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25 Abstract

26 The mechanical resistance of the popcorn pericarp has a positive and direct relationship 

27 to its expansion volume. It allows enough time for the endosperm to gelatinize completely 

28 before its extravasation. Expansion is a polygenic trait that has been extensively studied. 

29 However, no records in the literature indicate proteins that directly affect pericarp 

30 thickness and integrity. Therefore, the present work aimed to identify candidate pericarp 

31 proteins associated with the expansion capacity of popcorn kernels using the shotgun 

32 proteomic approach. The analyses were carried out in the pericarp of two popcorn inbred 

33 lines, P11 (expansion volume of 30 mL g-1) and P16 (expansion volume of 14 mL g-1), in 

34 two developmental stages (15 and 25 DAP). A total of 803 non-redundant proteins were 

35 identified. Most of them were involved in key processes associated with pericarp 

36 development and thickening. Two candidate proteins stood out among the differentially 

37 abundant proteins. Peroxidase was up-accumulated in P11/25 DAP (high popping 

38 expansion) and was 1.498 times more abundant in this inbred line, while xyloglucan 

39 endotransglucosylase/hydrolase was more abundant in P16 (low popping expansion) in 

40 both developmental stages. Thus, the peroxidase protein increases expandability, whereas 

41 xyloglucan endotransglucosylase/hydrolase decreases it, even though its specific role has 

42 not been elucidated. These proteins should be further investigated, as they may be used 

43 to improve expansion capacity in popcorn breeding programs.

44

45 Introduction

46

47 Popping is a physicochemical process in which the gelatinization and expansion 

48 of starch occur simultaneously through the rupture of the pericarp when grains are 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 31, 2022. ; https://doi.org/10.1101/2022.07.30.502124doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.30.502124
http://creativecommons.org/licenses/by/4.0/


3

49 subjected to high temperatures (177-185 °C) for a short period [1, 2]. In this context, 

50 popcorn maize [Zea mays L. var. everta (Sturtev) L. h. Bailey] is the species that presents 

51 the best results to this process, as it has grains with morphological, physical-chemical, 

52 and genetic characteristics that favor expansion [1, 3, 4, 5].

53 The pericarp of popcorn kernels performs one of the most important functions 

54 during popping. It is more structurally organized in popcorn than in common corn [6], 

55 maintaining the integrity of the kernel. Furthermore, it provides resistance to the increase 

56 in internal pressure, reaching 760-930.8 kPa (or 10 atm). Finally, it increases heat-transfer 

57 efficiency into the kernel for an ideal period until starch gelatinization occurs [1, 6, 7]. 

58 Pre-existing ruptures in the pericarp cell layers decrease the kernel resistance to the 

59 pressure generated during heating, leading to internal steam escaping and producing 

60 smaller or even no pieces of popped corn [6].

61 In the species Zea mays, the pericarp is formed by cells with a type II primary 

62 cell wall, which stands out for having glucuronoarabinoxylan as the most abundant 

63 hemicellulose (40-50%) linked to cellulose microfibrils. These components form a 

64 complex network that confers rigidity and extensibility to the cell wall [8]. In turn, 

65 xyloglucan appears in lower abundance (1-5%); therefore, it is a secondary component 

66 [9]. However, even though it is less abundant, xyloglucan metabolism plays a more 

67 central role in restructuring the cell wall of commelinoid monocots, such as maize [10]. 

68 One of the main enzymes that promote the cleavage and reassembly of xyloglucan 

69 molecules is xyloglucan endotransglucosylase/hydrolase, which acts on β-1,4 or β-1,3 

70 glycosidic bonds [11].

71 Lignin is the second most abundant component in pericarp cell walls, which 

72 provides hydrophobicity and mechanical strength [12], in addition to protection against 

73 biotic [13] and abiotic stresses [14]. Lignin results from the oxidative polymerization of 
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74 three canonical phenolic alcohols [sinapyl (S unit), coniferyl (G unit), and ρ-coumaryl (H 

75 unit) alcohols] carried out by peroxidases and laccase enzymes in the secondary cell wall 

76 [14-17]. Peroxidases have specialized activities according to the organ, cell, and 

77 developmental stage. In conclusion, not only spatiotemporal regulation of gene 

78 expression and protein distribution, but also differentiated oxidation properties of each 

79 Prx define the function of this class of peroxidases [14].

80 Regarding the expansion capacity of popcorn, it is suggested that both lignin 

81 content and composition contribute positively to the expansion volume [18]. However, 

82 which genes/proteins are associated with lignin's highest content and composition has not 

83 been determined. Thus, the present work aimed to identify candidate pericarp proteins 

84 associated with the expansion capacity of popcorn kernels through shotgun proteomics 

85 using iTRAQ® (Isobaric Tags for Relative and Absolute Quantitation - Sciex).

86

87 Materials and methods

88

89 Popcorn inbred lines

90

91 Two inbred lines of popcorn (early cycle) with different expansion volumes, P11 

92 (expansion volume 30 mL g-1) and P16 (expansion volume 14 mL g-1), were used in the 

93 quantitative proteome analysis.

94 The experiment was performed in the field (23°25'S, 51°57'W, 550 m altitude) 

95 using the complete block design. Plots contained four 5-m long lines spaced 0.90 m apart 

96 and plants spaced 0.20 m apart, with 10 repetitions. Irrigation was performed.

97 The plants were manually self-fertilized, and the ears were collected 15 and 25 

98 days after pollination (DAP) (S1 Fig). Three ears of each treatment (lineages x 
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99 developmental stage x repetition) were collected, totaling four treatments: T1 (P11/15 

100 DAP), T2 (P16/15 DAP), T3 (P11/25 DAP), and T4 (P16/25 DAP). First, the grains were 

101 excised from the ears, and then the pericarps were removed, immediately frozen in liquid 

102 nitrogen, and stored in an ultra-freezer (-80 °C) (S1 Fig 1).

103

104 Extraction and preparation of protein samples

105

106 After extracting proteins from the pericarp/aleurone [19], the samples were 

107 lyophilized and stored in an ultra-freezer (-80 °C). The protein concentration was 

108 obtained through the fluorimetric method using the Qubit® 2.0 Fluorometer (Invitrogen). 

109 Afterward, the samples were diluted (1:10) in 200 mM TEAB (triethylammonium 

110 bicarbonate) buffer, and they were reduced with 10 mM DTT (dithiothreitol) for 1 hour 

111 at 25 °C. Subsequently, the samples were alkylated with 40 mM iodoacetamide (IAA) at 

112 room temperature in the dark.

113 Proteins (50 µg) were digested with trypsin (Promega, Madison, WI, USA) at a 

114 protein:trypsin ratio of 50:1. The samples were cleaned and purified using C-18 Macro 

115 SpinColumnsTM (Harvard Apparatus). Peptide samples were resuspended in 50 mM 

116 TEAB buffer and quantified by the fluorimetric method using the Qubit® 2.0 

117 Fluorometer. Subsequently, each treatment was divided into 25 µg aliquots of peptides.

118

119 iTRAQ labeling and SCX (cation exchange fractionation) 

120

121 The peptides were processed according to the iTRAQ® 4-plex protocol. Peptides 

122 from treatments T1 (P11/15 DAP), T2 (P16/15 DAP), T3 (P11/25 DAP), and T4 (P16/25 
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123 DAP) were labeled with reporter ions of 114, 115, 116, and 117 Da, respectively. 

124 Biological triplicates (G1, G2, and G3) were performed per treatment.

125 Peptide samples tagged with iTRAQ® were resuspended in 100 µL of buffer A 

126 [10 mM KH2PO4, 25% acetonitrile (ACN), pH 3] and loaded onto a cation exchange 

127 Macro SpinColumnTM (Harvard Apparatus). The peptides were eluted at a gradient of 

128 buffer A for 10 minutes at room temperature, with subsequent centrifugation at 100 rpm 

129 for 3 minutes. This procedure was repeated twice, and the final eluate collected was 

130 transferred to a new tube and identified as flow-through (FT).

131 The first fractionation was performed by adding 300 µL of buffer B (10 mM 

132 KH2PO4, 25% ACN, 100 mM KCl) to the Macro SpinColumn. After centrifugation at 

133 100 rpm for 3 minutes, the content was collected and stored in a new tube designated 100. 

134 Then, two more fractionation processes were carried out using 250 mM and 500 mM KCl, 

135 thus obtaining fractions of 250 and 500. Residual salts were removed from the cationic 

136 process using C-18 Macro SpinColumnsTM (Harvard Apparatus).

137

138 LC–ESI–MS/MS analysis based on LTQ Orbitrap

139

140 Peptide samples were solubilized in 0.1% formic acid and fractionated using a 

141 nano-LC Easy 1000 system (Thermo Fisher) coupled to an Orbitrap-type mass 

142 spectrometer (Q Exactive Plus, Thermo Scientific).

143 For each sample, 2 μg of peptides was applied to a trap column (200-µm inner 

144 diameter and 2-cm length) packed in-house with Reprosil-Pur C18 5-µm resin (Dr. 

145 Maisch®) (200 Å pores). The peptides were eluted in an analytical column (75-µm inner 

146 diameter and 18-cm) packed in-house with Reprosil-Gold C18 3-µm resin (Dr. Maisch®) 

147 (300 Å pores). Peptide separation was performed using a gradient from 95% solvent A 
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148 (5% ACN and 0.1% formic acid) to 40% solvent B (95% ACN and 0.1% formic acid) 

149 over 120 minutes.

150 The Orbitrap mass spectrometer was controlled by Xcalibur 2.2 software, which 

151 was programmed to operate in automatic data-dependent (DDA) mode. The mass 

152 spectrum was acquired with a resolution of 70,000 to 200 m/z (mass/charge). The reading 

153 spectrum comprised peptides with 375 to 2000 m/z.

154 The 15 most intense ions were fragmented and then subjected to MS/MS 

155 acquisition using higher energy collision-induced dissociation (HCD). Each DDA 

156 consisted of a scan survey comprising a range of 200-2000 m/z. Peptides with 

157 undetermined charges and +1 were rejected. A 5% ammonia solution contained in a 15 

158 mL tube with the lid open was placed close to the nESI region to avoid the effect of 

159 increasing ionic charge caused by the iTRAQ 4-plex [20, 21].

160 The experiment consisted of a total of 36 mass spectrometer runs, with samples 

161 derived from pericarp/aleurone, biological triplicates (G1, G2, and G3), four fractionation 

162 steps (100, 250, 500, and FT), and technical triplicates (runs in the mass spectrometer). 

163 All biological replicates and their respective fractionations were analyzed together.

164

165 Data analysis

166

167 Raw files were visualized using Xcalibur v.2.1 software (Thermo Scientific), and 

168 data were processed using Proteome Discoverer v.1.4 software. Zea mays L. cv. B73 was 

169 obtained from the UniProt Consortium (http://www.uniprot.org/) (UniProt, 2019), which 

170 had 85,525 entries (downloaded in April 2016). Analyses were performed according to 

171 the following parameters: 10 ppm tolerance for precursor ion masses, MS accuracy of 0.1 

172 Da for HCD, two missed cleavages allowed for fully tryptic peptides, 
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173 carbamidomethylation of cysteine as a fixed modification, oxidation of methionine and 

174 lysine and N-terminal oxidation caused by iTRAQ® as variable modifications.

175 Protein number and groups, peptide number, and the quantitative values of each 

176 marker were estimated using the Proteome Discovery software through the SEQUEST 

177 algorithm. The false discovery rate (FDR) was set at 1% for the detection of peptides and 

178 proteins. The proteins received the UniProt Consortium identification codes.

179 PatternLab for Proteomics software (http://www.patternlabforproteomics.org/) 

180 [22] was also used to identify the peptides and proteins. Briefly, the search was performed 

181 with the Comet search tool limited to fully tryptic candidate peptides, while cysteine 

182 carbamidomethylation and iTRAQ-4 (N-terminal and K) were defined as fixed 

183 modifications. A cut-off point of 1% was established for FDR at the peptide level based 

184 on the number of labeled decoys. This procedure was performed independently for each 

185 data subset, resulting in an FDR value independent of the tryptic or charge state. In 

186 addition, a peptide with a minimum length of six amino acids was required.

187 The results were post-processed to accept only PSMs with less than 6 ppm of the 

188 global identification average. One-hit wonders (proteins identified with only one mass 

189 spectrum) were considered only if the XCorr values were greater than 2.5. These criteria 

190 led the values of FDRs (at the protein level) to be less than 1% for all the results surveyed.

191

192 Quantitative analysis of total proteins

193

194 The quantitative analysis for protein expression was conducted with PatternLab 

195 for Proteomics software using the Isobaric Analyzer module [22]. In this module, iTRAQ 

196 reporter ion intensities were extracted, applied to purity correction (as indicated in the 

197 manufacturer's instructions), and then normalized by the signal from each isobaric marker 
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198 according to the total ion current for that respective reporter ion mass. PatternLab 

199 provides features in its platform. Thus, we were able to perform a comparative data 

200 investigation based on ratios provided by the two experimental conditions. 

201 In this study, analyses were performed based on the treatment ratios, with the 

202 results for lines P11 and P16 established in the numerator and denominator, respectively, 

203 for the two developmental stages (15 and 25 DAP). Thus, the ratios analyzed were RI 

204 (P1115DAP/P1615DAP) and RII (P1125DAP/P1625DAP).

205 The Isobaric Analyzer module employs a peptide-centric approach that assigns a 

206 paired t-test with p-values to each peptide and then converges to a final p-value (at the 

207 protein level) through Stouffer's method. To conduct statistical analysis, we assumed 

208 log2-values of the integration value of the precursor (ICPL) or the reporter ion (iTRAQ) 

209 and normalized them on sets of three replicates. An overall average with all values and 

210 stages was estimated. By that, the samples became comparable by subtracting this 

211 average. Finally, we merged the values of all replicates (considering each developmental 

212 stage individually), and the total average was used to normalize each replicate. A protein's 

213 log fold change was estimated by averaging the corresponding peptide log folds. Our 

214 differential proteomic comparison considered only proteins identified with unique 

215 peptides (i.e., peptides that map to a single sequence in the database), a paired t-test ≤ 

216 0.05, and an absolute peptide fold change cut-off higher or less than 1.5x.

217

218 Bioinformatics analysis

219

220 The proteins identified in the UniProt Consortium also received the official 

221 nomenclature for the species Zea mays available in MaizeGDB (Maize Genetics and 

222 Genomics Database) (https://www.maizegdb.org/).
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223 The Search & Color pathways feature of KEGG Mapper (Kyoto Encyclopedia of 

224 Genes and Genomes) (https://www.genome.jp/kegg/mapper/convert_id.html) [23] 

225 together with MaizeMine v. 1.3 from MaizeGDB 

226 (http://maizemine.rnet.missouri.edu:8080/maizemine/templates.do) [24] were used to 

227 identify metabolic pathways. In addition, the proteins were subjected to functional 

228 categorization of Gene Ontology (GO) terms for biological processes with the aid of the 

229 Analysis Toolkit and Database for Agricultural Community program (AgriGO) 

230 (http://bioinfo.cau.edu.cn/agriGO/) version 2.0 [24]. The statistical parameters used in 

231 AgriGO were Fisher's exact test and the multi-test adjustment method of Yekutieli (FDR 

232 under dependency) with a 5% significance level.

233

234 Results

235

236 Identified proteins

237

238 The protein and one-dimensional profiles obtained from the pericarp samples of 

239 the two popcorn lines (P11 and P16) in the four analyzed treatments, T1 (P11/15 DAP), 

240 T2 (P16/15 DAP), T3 (P11/25 DAP), and T4 (P16/25 DAP), showed a great abundance 

241 of proteins between 20-97 kDa, in addition to good reproducibility of the profiles (S2 

242 Fig).

243 The quantitative characterization of the proteome based on iTRAQ® identified 

244 3,924 proteins that assumed an FDR of 1% in the samples of the two popcorn lines, thus 

245 determining high confidence in their identification. Of these, 803 were non-redundant and 

246 were analyzed in more detail (S1 Table). The 803 proteins were categorized into nine 
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247 major biological processes (GO:0008150), eight molecular functions (GO:0003674), and 

248 seven cellular components (GO:0005575) (Fig 1, S2 Table).

249

250 Fig 1. Main GO terms related to Biological Processes, Molecular Function, and 

251 Cellular Component of non-redundant proteins identified in the pericarp of popcorn 

252 inbred lines P11 and P16.

253

254 The categories that stood out the most in biological processes were metabolic (235 

255 proteins) and cellular processes (159 proteins). Within the cellular processes, five proteins 

256 (Q94KT7, expansin; B8A2X5 and B6SSX0, pectinesterase; B6SY11, 

257 glycosyltransferase; B4F9X6, pectin acetylesterase, and A0A1D6MMX0, 

258 glycosyltransferase family 61 protein) were identified in the plant-type cell wall 

259 organization (GO:0009664); three proteins (B4FB81, fasciclin-like arabinogalactan 

260 protein 6; B6SSV3, fasciclin-like arabinogalactan protein 7, and A0A1D6I6L8, fasciclin-

261 like arabinogalactan protein 8) were identified in plant-type secondary cell wall 

262 biogenesis (GO:0009834); two proteins (B4FQS9, trans-cinnamate 4-monooxygenase 

263 and B6U7D8, cinnamyl alcohol dehydrogenase) were linked to the lignin metabolic 

264 process (GO:0009808), and one protein (B4FHS5, xyloglucan 

265 endotransglucosylase/hydrolase) acted in the xyloglucan biosynthetic process 

266 (GO:0010411), as well as in cell wall biogenesis (GO:0042546) and organization 

267 (GO:0071555).

268 In the molecular function category, proteins were mainly allocated to catalytic 

269 activity (266 proteins) and binding (199 proteins). In addition, another category that 

270 deserves to be highlighted is antioxidant activity, in which nine proteins were assigned. 

271 All these proteins are peroxidases (A0A1D6E530, B4FB95, B4FH35, B4FNL8, B4FU88, 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 31, 2022. ; https://doi.org/10.1101/2022.07.30.502124doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.30.502124
http://creativecommons.org/licenses/by/4.0/


12

272 B4FUT1, B6SI04, B6T6D4, and B6TWB1) with heme-binding activity (GO:0020037), 

273 metal ion binding (GO:0046872), and peroxidase activity (GO:0004601). Additionally, 

274 they are associated with response to stimulus.

275

276 Differentially abundant proteins

277

278 Thirty-nine differentially abundant proteins were identified in the 

279 pericarp/aleurone of the two popcorn lines (Fig 2A, S3 Table). Early in development (15 

280 DAP), eight differentially abundant proteins were identified (Fig 2A). Two proteins were 

281 up-accumulated exclusively in the inbred line P16 (low expansion capacity), K7UBG7 

282 (cullin-associated NEDD8-dissociated protein 1) and B6T6D4 (peroxidase) (Figs 2A and 

283 2B). These proteins were allocated to genetic information processing and 

284 phenylpropanoid biosynthesis pathways, respectively (Fig 3, S4 Table). Notably, the 

285 peroxidase B6T6D4 was 0.565 times more abundant in P16 (15 DAP) than in P11 (Table 

286 1). In addition, three up-accumulated proteins were identified in P11 (high expansion 

287 capacity) at 15 DAP (Fig 2A). Two proteins, B6TI56 (ribose-5-phosphate isomerase) and 

288 B6ST80 (auxin-repressed 12.5 kDa protein), were up-accumulated exclusively at this 

289 developmental stage (Figs 2A and 2B), acting on the pentose phosphate and metabolic 

290 pathways, respectively (Fig 3, S4 Table).

291

292 Fig 2. Differentially abundant proteins identified in two popcorn inbred lines (P11 

293 and P16) in two developmental stages (15 and 25 DAP) (A); relationship of up-

294 accumulated proteins in P16/15 DAP, P16/25 DAP, P11/15 DAP, and P11/25 DAP 

295 (B).

296
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297 Fig 3. Metabolic pathways of differentially abundant proteins identified in the 

298 pericarp of two popcorn inbred lines (P11 and P16) in two developmental stages (15 

299 and 25 DAP).

300

301 At 25 DAP, among the 31 differentially abundant proteins identified, 18 were up-

302 accumulated exclusively in P16 (low expansion capacity), and 13 were only upregulated 

303 in P11 (high expansion capacity) (Figs 2A and 2B, S3 Table). The vast majority of 

304 proteins, both in the P16 (13 proteins) and P11 (11 proteins) inbred lines, were identified 

305 in the global and overview map pathways (Fig 3). However, the up-accumulated proteins 

306 B4FZU9 (dihydropyrimidine dehydrogenase NADP+ chloroplastic), B4FSX7 (-+-

307 neomenthol dehydrogenase), and B7ZZM7 (eukaryotic translation initiation factor 2 

308 subunit alpha) were exclusively detected in P16. These proteins are related to the 

309 metabolism of other amino acids and metabolism of cofactors and vitamins, metabolism 

310 of terpenoids and polyketides, translation and folding, and sorting and degradation 

311 pathways. In turn, in P11 at 25 DAP, two proteins stood out, A0A1D6E530 (peroxidase) 

312 and B4FUH2 (aspartate aminotransferase), which were identified in the phenylpropanoid 

313 biosynthesis and amino acid metabolism pathways, respectively (Fig 3, S4 Table). 

314 Peroxidase was 1.498 times more abundant in P11 than in P16 at 25 DAP (Table 1).

315 In addition, xyloglucan endotransglucosylase/hydrolase (B4FHS5) stood out. This 

316 protein was up-accumulated exclusively in the inbred line P16 in the two stages of 

317 pericarp development (Fig 2B, S3 Table), and it was identified in the metabolism pathway 

318 (Fig 3, S4 Table). This protein was 0.414 and 0.469 times more abundant in the low 

319 expansion capacity line than in the high expansion capacity inbred line at 15 and 25 DAP, 

320 respectively (Table 1).

321
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322 Table 1. Up-accumulated proteins identified in lignin and hemicellulose metabolic 

323 pathways.

Loge (x) of ratios*
(Prot ID) Description

RI RII
p- value

(B4FHS5) Xyloglucan endotransglucosylase/hydrolase -0.881 0.010

-0.756 0.010

(B6T6D4) Peroxidase -0.565
0.045

(A0A1D6E530) Peroxidase 0.404 0.010

324 *Note: RI, 15 DAP (P11/P16); RII, 25 DAP (P11/P16).

325

326 Discussion

327

328 The popcorn pericarp is directly related to the expansion capacity. It has a 

329 mechanical resistance that allows it to withstand an internal pressure that can reach 930.8 

330 kPa [1,6], thus allowing sufficient time for the endosperm to gelatinize completely before 

331 its rupture.

332 The pericarp thickness is directly associated with its mechanical resistance. Some 

333 studies have evaluated pericarp thickness [25,26], its type of inheritance [27] and integrity 

334 [7], and the role the cellulose matrix plays in the retention of moisture inside the seed [28] 

335 to correlate these traits with expandability. However, no work has sought to analyze the 

336 pericarp proteome to identify proteins associated with expansion capacity.

337 In the present work, most of the proteins identified in the pericarp proteome of 

338 seeds from two popcorn inbred lines (P11 and P16) in two developmental stages (15 and 

339 25 DAP) were intrinsically involved in the key processes associated with pericarp 

340 development and thickening (Fig 1, S1 Table). Metabolic process was the category that 

341 presented the highest number of associated proteins (29.3%), emphasizing the primary 
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342 metabolic process with 66% of this total. The molecular functions of catalytic activity 

343 and binding had 33% and 25%, respectively. For cellular components, the categories of 

344 cell (13.8%) and cell part (13.8%) were the ones with the highest number of associated 

345 proteins. These results are very similar to those obtained from the pericarp of the N04 

346 popcorn inbred line evaluated in three stages of seed development (10, 20, and 33 DAP) 

347 [29]. The only difference observed was an inversion between the molecular functions 

348 binding and catalytic activity, with 45.87% and 41.46% of associated proteins, 

349 respectively [29].

350 Ten proteins that regulate the organization of cell walls aiding in assembly, 

351 arrangement of constituent parts, or disassembly of cell walls were identified (Fig 1). 

352 Among them, expansin (Q94KT7) promotes the loosening and extension of cell walls, 

353 interrupting the non-covalent bond between cellulose microfibrils and matrix glucans 

354 [30,31]. Furthermore, this protein appears to be strongly bound to xylans present in type 

355 II primary cell walls found in grasses such as popcorn maize [31].

356 The identification of proteins that regulate the organization of cell walls is 

357 explained by the processes involved in pericarp development. The pericarp is a maternal 

358 tissue originating from the ovary walls. After undergoing a period of cellular expansion 

359 in the first 9 DAP, it collapses between 10 and 18 DAP. This phenomenon occurs after 

360 partial resorption of cells to form the inner and outer pericarp, adjusting to the expanding 

361 endosperm [32]. The 15 DAP time point analyzed in the present work comprises this 

362 period of cellular collapse and reorganization.

363 Further in the development process, at approximately 20 DAP, the cells of the 

364 inner pericarp collapse, while those of the outer pericarp elongate, causing a significant 

365 thickening of the cell walls. Consequently, the pericarp thickens [32], forming a strong 

366 protective layer. This thickening continues gradually until the later stages of maturation 
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367 [25]. The 25 DAP time point evaluated in the present study is included in this thickening 

368 phase. Therefore, pericarp reorganization, expansion, and thickening processes, which 

369 occur between 10 and 20 DAP, directly affect the number of identified proteins and the 

370 complexity of observed biological and biochemical processes. Pericarp thickness is a 

371 complex trait that has high heritability in the narrow sense (55-82%), involving additive, 

372 dominant, and epistatic effects [27, 33], with QTLs and candidate genes associated with 

373 it [24, 35].

374

375 Differentially abundant proteins

376

377 The protein profile, especially the differentially abundant ones, contributed 

378 greatly to understanding the gene regulation during kernel pericarp development in the 

379 two inbred lines of popcorn analyzed. It was possible to observe that the lines showed 

380 regulation differences even at the same point in the plant cycle.

381 The highest number of up-accumulated proteins was identified in the inbred line 

382 P16 (low expansion capacity), 83% at 25 DAP, all allocated to global metabolic pathways 

383 (Fig 2, S3 Table). The remaining proteins were associated with secondary metabolism. 

384 The same behavior was observed in the inbred line with high expansion capacity (P11); 

385 77% of the proteins were allocated to global metabolic pathways.

386 The number of up-accumulated proteins identified in the two popcorn inbred lines 

387 and their metabolic pathways was lower and different from what was observed in the 

388 pericarp of N04 [29]. This difference is probably due to genotype, method of analysis, 

389 and developmental stages. The authors pointed out that the number of proteins identified 

390 varies according to the stage of development evaluated.

391
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392 Candidate proteins

393

394 Three differentially abundant proteins stood out in the two popcorn inbred lines, 

395 two in P16 (low expandability) and one in P11 (high expandability). Two are peroxidases, 

396 and one is a xyloglucan endotransglucosylase/hydrolase (XTH). Peroxidases participate 

397 in phenylpropanoid biosynthesis, specifically in lignin biosynthesis, and xyloglucan 

398 endotransglucosylase/hydrolase is an enzyme that promotes the cleavage and reassembly 

399 of xyloglucan molecules [31].

400

401 Peroxidases

402

403 The final step of lignin biosynthesis is the polymerization of monolignols (sinapyl 

404 alcohol, S unit; coniferyl alcohol, G unit; and ρ-coumaryl alcohol, H unit) in the 

405 secondary cell wall domains by peroxidases and laccases [14-17]. The function of these 

406 enzymes is conditioned by spatio-temporal regulation of gene expression, as well as their 

407 differentiated oxidation [14]. In this study, the peroxidases B6T6D4 and A0A1D6E530 

408 were up-accumulated in P16/15 DAP and P11/25 DAP, respectively.

409 As previously mentioned, 25 DAP is the developmental stage in which the 

410 secondary cell wall of the pericarp thickens, making it more rigid, that is, more lignified. 

411 Therefore, the greater accumulation of the peroxidase A0A1D6E530 in the pericarp of 

412 P11 makes its cell walls more rigid. Thus, it indicates why the pericarp of this inbred line 

413 resists longer to increased pressure inside the kernel during the popping process [6, 7]. 

414 The content and composition of lignin present in the pericarp of three popcorn inbred 

415 lines, including the two analyzed in the present work, have been evaluated [18]. 

416 According to the authors, there was a statistically significant difference (5% probability 
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417 by the F test) between the lignin content present in the pericarp of the popcorn inbred 

418 lines. The lines with higher expansion volume values, including P11, presented higher 

419 lignin contents, concluding that lignin positively contributes to the expansion volume 

420 [18].

421 The gene that encodes the peroxidase A0A1D6E530 is Zm00001eb076190, also 

422 called Sb03g046810_2, located on chromosome 2 (26,292,971-26,294,428) and available 

423 in the Gramene database (https://www.gramene.org/). This gene was shown to be up-

424 regulated during 25 DAP in the highly expandable line P11.

425 P16 (low expansion capacity) presented increased peroxidase (B6T6D4) 

426 accumulation at 15 DAP. This stage is inserted in the period of cellular collapse and 

427 formation of the internal and external pericarp, with an adjustment for endosperm 

428 expansion [32]. Class III peroxidases, where A0A1D6E530 and B6T6D4 belong, present 

429 spatio-temporal regulation of gene expression, as well as differentiated oxidation 

430 properties [14]. Therefore, the regulation of peroxidase B6T6D4 in P16 was probably 

431 directed at the initial events of pericarp collapse and reorganization. Between 15 and 18 

432 DAP, the pericarp reaches its maximum thickness in the seed basal region [36], thus 

433 indicating that the peroxidase B6T6D4 from P16 is involved in pericarp thickening. In 

434 contrast, the peroxidase A0A1D6E530 is linked to lignin deposition, making the pericarp 

435 of P11 (high expansion capacity) more resistant. 

436 Comparing the results obtained in the present work with those available in the 

437 literature, especially with the 11 MetaQTLs associated with increased popcorn expansion 

438 volume [35], it can be seen that the gene Zm00001eb076190 that encodes a peroxidase 

439 (A0A1D6E530) had not yet been reported. Therefore, this gene is an important addition 

440 to understanding the studied trait and can be used for introgression in breeding programs 

441 aiming to improve popcorn expansion capacity.
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442

443 Xyloglucan endotransglucosylase/hydrolase

444
445 In P16 (low expansion capacity), at both 15 and 25 DAP, xyloglucan 

446 endotransglucosylase/hydrolase (XTH) was up-accumulated. This protein is a member of 

447 the GH16 (glycosidic hydrolase) family, actively acting to break β-1,4 or β-1,3 glycosidic 

448 bonds in various CAZyme glucans and galactans (Carbohydrate-Active Enzymes 

449 Database) [11, 37]. This enzyme exhibits transglycosylase (XET) and glycosidic 

450 hydrolase (XEH) activity [31]. Like expansins, xyloglucan 

451 endotransglucosylase/hydrolase is versatile in the metabolic process of cell wall 

452 biogenesis and organization [31, 38-40]. When XET acts on xyloglucan, it provides a 

453 reversible cell wall loosening mechanism necessary for plant cell expansion [41], while 

454 XEH causes irreversible extension [11]. In addition, transglycolysation predominates 

455 over hydrolysis unless the receptor concentration is very low [42].

456 Some XTH gene families have already been identified. For instance, 

457 Arabidopsis thaliana presents 33 [43] genes while tomato (Solanum lycopersicum L.) has 

458 25 members [44]. In monocots, such as wheat [45] and rice [46], 57 and 29 genes were 

459 identified, respectively. In maize, the number of genes belonging to the XTH family is 

460 unknown. However, Zm1005 was identified [47]. This gene was validated on March 6, 

461 2019, and published in the National Center for Biotechnology Information, receiving the 

462 symbol LOC542059 (or xth1 and GRMZM2G119783), locus 

463 tag ZEAMMB73_Zm00001d024386, located on chromosome 10, and containing 1,475 

464 nucleotides (68,324,472 to 68,325.946) [48].

465 The expression of XTH family genes is normally tissue-specific and 

466 developmental stage-dependent, as observed in Oryza sativa [43], Triticum durum [49], 

467 and Hordeum vulgare [40]. XTHs act on xyloglucan, which is not the main hemicellulose 
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468 that contributes to cell wall organization in Z. mays. Nevertheless, it is suggested that 

469 even though it is less abundant, xyloglucan metabolism plays a central role in 

470 restructuring the cell wall of commelinoid monocots, such as maize [10]. In addition, 

471 hydrolases also play a role in cell extension [31].

472 Considering the above, it would be possible to hypothesize that xyloglucan 

473 endotransglucosylase/hydrolase (B4FHS5) affects the pericarp cell walls of P16 (low 

474 expansion capacity) since this protein was up-accumulated in both developmental stages, 

475 indicating that the GRMZM2G119783 gene was up-regulated. In this context, it is 

476 suggested that xyloglucan endotransglucosylase/hydrolase participates in regulating the 

477 metabolic process of biogenesis and cell wall organization together with expansins, 

478 promoting the irreversible loosening of the pericarp cell walls of P16 (low expansion 

479 capacity). Thus, it makes it thinner and compromises its integrity, making it unable to 

480 withstand the pressure generated inside the kernel. In this way, the pericarp is ruptured 

481 before the endosperm is completely gelatinized, causing P16 to have a lower expansion 

482 capacity. However, this hypothesis needs to be further investigated.

483

484 Conclusion

485

486 Our data strongly suggest that the peroxidase A0A1D6E530 increases the 

487 expansion capacity of popcorn kernels by increasing the lignin content. On the other hand, 

488 the xyloglucan endotransglucosylase/hydrolase B4FHS5 has been shown to play an 

489 important role, yet to be elucidated, in the decrease of expandability. Since expansion 

490 capacity is a polygenic trait, these two proteins and their respective genes stand out as 

491 important candidates in this pathway, contributing positively and negatively to the 
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492 popping process, respectively. This information is unprecedented and can be used by 

493 popcorn breeding programs.

494
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500 S2 Fig. Processing of seeds for further protein extraction. a) Ear of inbred line P11 (15 

501 DAP); b) removal of individual seeds from the ear with a scalpel; c) longitudinal cut 

502 performed in the kernel pericarp; d) pericarps separated from the seeds and frozen.
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506 DAP), and T4 (P16/25 DAP). 
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