The vicilin (D3VND7, D3VNE1, D3VNE2, P02856, Q41068) and convicilin (B0BCJ0, B0BCJ3, 587 

B0BCJ4, P13915, Q9M3X6) levels fluctuated marginally among the flour and concentrate (heated and 588 

unheated) and wet isolate (unheated) samples but increased sharply in the heat-treated wet isolates. 589 

Similarly, the legumins (A0A9D4XXI3, P02857, P05692, P05693, P15838, Q41036, Q7M1N3) did not 590 

change much from flour to concentrates, but their abundance increased in the wet isolates, particularly 591 

with heat treatment. Provicilins (P02854) stayed low and relatively unchanged. For the albumins 592 

(A0A9D5BG17, A0A9D5BG36, A0A9D5BG38, A0A9D5BG65, A0A9D5BIC6, A0A9D5BII4, 593 

A0A9D5GVM2) there was a clear drop upon wet fractionation, consistent with their expected loss during 594 

the isoelectric precipitation step owing to their high water solubility.97 Albumins were most abundant in 595 

flour and concentrate but dropped sharply in the wet isolates, particularly without added heat. The single 596 

lectin identified (P02867) showed more variable behavior, decreasing in the wet isolates and then 597 

increasing again with heat treatment. LOX (A0A9D4WAL4, A0A9D4X7R9, A0A9D4XJZ1, 598 

A0A9D5AIX4, A0A9D5ANG4, A0A9D5AX82, P09918, P14856, Q14ST8) displayed a different pattern, 599 

with slight increases or decreases depending on processing. Protease inhibitors (A0A9D4XGY3, 600 

A0A9D5AJS6, A0A9D5AW14, O82711, Q41065, Q41066) remained low throughout and declined 601 

further in the RF-treated wet isolate. The observations in Figure 5 highlight how processing, particularly 602 

wet isolation, reshape the pea proteome away from albumins and toward globulins. Storage proteins, such 603 

as vicilin, convicilin and legumin, have been identified as kinetically stable proteins across various 604 

legumes.98,99 Their rigid structures likely contribute to higher concentrations by preventing denaturation 605 

or breakdown during processing, which may help explain their enrichment in the wet isolates prepared 606 

from heat pre-treated seeds (Figure 5). This also supports a more prominent role for convicilin in these 607 

wet isolates, contrary to previous studies of pea wet isolates that reported low/negligible convicilin  608 

contents.100 One convicilin (Q9M3X6) was identified as the single most abundant protein in the rank–609 



abundance analysis, appearing among the top 20 proteins that together account for 50% of all detected 610 

proteins (Figure 3). 611 

Effect of seed heat pre-treatment on proteins of interest 612 

The effect of RF and MC seed-pretreatment on the POI composition of the downstream samples was 613 

analyzed (Figure 6). Vicilins, convicilins and legumins appear largely consistent across pre-treatment 614 

temperatures in flours and concentrates. However, in wet isolates, clear shifts emerged: certain vicilin and 615 

legumin proteins increased with RF and MC treatments, while one convicilin protein (B0BCJ4) showed a 616 

pronounced decline with increasing temperature.  617 

 618 



 619 

Figure 4. Changes in relative protein abundance across processing conditions. (A) A clustered 620 

heatmap of 1,796 proteins found to be differentially expressed across flours, concentrates and isolates, at 621 

a 1% false discovery rate (FDR). Log2-transformed abundance values were standardized using z-scoring 622 



(mean = 0, SD = 1). Blue indicates reduced protein abundance, white indicates no change, and red 623 

indicates increased protein abundance. (B) Proteins of Interest (POI) selected from (A) and grouped based 624 

on their functional classification. 625 

 626 

Interestingly, among the vicilins, most proteins remained steady across treatments, with a single vicilin 627 

(D3VNE2) driving much of the overall increase observed in the wet isolates (Figure 5).  628 

 629 

Figure 5. Impact of processing conditions on pea protein subgroups. Each data point indicates the 630 

summed raw abundance (mean ± sem; n = 3) of all proteins belonging to the subgroup.  631 

 632 

Legumin alpha chain (P05692) was exclusively detected in WEI, whereas the beta chain (Q7M1N3) was 633 

present across all conditions except WEI. Nine LOX IDs were identified across the Lewochko proteome, 634 



of which three were completely missing in specific conditions, of which two IDs (A0A9D4X7R9, 96.43 635 

kDa; A0A9D4XJZ1, 93.87 kDa) were absent in WEI and MCWEI. LOX remained stable in flours and 636 

concentrates, but most decreased with temperature in the wet isolates. The albumins were relatively stable 637 

across flours and concentrates, with fewer IDs detected and with more variability in the wet isolates. 638 

Previous studies have explored how temperature impacts pea proteins, focusing on properties like 639 

emulsification and the specific effects on individual proteins such as vicilin and legumin B, as determined 640 

through electrophoresis.101,102 Our observations illustrate that wet processing combined with heat 641 

treatments can selectively alter the abundance of specific protein isoforms. While many albumins and 642 

globulins appear heat-stable, certain proteins are either degraded or enriched depending on the treatment. 643 

Interestingly, the behavior of specific albumins, like lectins, suggested that heat treatment could partially 644 

retain or even enrich certain fractions. Similarly, the fluctuations in LOX levels and the further decline of 645 

protease inhibitors after RF treatment indicated that different processing steps selectively impacted 646 

individual proteins. The seed heat pre-treatments had a differential impact on different proteins especially 647 

in the wet isolates (Figure’s 5 and 6), with some not changing, some increasing, or some decreasing, and 648 

others disappearing altogether (Figure 2). A likely explanation for this may derive from the wet extraction 649 

process that included alkaline solubilization, isoelectric precipitation and spray drying (Scheme 1).  650 

Heating the seeds may cause changes in the seed structure and alter interactions between proteins and 651 

other components, while also affecting protein conformation.21 Ultimately, these factors may lead to 652 

changes in protein extractability and solubility during the wet fractionation process, through as-of-yet 653 

unknown mechanisms, but likely determined by individual protein’s structure, stability, and interactions.97   654 

Correlations between the proteome and structural and functional properties  655 

A comprehensive analysis was conducted to examine correlations between protein abundance and various 656 

functionality traits, including hydrophobicity, solubility and foaming capacity (Table S4). Proteins were 657 



examined across flour, concentrate and isolate samples to determine whether any exhibited significant 658 

trends with each functional property. For most traits, significant protein-level correlations were identified.  659 



 660 



Figure 6. Line plots of log2-transformed protein abundance for select POI plotted vs the seed preheat 661 

treatment as follows: unheated (22ºC), RF (84ºC) and MC (125ºC) treated. UniProt accession ID’s are 662 

indicated in the legend.   663 

 664 

For example, protein solubility at pH 3 produced the largest number of hits, including legumin, vicilin, 665 

convicilin, lipid-transfer proteins and several lipoxygenases. Notably, Legumin (P05693) ranked as the 666 

second‑most significant hit in the LGC‑pH3 correlation matrix, with significant trends in the flour and 667 

concentrate samples (adjusted P < 0.01) (Figure 7). Interestingly, while correlations were observed for 668 

lipoxygenase activity overall, none of the lipoxygenase proteins themselves emerged among the 669 

significant hits. Based on LC-MS/MS, lipoxygenases were overall more abundant in WEI than RF- or 670 

MCWEI (Figure 5), but these had the lowest LOX activity (Table 1), likely owing to denaturation during 671 

spray-drying (Scheme 1). Similarly, for trypsin inhibitor activity, significant associations were detected, 672 

but these did not involve the actual protease inhibitor proteins. Likely this is due structural inactivation 673 

that would mask abundance-activity relationships. By contrast, some traits such as oil holding capacity 674 

showed no significant correlations, which may stem from the trait being influenced by multiple interacting 675 

factors beyond individual protein levels. Importantly, the numerous significant correlation hits found for 676 

the other functional traits could be used to help generate and refine hypotheses for future studies, as more 677 

experiments are needed to establish causal links.   678 



 679 

Figure 7.  Legumin (P05693) abundance vs. gelation functionality across processing stages. 680 

Scatterplots showing the relationship between least gelation concentration at pH 3 (LGC, pH 3) and the 681 

log2‑transformed abundance of legumin. Lines indicate linear fits to the data. The shading is the 95% 682 

confidence interval for the fitted linear model. Flour: slope = −0.28 ± 0.03 (t = −10.7, P = 1.3 × 10⁻⁵). 683 

Concentrate: slope = −0.76 ± 0.08 (t = −9.07, P = 4.0 × 10⁻⁵). Isolate: slope = +0.03 ± 0.16 684 

(t = 0.20, P = 0.85).  685 

 686 

Comparison of protein composition measured by SDS-PAGE and LC-MS/MS 687 

Samples were analyzed with SDS-PAGE to allow comparison with the more comprehensive LC-MS/MS 688 

based proteomics. The SDS-PAGE profiles of pea protein flour, concentrate and isolate revealed broadly 689 

similar band patterns (Figure S2). The major vicilin, legumin (acidic and basic subunits) and albumin (1 690 

and 2) storage proteins appeared in all fractions, although with varying intensities. LOX (85-95 kDa) was 691 

visible in all fractions but was reduced with heat treatments and in the wet isolates. Densitometry analysis 692 

of SDS-PAGE bands (Table S5) showed that the combined proportion of 7S proteins (vicilin, vicilin 693 

fragments and convicilin: V+Vnfrag+C) was highest in the wet-extracted isolate samples, moderate in the 694 

concentrates and lowest in the flours, and this trend persisted without convicilin (V+Vnfrag). The 695 



proportion of 11S legumin subunits (LA+LB) was similar across flours, concentrates and wet isolates but 696 

was highest in MCWEI (41%), with MCF and MCDFC both reaching intermediate values of 31%. The 697 

(V+C)/L and V/L ratios (or their inverse) remained consistent (close to 2) across all samples except for 698 

the MC-treated ones, which were lower (closer to 1) due to increased proportion of legumin. Band 699 

assignments were made on the basis of literature99 and by examining the specific masses listed in 700 

UniProtKB database, based on the protein IDs detected through proteomics. 701 

The summed abundances of vicilin, convicilin and legumin protein groups determined by LC-MS/MS 702 

(Figure 6) were also used to determine the ratio of 7S and 11S proteins (Table S6). The LC-MS/MS 703 

results do not discern between intact vicilin and processed vicilin (vicilin fragments). The ratio of 7S/11S 704 

proteins, including convicilin, ranged from 4.4 to 6.2 (average of 5.5 ± 0.7) and ranged from 2.0 to 3.1 705 

(average of 2.7 ± 0.4) excluding convicilin. Thus, the ratio remained consistent across processing 706 

treatments and was systematically higher than the ratios determined using densitometry. This difference 707 

largely stems from the roughly equal amounts of vicilin and convicilin determined by LC-MS/MS (Figure 708 

6; Table S6) whereas there was around 5-fold more vicilin than convicilin determined by densitometry 709 

(Figure S2; Table S5), in agreement with previous densitometry measurements.103 The V/L ratios 710 

reported here are consistent with previous studies that have reported values (excluding convicilin) of 1.2-711 

2.6 across six cultivars98 and 1.3-8.2 across 59 cultivars.102 The V/L ratio is often considered an important 712 

factor in determining protein quality, although exact trends are not always clear.91 713 

Proteome coverage 714 

The PeaZW6 reference genome includes 47,526 annotated coding genes.34 In our analysis, we identified 715 

3,692 proteins from mature dry seeds, representing 5.6% of the total annotated proteome (65,853 proteins 716 

in UniProt). Technically, these are 3,692 protein groups and 850 of them include multiple protein isoforms 717 

or highly homologous sequences, bringing the total number of individual protein identifications to 5,095. 718 

Therefore, our data represent a lower estimate of 5.6% proteome coverage (based on protein groups) and 719 



an upper estimate of 7.7% coverage (based on all protein identifications). This level of coverage aligns 720 

with expectations for tissue-specific proteomics, especially in seeds, which express a limited subset of the 721 

genome, primarily storage proteins and not the full complement of proteins found in the mature plant. 722 

While this study presents the first DIA-based, LFQ proteomic profiling of Pisum sativum seeds, 723 

comparisons with similar workflows in other plant systems help contextualize these findings. A recent 724 

study by Ramanan et al. (2024)104 on barley grains utilized similar extraction lysis buffer (50 mM TEAB 725 

and 5% SDS) for an unfractionated, LFQ DIA-MS bottom-up proteomics approach; however, the 726 

instrumentation and chromatographic strategies differed. Ramanan et al. analyzed 79 barley grain samples 727 

using a high-throughput 14-minute Evosep gradient coupled with a timsTOF HT mass spectrometer. Their 728 

approach yielded 5,124 protein identifications across all samples, with 3,104 consistently detected. Our 729 

study employed an Orbitrap Exploris 480 paired with an Easy-nLC 1200 system and a 66-minute nanoLC 730 

gradient on a 25 cm Aurora column to identify 3,692 proteins in pea seeds and all samples were analyzed 731 

in triplicate with randomization to reduce batch effects and instrument drift. The obtained proteome 732 

coverage highlights the suitability of our DIA-MS workflow for comprehensive proteomic profiling of 733 

legume seeds. Achieving higher coverage would likely require targeted enrichment or fractionation 734 

strategies.105,106 735 

Using nUPLC-MS/MS with DIA, we were able to identify and quantify thousands of proteins per sample 736 

in under 90 min per run. This could be applied to a high-throughput platform generating massive datasets 737 

that open up exciting opportunities for machine learning and AI104 to help uncover protein-level patterns 738 

across processing methods and cultivars. However, there are important limitations to consider. Protein 739 

functionality depends not only on protein composition but also on protein conformation, which this 740 

approach does not resolve at the level of individual proteins or groups. Food techno-functionality is also 741 

impacted by other major components like starch and fiber, in flours and concentrates, and other minor 742 

components (e.g.  phospholipids, polyphenols, minerals, and individual amino acids).105,106 Additionally, 743 

we can only measure proteins that are successfully extracted; thus, insoluble or aggregated proteins may 744 



be underrepresented. This highlights opportunities for future studies to develop or apply alternative 745 

extraction strategies aimed at improving the recovery of proteins that are prone to aggregation or exhibit 746 

poor solubility. In addition, the identification remains constrained by the reference genome, which is 747 

available for garden pea, yet additional resources for the yellow pea may also become available and that 748 

may improve proteome coverage. To our knowledge, this is the first DIA-based, LFQ proteomic analysis 749 

of pea seeds and therefore provides a valuable foundation to benchmark findings for future proteome-750 

scale comparisons in Pisum sativum and other legume crops.  751 

 752 

ABBREVIATIONS 753 

DIA, Data-Independent Acquisition; LFQ, label free quantification; RF, Radio Frequency; MC, 754 

Micronization; MMS, Microfluidic Modulation Spectroscopy; pI, Isoelectric Point; ATR-FTIR, 755 

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy; LOX, Lipoxygenase; WHC, 756 

Water Holding Capacity; OHC, Oil Holding Capacity; LGC, Least Gelation Concentration; FDR, False 757 

Discovery Rate; DMF, Dehulled-Milled Flour; RFF, RadioFrequency-treated Four; MCF, Micronized 758 

Flour; DFC, dry fractionated concentrate; RFDFC, RadioFrequency-treated Dry fractionated 759 

Concentrate; MCDFC, Micronized Dry Fractionated Concentrate); WEI, Wet Extracted Isolate; RFWEI, 760 

RadioFrequency-treated Wet Extracted Isolate; MCWEI, Micronized Wet Extracted Isolate; ADH, 761 

Alcohol Dehydrogenase. 762 
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