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56 ABSTRACT

57 In this study, tailored-made citrus pectin-derived compounds were produced through controlled 

58 enzymatic and/or chemical modifications of commercial citrus pectin with different degrees of 

59 methylesterification (DM) and similar average molecular weight (MW). In the first treatment, 

60 degradation of the citrus pectin (CP) materials by endo-polygalacturonase (EPG) yielded pectins with 

61 average Mw’s (between 2 and 60 kDa). Separation and identification of the oligosaccharide fraction 

62 present in these samples, revealed the presence of non-methylesterified galacturonic acid oligomers 

63 with degree of polymerization (DP) 1-5. In the second treatment, exploiting the combined effect of EPG 

64 and pectin lyase, compounds with MW between 2 and 21 kDa, containing methylesterified and non-

65 methylesterified polygalacturonans (DP 1-6), were generated. Finally, CP was sequentially modified 

66 by chemical saponification and the action of EPG. A sample of DM 11% and MW 2.7 kDa, containing 

67 POS (DP 1-5), was produced. Diverse pectin-derived compounds were successfully generated for 

68 further studies exploring their functionality.

69 Key words: Citrus pectin, pectin oligosaccharides, structural modifications, endo-polygalacturonase, 

70 pectin lyase, HILIC-TOF-MS
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79 1. INTRODUCTION

80 Pectin is a complex heterogeneous polysaccharide present in the cell walls of higher plants. The polymer 

81 is structurally composed of different subdomains including homogalacturonan (HG), 

82 rhamnogalacturonan I, rhamnogalacturonan II and xylogalacturonan (Mohnen, 2008). The structural 

83 features of this polymer, such as its neutral sugar content, molecular weight, protein content, and 

84 methylesterification, have been reported to govern its functional properties, such as its emulsifying, and 

85 gelling properties (Alba & Kontogiorgos, 2017; Kyomugasho et al., 2018). Therefore, in the last decade, 

86 structural modifications of the pectin molecule have been exploited with the aim of producing tailored 

87 molecules which exhibit enhanced functional properties (Alba & Kontogiorgos, 2017; Schmidt, Koch, 

88 et al., 2015). Pectin-derived compounds can be obtained through depolymerization of the pectin 

89 molecule by applying different techniques, leading to the generation of a mixture of substituted and/or 

90 unsubstituted polymer fragments of different degree of polymerization (DP) (Babbar et al., 2015).  The 

91 most commonly applied techniques include enzymatic (Coenen et al., 2008; Leijdekkers et al., 2013) 

92 and chemical (Coenen et al., 2008; Zhang et al., 2018) pectin modifications. In general, enzymatic 

93 processes are highly preferred to produce tailored compounds, due to their mode of action.  As enzymes 

94 act on specific substrates, undesired structural modifications can be largely avoided, thereby allowing 

95 the production of specific tailored pectin-derived compounds (Karaki et al., 2016). However, when the 

96 action of the pectin-related enzymes is insufficient to modify the pectin molecule to a certain extent, a 

97 combination of the above-mentioned processes has been reported to be successful for the structural 

98 modification of pectin (Wu & Mort, 2014; Zhu et al., 2019).

99 With pectin-derived compounds suggested to possess several functionalities, exploring their structure-

100 function relationship would facilitate exploitation the full potential of these molecules.  Pectin-derived 

101 molecules, including pectin oligosaccharides (POS), have been proposed as prebiotic candidates, as 

102 these compounds have been shown to selectively stimulate the growth and activity of beneficial gut 

103 bacteria (Babbar et al., 2015). A number of studies have also focused their research on other 

104 physiological properties of pectin-derived compounds, such as their antioxidant and anti-inflammatory 

105 properties (Koriem et al., 2014), as well as their antiglycation and antibacterial capacity (Zhu et al., 
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106 2019). Due to the different properties exhibited by POS, these compounds have been suggested to be 

107 applied as potential functional food ingredients (Barreteau et al., 2006). Furthermore, physicochemical 

108 properties of POS such as their rheological properties (Francielle et al., 2018), fat absorption and ion 

109 binding capacity (Aline de Moura et al., 2020) have been recently explored. Nevertheless, existing 

110 studies lack the evaluation of the structural characteristics and their effect on the functional properties 

111 of specific tailored pectin molecules, containing fractions of POS, generated through structural 

112 modification processes. For instance, although research has been performed on the effect of DM of 

113 pectin on its emulsifying properties, little research has been performed on the effect of DM on tailored 

114 pectin molecules of different chain lengths (Schmidt, Koch, et al., 2015). Similarly, few studies have 

115 extensively evaluated the effect of MW of pectin from different sources, on its emulsifying capacity 

116 (Schmidt, Schmidt, et al., 2015). Therefore, establishing a direct relation between structure and 

117 functionality remains a challenge. 

118 Therefore, this study aimed at generating a variety of specific tailored pectin-derived compounds of 

119 interest, in relation to their potential functional properties, which are aimed to be fully explored in 

120 further research. More specifically, the chain length of the mother pectin samples was strategically 

121 modified to different extents by applying enzymatic processes. To this end, ten different pectin-derived 

122 samples were generated by enzymatic and non-enzymatic modification of three mother citrus pectins. 

123 The generated oligogalacturonides were then characterized for their functionality-related properties 

124 including galacturonic acid content, neutral sugar profile, degree of methylesterification, molecular 

125 weight distribution, ion content and protein content. Furthermore, the different oligosaccharide fractions 

126 present in each of the generated samples were identified and quantified. Altogether, this work generates 

127 and characterizes strategically tailored citrus pectin-derived samples containing POS as a first step 

128 towards the establishment of their structure-function relationships.    

129 2. MATERIALS AND METHODS

130 2.1. Materials

131 Commercial citrus pectins (CP) with different degrees of methylesterification (DM 77, 57 and 43%) 

132 and Mw (162000, 184000 and 158000 kDa, respectively), were supplied by Cargill (Belgium) and 
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133 encoded CP77, CP57 and CP43. The pectin samples were stored in a desiccator until further use. Pure 

134 galacturonic acid (GalA) standards (mono-, di- and tri-GalA) were purchased from Sigma-Aldrich 

135 (Schnelldorf, Germany). Endo-polygalacturonase M2 (EPG) from Aspergillus aculeatus was purchased 

136 from Megazyme (Netherlands) and Pectin lyase (PL) from Aspergillus japonicas was purchased from 

137 Sigma-Aldrich (Japan). Polygalacturonic acid, sodium acetate, L-fucose, L-arabinose, D-glucose, D-

138 mannose, D-xylose, ammonium formiate (HCOONH4 ) and formic acid (HCOOH) were retrieved from 

139 Sigma Aldrich Chemie GmbH (Steinheim, Germany). Acetonitrile (CH3CN), di-Sodium 

140 tetraborate (Borax) decahydrate, hydrochloric acid (0.1 M), nitric acid (65%) and L-rhamnose were 

141 purchased from Acros Organics (Geel, Belgium).  Concentrated volumetric NaOH solution (convol 

142 normadose, 0.1 M) was retrieved from VWR Chemicals (Leuven, Belgium). D-galactose was purchased 

143 from Merck KGaA (Darmstadt, Germany). Unless mentioned otherwise, all chemicals used were of 

144 analytical grade. 

145 2.2. Production of pectin-derived samples of lower molar mass

146 Generation of the citrus pectin-derived samples in this study was achieved by means of enzymatic 

147 and/or non-enzymatic processes. Given the variation (77% - 43%) in the DM of the starting samples, 

148 hydrolases with preference for high DM pectin (PL) or low DM pectin (EPG) were exploited in this 

149 study for generation of tailored pectin molecules with different structural properties. 

150 2.2.1. Enzyme activity measurements

151 The activity of EPG was determined following the spectrophotometric method proposed by Verlent et 

152 al. (2004) and Gross (1982). Briefly, to 350 µL of a 0.3% (w/v) polygalacturonic acid (PGA)  dissolved 

153 in Na-acetate buffer (40 mM, pH 4.4), 50 µL of endo-polygacturonase (EPG) was added and the assay 

154 incubated for 10 min at 35 °C. The reaction was stopped by addition of borate buffer (pH 9, 0.1 M).  

155 After a subsequent reaction of the released reducing end groups with 1% (w/v) 2-cyanoacetamide 

156 solution at 40 °C, EPG activity was spectrophotometrically (Ultrospec 2100 pro, Amersham Bioscience, 

157 Buckinghamshire, United Kingdom) determined. One unit (U) of EPG activity was defined as the 
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158 amount of enzyme catalyzing the release of 1 μmol of reducing end groups per minute under the assay 

159 conditions. The activity of EPG was 1650 U/milliliter (mL).

160 In the case of pectin lyase, the activity of the enzyme provided by Sigma Aldrich was used for 

161 determining the enzyme concentrations used during the sample production process. The enzyme activity 

162 was 0.3 U/milligram (mg).

163 2.2.2. Generation of low molecular weight pectin-derived compounds by means of endo-

164 polygalacturonase (1st treatment)

165 The three mother pectin materials (CP77, CP57 and CP43) were incubated with EPG in order to 

166 facilitate their hydrolysis and therefore the production of pectin-derived samples containing compounds 

167 of different molecular weights.  EPG is an enzyme that preferentially cleaves the linkage between non-

168 methylesterified GalA residues of the HG backbone of pectin, leading to the generation of GalA 

169 residues and shorter chain pectin polymers, including POS, which can be methyl- or non-

170 methylesterified (Pedrolli et al., 2009). 

171 In a preliminary study, determining the optimal concentration of EPG to be added during the process, 

172 this enzyme was added at two different concentrations (5 or 25 U per gram of pectin), to pectin 

173 previously dissolved in Na-acetate buffer (40 mM, pH 5) at a concentration of 0.8% (w/v). The 

174 hydrolysis was performed for a period of 15 min, 30 min, 1 h, 3 h and 22 h at 35 °C with constant 

175 stirring at 250 rpm. The enzyme was inactivated through a heat treatment at 95 °C for 5 min. These 

176 samples were then characterized for their Mws to ensure significant differences and facilitate selection 

177 of the enzyme concentration and incubation times, to produce the final samples. After enzyme 

178 inactivation, the samples were dialyzed against demineralized water to ensure (almost complete) 

179 removal of the salt added during the production process. Specifically, the hydrolyzed sample was 

180 transferred into Spectra/Por® dialysis tubing (0.1 – 0.5 kDa, molecular weight cut-off (MWCO)) and 

181 thoroughly dialyzed against demineralized water for 72 h. Dialyzed samples were then lyophilized 

182 (Christ Freeze Dryers, Osterode, Germany) and stored in a desiccator at room temperature until use. 

183 Removal of ions, particularly the high amounts of  Na+ added to maintain conditions for EPG action, 
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184 was crucial since these ions have been reported to impact different functional properties of pectin, such 

185 as cation-binding capacity and gelling potential (Kastner et al., 2020). A summary of the pectin-derived 

186 samples generated, and their denotations are presented in Table 1. 

187 2.2.3. Generation of low molecular weight pectin-derived compounds by means of endo-

188 polygalacturonase and pectin lyase (2nd treatment)

189 A second treatment applied for the production of pectin-derived compounds was based on the enzymatic 

190 depolymerization of pectin by the combined effect of EPG (hydrolysis) and PL (beta eliminative 

191 reaction). PL was aimed at depolymerizing the pectin polymer of high DM, since this enzyme is known 

192 to cleave the linkage between methylesterified GalA residues at the HG backbone of pectin (Pedrolli et 

193 al., 2009). EPG was added, to each of the pectin solutions, at a constant concentration of 5 U per g of 

194 pectin. Therefore, to one gram of pectin (at a concentration of 0.8% (w/v) in Na-acetate buffer (150 

195 mM, pH 5.0)), 5 U of EPG and 0.5 or 2.5 U of PL were added, followed by incubation of the system at 

196 37 °C for 0.5 or 22 h, with constant stirring at 250 rpm. After inactivation of the enzymes at 95 °C for 

197 5 min, purification of the sample was performed through dialysis as described in section 2.2.2. A 

198 summary of the pectin-derived samples generated, and their denotations are present in Table 1. The 

199 codes for each of the samples are based on the initial pectin material from which each of them was 

200 originally produced.

201 2.2.4. Chemical saponification and enzymatic hydrolysis of pectin (3rd treatment)

202 In the third treatment, pectin-derived compounds were generated through a combination of chemical 

203 demethylesterification followed by enzymatic depolymerization of the demethylesterified pectin. First 

204 the chemical saponification of a pectin material in order to produce low DM pectin was performed as 

205 described by Fraeye et al. (2009). Briefly, CP43 was dissolved in demineralized water at a concentration 

206 of 0.8% (w/v) and the pH adjusted to 11 with concentrated volumetric 0.1 M NaOH solution while 

207 maintaining the temperature at 4 °C in order to avoid undesired chemical depolymerization of the pectin. 

208 Under this alkaline condition, methylester groups underwent saponification by OH-ions, leading to a 

209 decrease in pH. The drop in the pH of the pectin solution was titrated with NaOH using an automatic 
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210 pH-stat titrator (Titrino 718, WMethohm, Herisau, Switzerland) in order to maintain the pH at 11. The 

211 amount of 0.1 M NaOH required to achieve a specific DM was theoretically determined. The calculated 

212 amount of 0.1M NaOH was added by the pH-stat titrator to the pectin in solution, the reaction was 

213 stopped adjusting the pH to 4.4 with 0.1 M HCl. Enzymatic depolymerization of the demethylesterified 

214 pectin by EPG then followed in order to produce shorter chain pectin-derived compounds including 

215 POS. First, a specific quantity of sodium acetate was added to the system to obtain a 40 mM Na-acetate 

216 buffer solution that facilitated maintaining the pH at 4.4 during the subsequent EPG incubation step. 

217 After equilibration of the system at 35 °C under constant stirring (250 rpm), EPG was then added at a 

218 concentration of 5 U per gram of pectin followed by incubation for 22 h at 35 °C under constant stirring. 

219 The enzyme was inactivated by applying a heat treatment at 95 °C for 5 min. Finally, dialysis and freeze 

220 drying of the samples was performed as described in section 2.2.2. A summary of the pectin-derived 

221 samples generated, and their denotations are present in Table 1. Furthermore, a scheme summarizing 

222 the three different treatments applied for the degradation of the initial pectin materials CP77, CP57 and 

223 CP43, and the correspondent CP-derived compounds generated are presented in Supplementary 

224 Figure 1.

225 2.3. Structural characterization of pectin samples

226 The different pectin samples, mother pectins and samples derived thereof, were subsequently 

227 structurally characterized. Specifically, the degree of methylesterification (DM), galacturonic acid 

228 content, neutral monosaccharide profile and content, molar weight distribution (MWD), mineral content 

229 and protein content were determined as described below. 

230 2.3.1. Molecular weight distribution

231 The molar mass distribution of the pectin samples was measured based on the method described by 

232 Shpigelman et al (2014), using high-performance size-exclusion chromatography (HPSEC) equipped 

233 with multi-angle laser light scattering (MALLS) (PN3621, Postnova analytics, Germany) and refractive 

234 index (RI) detection (Shodex RI-101, Showa Denko K.K., Kawazaki, Japan). Separation was performed 

235 using a series of Waters columns, i.e., Ultrahydrogel 250, 1000, and 2000 with exclusion limits of 8*104, 
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236 4*106, and 1*107 g/mol, respectively (Waters, Milford, MA). Analysis of the samples was done in 

237 duplicate and the molar masses were calculated using the Debye fitting method (2nd order) of the 

238 operating software (Nova Mals, version 1.0.0.18, Postnova analytics).

239 2.3.2. Galacturonic acid content

240 The GalA content was determined after samples hydrolysis (in duplicate) based on the method described 

241 by Ahmed & Labavitch (1978) followed by spectrophotometric quantification of GalA (in triplicate per 

242 duplicate) as described by Blumenkrantz & Asboe-Hansen (1973). .

243 2.3.3. Monosaccharide composition

244 The neutral sugar composition of pectin-derived samples was determined using high performance anion 

245 exchange chromatography (HPAEC) coupled with pulsed amperometric detection (PAD) based on the 

246 method described by (Houben et al., 2011). For this purpose, a Dionex system (ICS-6000) equipped 

247 with a Dionex Single Pump, a CarboPac™ PA20 column (150 X 3 mm) and guard column (30 X 3 

248 mm), and an ED50 electrochemical detector (Dionex, Sunnyvale, CA, USA) was used. Calibration 

249 curves of commercial sugar standards (L-fucose, L-rhamnose, L-arabinose, D-galactose, D-glucose, D-

250 xylose and D-mannose), at varying concentrations (1-10 ppm), were used for quantification and 

251 identification of the different monosaccharides. 

252 2.3.4. Degree of methylesterification

253 The DM was determined based on the procedure described by Kyomugasho et al. (2015) using Fourier 

254 transform infra-red (FT-IR) spectroscopy (Shimadzu FTIR-8400S, Japan). Determination of the DM 

255 was performed by measuring the transmittance at wave numbers between 4000 cm-1 and 400 cm-1. The 

256 absorption intensity of the bands situated around 1740 cm-1 (due to carbonyl group stretching) and 1630-

257 1600 cm-1 (due to carboxylate group stretching) were used to generate the ratio X = [I (1740)/I (1740+ 

258 1630)]. The DM of all the pectin samples (Y) was determined using the equation Y = 136.86X + 3.987 

259 of the calibration curve described by Kyomugasho et al. (2015).

260 2.3.5. Determination of ash content 
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261 Determination of the ash content of the different pectin samples was calculated based on the method 

262 described by Park & Bell (2004) with few modifications. Briefly, incineration of lyophilized pectin 

263 material (10 mg) was performed in a muffle furnace at 550 °C for 24 h. Afterwards the samples were 

264 cooled in a desiccator and finally weighed. The ash content was expressed in terms of percentage, by 

265 calculating the ratio of sample weight after incineration to the weight before incineration. Analysis of 

266 the ash content was carried out in duplicate.

267 2.3.6. Mineral content

268 Determination of the mineral content of the incinerated pectin samples (section 2.3.5) was performed 

269 based on the method described by Moens et al. (2020), by inductively coupled plasma optical emission 

270 spectrometry (ICP-OES) (iCAP 7400 ICP-OES Duo spectrometer, Thermo Scientific, USA). Briefly, 

271 the ashed samples were dissolved in ultrapure water (9.9 mL) followed by addition of 100 μL of 65% 

272 HNO3. After 24 h, filtration of the samples was done using a 0.45 μm filter (Chromafil® A-45/25, 

273 Macherey-Nagel, Duren, Germany). The mineral content of the samples was expressed as mg per g of 

274 pectin sample. 

275 2.3.7. Protein content

276 Determination of the total nitrogen content of the lyophilized samples was performed based on the 

277 method described by Kyomugasho et al. (2017). This analysis was performed by means of the Dumas 

278 method using an elemental analyzer (Carlo-Erba EA1108, Thermo Scientific, Waltham, MA, USA). 

279 The total protein content was calculated based on the total nitrogen content obtained and applying a 

280 correction factor of 6.25. Analysis of each sample was carried out in duplicate.

281 2.4. Fractionation, separation and identification of citrus pectin-derived samples

282 2.4.1. Fractionation of hydrolysates

283 The lyophilized pectin-derived samples were dissolved in 20 mL of ultrapure water (organic free, 18.2 

284 MΩ cm resistance) at a concentration of 1% (w/v). Each sample was then transferred into Spectra/Por® 

285 dialysis tubing (MWCO) (3.5 kDa) and dialyzed against ultrapure water for 48 h. The water in which 
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286 the membranes were dialyzed, containing the pectin-derived fraction with Mw <3.5 kDa was thereafter 

287 freeze dried and stored in a desiccator until further use.

288 2.4.2 Separation and identification of low MW compounds 

289 Identification of the generated/fractionated oligosaccharide compounds present in the low molecular 

290 weight mixtures (Mw <3.5) was performed based on the work of Prandi et al. (2018) with few 

291 modifications. Separation was performed on a hydrophilic interaction liquid chromatography (HILIC) 

292 column (Acquity UPLC BEH Amide 1.7 µm, 30 X 150 mm; Waters, Ireland) coupled to a guard column 

293 (Acquiry UPLC BEH Amide 1.7 µm, 2.1 X 5 mm; Waters, Ireland) using a HPLC/ESI-MS system 

294 (1200 Series; Agilent Technologies, Diegem, Belgium) and detected using time-of-flight mass 

295 spectrometry (TOF-MS). Furthermore, a negative ionization ion mode, capillary voltage of 2.6 kV and 

296 a cone voltage of 60 V were applied. Gradient elution with Eluent A (H2O:CH3CN 20:80 v/v, 10 

297 mmol/L HCOONH4 + 0.2% v/v HCOOH) and B (H2O:CH3CN 80 : 20 v/v, 10 mmol/L HCOONH4 + 

298 0.2% v/v HCOOH) of 0-60 min linear from 100% to 60% A, 60–65 min isocratic at 60% A, 65–66 min 

299 linear from 60% A to 100% A, 66–75 min isocratic at 100% A were used. The optimal run time for 

300 separation of various oligosaccharides was 75 min. 

301 2.4.3 Quantification of the low MW oligosaccharides

302 Quantification of generated oligosaccharide compounds (mono-, di- and tri-GalA residues) present in 

303 the POS mixtures (Mw <3.5) was performed with the same gradient elution described in section 2.4.2, 

304 using the aforementioned HPLC system coupled to a charged aerosol detector (CAD) (Corona Veo, 

305 Thermo FisherScientific, Geel, Belgium). For quantification, CAD detection was applied as it has been 

306 shown that the response generated by this detector is independent of the physicochemical properties of 

307 the compound under analysis, this enables the generation of a universal standard calibration for the 

308 quantification of the different compounds present in a specific analyte (Vehovec & Obreza, 2010). 

309 Therefore, commercial mono-, di- and tri-GalA standards (Sigma-Aldrich, Schnelldorf, Germany) were 

310 used in order to obtain a calibration curve which would be further used for the quantification of the 

311 different compounds detected. A curve fitting was performed using a power function f(x) = axb, where 

https://www.abbreviations.com/term/107177
https://www.abbreviations.com/term/107177
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312 f(x) represents the peak area, ‘x’ is the concentration of the sample, ‘a’ is the CAD response factor and 

313 ‘b’ represents the slope (Remoroza et al., 2012).  

314 2.5 Statistical analysis

315 The statistical software JMP (JMP Pro15, SAS Institute Inc., Cary, NC, USA) was used for analysis of 

316 significance. Evaluation of the significant differences was done using one-way ANOVA and Turkey’s 

317 Studentized Range Post-hoc test. The level of significance was 95% (P < 0.05).

318 3. RESULTS AND DISSCUSSION 

319 3.1. Structural properties of mother citrus pectins and samples derived thereof

320 3.1.1. Molecular weight of pectin-derived compounds generated by the action of endo-

321 polygalacturonase (1st treatment)

322 Effect of EPG on molecular weight of pectins of different DMs

323 Molecular weight distributions of the different pectin samples were obtained using high-performance 

324 size exclusion chromatography, in which molecules of larger hydrodynamic volume elute earlier than 

325 molecules with smaller hydrodynamic volume. In this way, the molecular weight (Mw) of the eluted 

326 components decreases with increasing elution time. In order to produce lower molecular weight 

327 compounds from the citrus mother pectins (CP77, CP57 and CP43) by action of EPG, a concentration 

328 of 5 U/g pectin was selected based on preliminary studies (Supplementary Figure 2). Since the aim of 

329 this study was to produce pectin-derived compounds with differences in Mw and DM, incubation periods 

330 of 1 and 22 h were selected (for all three pectin sources CP77, CP57 and CP43 treated by EPG). 

331 The Mw distribution (full lines) and concentration profiles (dotted lines) for the samples produced 

332 through hydrolysis of the three different initial citrus pectin materials (CP77, CP57 and CP43) by EPG 

333 are shown in Figure 1 (desalted samples). Regarding the Mw distribution profiles corresponding to the 

334 different initial pectin and pectin-derived samples generated in this study, it can be observed that at a 

335 given elution time, there are differences among the different Mw obtained (which indicates different 

336 molecular structures with similar hydrodynamic volume). Data beyond 64 minutes (retention time of 

337 galacturonic acid) refer to sample impurities (primarily residual salts). The average Mw of peaks prior 
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338 to 65 min are summarized in Table 2. Nevertheless, to obtain a more accurate picture of the 

339 oligosaccharide fraction of low MW, the samples were fractionated and the smallest fraction present 

340 was analyzed by Time-Of-Flight Mass Spectrometry as described in section 3.2. 

341 From the concentration profiles of the three initial pectin materials, one population of large pectin 

342 molecules (evidenced by a monomodal elution peak with a maximum at 45 min) was observed for each 

343 of these samples. The pectin material CP77, CP57 and CP43 exhibited significantly different molecular 

344 weights (1.44 x 105 ± 4243, 1.51 x 105 ± 2828 and 1.16 x 105 ± 4213 Da, respectively). Furthermore, 

345 regarding the concentration profiles of the different pectin-derived samples one main polymer 

346 population is observed, with peak shoulders on the left or right indicating fractions of respectively 

347 higher or lower molar mass. In the case of the compounds  generated from CP57 and CP43 after 

348 undergoing degradation by EPG (5U) for 22 h (CP57 EPG 5U 22h and CP43 EPG 5U 22h), an 

349 additional peak eluting at 50 min could be observed, which is representative for the fraction of larger 

350 molecules within these samples. However, these fractions were present in relatively very low amounts 

351 (< 5% of the total amount of sample analyzed). Figure 1 shows that the concentration curves (of larger 

352 molecules) of the citrus pectin-derived samples resulting from the hydrolysis of CP77 for 1 h (CP77 

353 EPG 5U 1h) and 22 h (CP77 EPG 5U 22h) elute earlier (peak maxima at 49 and 51 min, respectively) 

354 compared to the CP57-based samples, CP57 EPG 5U 1h (54 min) and CP57 EPG 5U 22h (59 min). In 

355 a similar way, the second concentration curve (59 min) present in CP57 EPG 5U 22h elutes earlier than 

356 that of CP43 EPG 5U 22h (61 min). This pattern indicates that EPG degrades CP77 to a less extent 

357 (hence higher average molecular weight derived pectin molecules are generated) compared to CP57 and 

358 CP43 for a given incubation period. These results are further supported by the average Mw of the 

359 samples produced as shown in Table 2. These results can be attributed to the fact that EPG preferentially 

360 cleaves the linkage/bond between two non-methylesterified GalA acid residues, with its activity 

361 decreasing with increasing DM of the pectin substrate (Duvetter et al., 2009). 

362 3.1.2. Pectin-derived compounds generated by the combined action of endo-polygalacturonase 

363 and pectin lyase (2nd treatment)

364 Molecular weight distribution of pectin-derived compounds  
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365 Based on a preliminary experimental stage, in which the effect of DM on the activity of PL was 

366 evaluated (Supplementary Figure 3), it was observed that the concentration profiles and Mw 

367 distribution of the three pectin-derived materials CP77, CP57 and CP43 were similar after undergoing 

368 degradation by the combined effect of EPG (5U/g pectin) and PL (2.5U/g pectin) for a period of 22h. 

369 Therefore, only the sample CP77, was used for the following experiments involving the degradation of 

370 pectin by the combined effect of EPG and PL. 

371 To evaluate the effect of PL concentration on the Mw of pectin, an experiment was performed on CP77, 

372 in the presence of EPG at a constant concentration (5 U/g pectin), and at different concentrations of PL 

373 (0.5-2.5 U/g pectin) and incubation times. The concentration profiles and the Mw distributions of the 

374 pectin-derived compounds produced through hydrolysis of CP77 under different conditions are 

375 presented in Supplementary Figure 4 (de-salted samples). The concentration profiles of each of the 

376 three different samples produced, present two concentration peaks which represent the presence of 

377 different population of compounds exhibiting differences in Mw. The third peak (elution time above 64 

378 min), represents sample impurities (primarily residual salts). In this way, the first peaks in the 

379 concentration profiles of CP77 EPG 5U PL 0.5U 30 min (45 min), CP77 EPG 5U PL 2.5U 30 min (50 

380 min) and CP77 EPG 5U PL 2.5U 22h (52 min) represent the fraction of larger molecules present in 

381 these samples. However, for the depolymerized samples, these fractions were present in relatively very 

382 low amounts (< 5% of the total amount of sample analyzed). Furthermore, by comparing the 2nd 

383 concentration peak of each of the samples, it can be observed that after hydrolysis of CP77 for 22 h by 

384 addition of 2.5 U of PL/g of pectin (CP77 EPG 5U PL 2.5U 22h) the maximum of the concentration 

385 profile (61 min) is shifted towards the right in comparison to the samples incubated with PL at 

386 concentrations of 0.5 and 2.5 U/g pectin for 30 min (59 and 55 min, respectively), thus indicating a 

387 greater extent of depolymerization when applying a higher concentration of PL and/or a longer 

388 incubation time. From the Mw distribution profiles corresponding to the different pectin-derived 

389 samples generated (Supplementary Figure 4), it can be observed that there are differences among the 

390 different Mw profiles at a given elution time, which could indicate differences in structure (with similar 

391 hydrodynamic volume) among the different pectin-derived samples generated as previously suggested.
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392 Pectin-derived compounds generated by means of a combined chemical-enzymatic treatment (3rd 

393 treatment)

394 Molecular weight distribution of pectin-derived compounds

395 In the third treatment the citrus pectin of lower DM (CP43) was chemically saponified followed by the 

396 enzymatic depolymerization (by EPG), leading to the generation of a pectin material with DM of 11% 

397 (CP11 ALK EPG 5U 22h). The latter pectin sample contained three fractions (with peak maxima at 51, 

398 61 and 67 min) as shown in Supplementary Figure 5 (desalted samples). The fraction containing the 

399 largest molecules (96000 ± 2121 Da) in this sample, represented by the elution peak at 51 min, was 

400 present in low amounts (< 5% of the total amount of sample analyzed). The peak eluting at 61 min was 

401 shifted towards the right in comparison to the concentration peak of the initial pectin sample CP43, thus 

402 indicating depolymerization of the mother pectin CP43 after it had been chemically demethylesterified 

403 and further incubated with EPG for 22 h. Consequently, the generated sample CP11 ALK EPG 5U 22h 

404 contained a substantial fractions of lower average Mw (2710 ± 187) as compared to the pectin CP43 

405 from which it was produced (116000 ± 4243 Da). As indicated above, the peak beyond 64 min 

406 represents sample impurities (primarily residual salts).

407 3.1.3. Galacturonic acid content 

408 The GalA and neutral sugar content for each of the final samples produced are shown in Table 3. As 

409 expected, GalA was the most abundant monomer in all the pectin-derived samples, as the initial material 

410 for the production of these samples was citrus pectin, which is known to be rich in HG (which consists 

411 of a linear backbone of consecutive 1,4-linked-α-d-GalA units). In general, the generated pectin-derived 

412 samples exhibited similar GalA content in comparison to the mother pectin samples from which they 

413 were produced, some small differences were observed on some of the generated samples. For instance, 

414 in the case of the GalA content of the samples generated through the combined effect of EPG and PL 

415 on CP77 differences in GalA content were found when comparing them to the initial pectin material 

416 CP77. These samples exhibited the lowest GalA content among all the samples generated in this work. 

417 This outcome was expected since a prolonged depolymerization of pectin with EPG and PL has been 
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418 reported to promote the release of mono-, di- and tri-GalA residues (Remoroza et al., 2012). Finally, 

419 the sample (CP11 ALK EPG 5U 22h), generated applying the 3rd treatment  (chemical saponification 

420 followed by an enzymatic degradation in the presence of EPG), exhibited a relatively lower GalA 

421 content in comparison to its mother pectin material (CP43). A similar relation between DM and GalA 

422 content was observed on demethylesterified sugar beet pectin hydrolyzed by the action of EPG 

423 (Buchholt et al., 2004). Since EPG is known to prefer substrates of lower DM, an initial saponification 

424 of the pectin material promoted the generation of an increased number of active sites available, along 

425 the HG backbone, for optimal cleavage by EPG. Therefore, larger amounts of mono-, di- and tri-

426 galacturonate residues could be produced during the degradation process and further removed during 

427 the dialysis step. 

428 3.1.4. Neutral sugar content

429 The amounts of the different monosaccharides present in the initial pectin samples, as well as in the 

430 samples derived from these pectins are presented in Table 3. In general, all samples exhibited relatively 

431 low amounts of the sugars fucose (Fuc) and xylose (Xyl) (pectin-related) as well as glucose and 

432 mannose. On the contrary, appreciable amounts of galactose (Gal), rhamnose (Rha) and arabinose (Ara) 

433 were present in all the initial pectins and the derived samples. Three ‘sugar ratios’ of linearity 

434 (GalA/(Fuc+Rha+Ara+Gal+Xyl), RG-I contribution (Rha/GalA) and Degree of branching 

435 [(Ara+Gal)/Rha], formulated specifically for pectin, were calculated based on the molar amounts of the 

436 different sugars present in the pectin and pectin-derived samples. 

437 In this regard, the initial pectin materials CP77, CP57 and CP43 exhibited a linearity of 7.26 ± 0.60, 

438 11.94 ± 1.08 and 13.71 ± 0.58, respectively. Relatively similar values are found for the pectin-derived 

439 samples generated from these materials after undergoing different degradation procedures. 

440 Furthermore, the contribution of RG-I for the sample CP11 ALK EPG 5U 22h (0.03 ± 0.01) is the 

441 highest among all the pectin-derived compounds generated. Finally, the degree of branching of the 

442 derived samples were relatively similar to those of their respective parent pectin materials.

443 3.1.5. Degree of methylesterification
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444 The DM was determined to ensure that this property was not modified during the enzymatic production 

445 of the samples. In the 3rd treatment which involved chemical saponification followed enzymatic 

446 depolymerization of CP43, DM determination was aimed at ensuring a decrease in DM (success of the 

447 chemical saponification). The average DM values of the initial pectin materials and the samples 

448 generated thereof are presented in Table 3. It can be observed that the DM of the initial pectin materials, 

449 CP77, CP57 and CP43, after undergoing dialysis for purification purposes, were 74, 53 and 38%, 

450 respectively. In general, in presence of EPG, no changes in DM were observed. However, when the 

451 initial pectin CP77 was depolymerized by the combined action of EPG and PL, a decrease in DM was 

452 observed in the derived samples. This decrease in DM was more pronounced with increasing incubation 

453 time or concentration of PL and could be attributed to an increase in the amount of the generated 

454 methylesterified residues/molecules (as this enzyme preferentially cleaves the bond between 

455 methylesterified GalA residues) and their subsequent elution during the dialysis step, thus leading to a 

456 drop in the DM of the samples (Remoroza et al., 2012). Finally, the sample generated by means of 

457 chemical saponification exhibited a low DM of 10.80 ± 0.83%, which was aimed in order to produce a 

458 suitable substrate on which EPG could act optimally. 

459 3.1.6. Protein content

460 From the results of protein content (Table 3), the initial pectins exhibited very low protein contents, 

461 with no significant differences. These results are similar to the results obtained by Kyomugasho et al. 

462 (2017), who reported a protein content below 1.9% for commercial citrus pectin samples of different 

463 DMs.  Analyzing the citrus pectin-derived samples (Table 3), no significant difference in the protein 

464 content was observed. The protein content of pectin was determined given that certain functional 

465 properties of pectin including its emulsifying capacity have been reported to be influenced by the 

466 presence of protein (~3% or above) in the pectin polymer (Alba & Kontogiorgos, 2017).

467 3.1.7. Intrinsic mineral content  

468 The mineral content of the initial pectin materials (CP77, CP57 and CP43) and their derived compounds 

469 are presented in Supplementary Table 1. Specifically, the contents of Ca2+, Mg2+, Fe2+ and Zn2+ were 
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470 determined, given that these divalent ions are reported to influence  the functional properties of pectin 

471 (Kyomugasho et al., 2018). Additionally, the content of Na+ was determined in order to ensure optimal 

472 purification of the samples during the dialysis process (this ensure removal of Na+ added as sodium 

473 acetate and NaOH during sample production). Furthermore, Ca2+ was present in higher amounts 

474 (between 0.129 – 0.832 mg Ca2+/g pectin sample) in comparison to Mg2+, Fe2+ and Zn2+, which were 

475 present at concentrations of  0.009 - 0.126, 0.008 – 0.117 and 0.002 – 0.037 mg/g pectin or samples 

476 derived thereof, respectively. For each of these minerals, the values were not statistically significantly 

477 different among the pectin samples. Although, the divalent cations are present in small amounts, 

478 attention must be paid for those initial and derived pectin samples of low DM, given that low DM 

479 pectins possess a high affinity and thus ion binding capacity (Kyomugasho et al., 2017). Therefore, the 

480 presence of divalent cations could interfere with the functionality of low DM pectins, including Ca2+-

481 induced pectin gelation which is based on the ability of pectin to bind divalent cations (particularly 

482 Ca2+) and the formation of a three-dimensional network of cross-linked pectin molecules (Thakur et al., 

483 1997).

484 In the current study, the potential effect of the amounts of cations present was concluded to be 

485 negligible, as Celus et al. (2018) who obtained comparable low concentrations (5.13 ± 0.37 mg Ca2+/g 

486 pectin and below 0.09 ± 0.04 mg/g pectin of Zn2+, respectively) in citrus pectin samples of different 

487 DMs observed that such low cation concentrations did not have a significant contribution to the cation 

488 binding capacity of the pectins. Furthermore, although it has been reported that the formation of calcium 

489 cross-links between polygalacturonic acid chains could make the substrate less accessible to  

490 polygalacturonase (Cabanne & Donche, 2002) and pectin lyase (Sinitsyna et al., 2007), the pectin 

491 materials investigated in this work are not expected to cross-link due to the significantly low mineral 

492 content they exhibit, as previously explained. Consequently, the activity of the enzymes used during 

493 the production process of the samples is not expected to be negatively influenced.

494 Regarding the Na+ content, it accounts for the largest percentage among the different cations present in 

495 the samples (up to 2.6%). However, considering that high amounts of this cation were present in the 

496 sodium acetate buffer (40 mM and 150 mM) and NaOH (0.1 M) used during the production of the 
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497 samples (to maintain an optimal pH during the enzymatic hydrolysis), it can be observed that a 

498 substantial amount of this cation was removed from the samples during dialysis. Assessing the 

499 concentration of Na+ ions present in the samples was crucial, since the presence of monovalent ions, 

500 specifically Na+, have been reported to influence some functional properties of pectin such as its gelling 

501 and cation-binding capacity (Kastner et al., 2020). For instance, Kastner et al. (2020) reported that the 

502 presence of Na+-ions in a low methylesterified pectin material, at a concentration of 1.2%, had a 

503 substantial impact on the formation of a gel network. 

504 3.2. Fractionation, separation and identification of POS fractions present in pectin degraded 

505 samples

506 In order to isolate the low molecular weight fractions (POS) present in the different generated pectin 

507 samples, having a Mw below 3.5 kDa, a cut-off membrane of 3.5 kDa was used. In this way, separation 

508 and quantification of POS fractions containing molecules between 0.1-3.5 kDa was performed. It is 

509 important to highlight that during the dialysis process of the generated samples, performed in order to 

510 purify them through the removal of added salts during the process, a MWCO of 0.1-0.5 kDa was used, 

511 thus the smallest pectin molecules (mono-, di- and maybe some tri-GalA residues) generated were lost 

512 (results not shown). Separation and identification of the different pectin oligosaccharides present in the 

513 different pectin-derived samples was performed on a HILIC column coupled to TOF-MS. The ions 

514 present in each of the generated samples were identified based on their retention time and m/z. 

515 Furthermore, the m/z of the ions identified were compared to that of compounds which were already 

516 identified in previous studies (Leijdekkers et al., 2011; Prandi et al., 2018). 

517 From the TOF-MS chromatograms (Figure 2), it could be observed that unsubstituted mono-, di-, tri- 

518 and tetra-GalA, as well as methylesterified oligogalacturonides with DP 3-5 were the main degradation 

519 products present in the <3.5 KDa fractions of the purified samples generated by EPG activity. 

520 Furthermore, from the TOF-MS chromatogram, it could be seen that mainly unsubstituted 

521 methylesterified and non-methylesterified oligogalacturonides were present in the fractionated samples 

522 generated by the action of EPG. However, by degrading a high DM pectin (CP77) by the combined 

523 effect of EPG and PL, not only methylesterified and non-methylesterified compounds were detected, 
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524 but also unsaturated compounds were identified (Figure 2 B). Additionally, an oligomer constituted by 

525 3 GalA and 2 Rha units (GalA3Rha2) was also identified in the sample CP77 EPG 5U PL 2.5U 22h. 

526 This oligomer has been previously identified in other studies when treating sugar beet and apple pectin 

527 with a multienzyme complex containing EPG among other enzymes (Leijdekkers et al., 2013). Wu & 

528 Mort (2014) suggested that the detected compound GalA3Rha2 was likely to represent the junction zones 

529 between the HG and RG-I domains of the pectin molecule. Unsaturated products were also identified 

530 within each of the samples degraded by EPG and PL. These compounds could be attributed to the mode 

531 of action of PL, which leads to loss of a hydroxyl group at the C-4 position during the cleavage of a 

532 pectin chain through a beta eliminative reaction (Van Alebeek et al., 2002). Similar unsaturated 

533 compounds were also detected in previous studies when digesting sugar beet pectin with a mixture of 

534 enzymes including EPG and PL (Leijdekkers et al., 2011; Remoroza et al., 2012). Lastly, in the case of 

535 the chemically demethylesterified sample which was subsequently treated by EPG for 22 h (CP11 ALK 

536 EPG 5U 22h), some of the same unsaturated and substituted oligogalacturonides identified in the 

537 samples degraded by the action of EPG were also identified within this sample (Figure 2 C). A 

538 summary of the different oligosaccharide fractions identified, m/z values as well as retention times of 

539 each of the pectin-derived samples are shown in Table 4. 

540 Regarding the retention time of the different compounds present in the POS fractions, in general it could 

541 be observed from the MS chromatograms that elution time increases with increasing DP. Furthermore, 

542 the presence of methyl ester groups leads to shorter retention times of GalA oligosaccharides. This 

543 phenomenon was suggested to occur due to the shielding of the carboxyl group attached to the methyl 

544 ester (Leijdekkers et al., 2011). A similar effect was reported when acetyl groups were present, which 

545 was attributed to the blocking of hydroxyl groups (Leijdekkers et al., 2011). In addition, unsaturated 

546 compounds were found to elute at earlier retention times than saturated ones. Retention times have been 

547 suggested to correlate to with the number of hydroxyl groups present in a oligosaccharide (Leijdekkers 

548 et al., 2011). In general, the data collected confirmed that a variety of structurally different POS 

549 fractions were produced by degrading pectin through different techniques. 

550 3.3. Quantification of identified POS 
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551 Quantification of the POS (DP1-5) present in the fractionated samples (section 3.2.) was possible using 

552 a calibration curve, which was obtained by correlating the peak area of different GalA standards against 

553 their correspondent concentrations, as described by Remoroza et al. (2012). In this way, the CAD 

554 response of pure mono, di and tri-GalA standards with DP 1-3 was established. From the results 

555 obtained in this work, it was observed that the calibration curves of mono-, di- and tri-GalA residues 

556 had similar slopes (0.9681, 0.9526 and 0.8865 respectively). Therefore, a single calibration curve was 

557 obtained by plotting all the data points corresponding to the three pure GalA standards. The equation 

558 corresponding to this calibration curve is shown in equation (1), it was used to determine the CAD 

559 response of the different oligogalacturonides detected in the different pectin degraded samples. The 

560 curve fitting was performed using a power function f(x) = axb, where f(x) represents the peak area, x is 

561 the concentration of the sample, a is the CAD response factor and b represents the slope (Remoroza et 

562 al., 2012).  In this way, the following equation was derived. 

563 f(x) = 6.6636 ∙ 𝑥0.9752                                                                                                                                         (1)

564 Reorganization of equation (1) was performed as shown below (equation 2), in order to directly 

565 calculate the concentration (ppm) of each compound.

566 Concentration (ppm) = exp [ln (CAD peak area/6.6636)
0.9752 ]                                                                   (2)

567 In this way, the different GalA oligosaccharides present in the fractionated samples (Mw<3.5 kDa) were 

568 quantified, the results are presented in Table 4. Notice that some of the fractionated samples contained 

569 oligosaccharides eluting at similar times (Supplementary Figure 6), therefore, the peak areas of such 

570 compounds could not be attributed to the oligosaccharides involved. Consequently, quantification of 

571 the sum of all compounds of that peak in the CAD chromatogram was carried out and the compounds 

572 involved are listed (see Table 7, column compounds identified). From the results obtained, it was 

573 observed that a wider range of oligogalacturonides were generated when pectin samples of low DM 

574 were incubated with EPG for a long incubation time (22h). This is suggested to be due to the fact that 

575 EPG acts in a more efficient way on low DM substrates, thus a variety of smaller compounds are 
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576 generated. Additionally, it is possible that a higher amount of oligogalacturonides than the quantities 

577 reported were generated after degradation of the different pectin samples, however, certain amount of 

578 these small molecules could have been lost during the purification process (dialysis) of the samples. 

579 In the case of CP77 undergoing depolymerization by the combined effect of EPG and PL, it was seen 

580 that when a higher concentration of PL at longer incubation time was used, a higher total concentration 

581 of oligogalacturonides (<3.5 kDa) was produced. These results show the extensive cleavage of a high 

582 DM substrate by the action of PL when PL is added in sufficient amounts and for a longer period of 

583 time. At lower concentrations of PL and/or shorter incubation times, it seems that degradation of the 

584 pectin molecule is limited, therefore, leading to the production a lower amount of oligosaccharides of 

585 small Mw. 

586 4. Conclusions

587 Characterization of the different pectin-derived samples containing a diversity of compounds 

588 demonstrated that structurally different fractions, of different degrees of polymerization and with 

589 differences in molecular composition can be produced by applying specific depolymerization processes 

590 under different production conditions. HILIC/TOF-MS was successfully applied to elucidate the 

591 composition of the acidic POS present in the samples exhibiting differences in DP but carrying the same 

592 charge. Based on the revealed composition of the pectin-derived mixtures generated, it was observed 

593 that a wider range of compounds were produced when applying an extended enzymatic process on a 

594 low DM pectin substrate, by the action of EPG, and when depolymerizing a high DM pectin by means 

595 of the combined effect of PL and EPG. As expected, unsaturated compounds were detected in the 

596 samples which were treated with a mixture of EPG and PL on a high DM substrate, which were 

597 attributed to the β-eliminative action of PL. Based on the structural characteristics of the samples 

598 generated, these pectin-derived compounds are expected to exhibit promising functional properties (e.g. 

599 prebiotic and emulsifying potential). In this context, further research is required in order to evaluate the 

600 potential functionalities of the generated pectin-derived samples, and hence establish different structure-

601 function relationships which enable researches to further understand the impact of specific pectin 

602 structural modifications on their functional properties.   
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FIGURE CAPTIONS 

Figure 1. Molecular weight distribution (full lines) and concentration profiles (dashed lines) of CP77 (---), CP57 (---), CP43 
(---) and their derived depolymerized compounds (dotted lines) CP77 EPG 5U 1h (...), CP77 EPG 5U 22h (...), CP57 EPG 
5U 1h (...), CP57 EPG 5U 22h (...), CP43 EPG 5U 1h (...) and CP43 EPG 5U 22h (...), produced by means of an enzymatic 
hydrolysis process with EPG for different incubation times of 1 and 22 h. The color of the molecular weight profiles 
corresponds to the one of each concentration profile, respectively. (FIGURE CAPTURE TO BE PRINTED IN 
COLORS)

Figure 2. Representative TOF-ESI-MS chromatographs of compounds identified in citrus pectin-derived oligosaccharides of 
Mw<3.5kDa. Chromatographs of CP43 EPG 5U 22h (A), CP77 EPG 5U PL 2.5U 22h (B) and CP11 ALK EPG 5U 22h  (C).   
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FIGURES

Figure 1 (TO BE PRINTED IN COLORS)
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Figure 2

DPMe,Ac: degree of polymerization (DP), number of methyl groups (Me), number of acetyl groups (Ac).  
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TABLES

Table 1

Generated sample Description of initial and generated pectin-derived samples

CP770 Pectin sample DM 77%

CP570 Pectin sample DM 57%

CP430 Pectin sample DM 43%

CP77 EPG 5U 1h1 Pectin sample (CP77) enzymatically hydrolyzed for 1 h with EPG (5 U/g)

CP77 EPG 5U 22h1 Pectin sample (CP77) enzymatically hydrolyzed for 22 h with EPG (5 U/g)

CP57 EPG 5U 1h1 Pectin sample (CP57) enzymatically hydrolyzed for 1 h with EPG (5 U/g)

CP57 EPG 5U 22h1 Pectin sample (CP57) enzymatically hydrolyzed for 22 h with EPG (5 U/g)

CP43 EPG 5U 1h1 Pectin sample (CP43) enzymatically hydrolyzed for 1 h with EPG (5 U/g)

CP43 EPG 5U 22h1 Pectin sample (CP43) enzymatically hydrolyzed for 22 h with EPG (5 U/g)

CP77 EPG 5U PL 0.5U 30 min2 Pectin sample (CP77) enzymatically hydrolyzed with a mixture of EPG (5 U/g) and 
PL (0.5 U/g) for a period of 30 minutes

CP77 EPG 5U PL 2.5U 30 min2 Pectin sample (CP77) enzymatically hydrolyzed with a mixture of EPG (5 U/g) and 
PL (2.5 U/g) for a period of 30 minutes

CP77 EPG 5U PL 2.5U 22h2 Pectin sample (CP77) enzymatically hydrolyzed with a mixture of EPG (5 U/g) and 
PL (2.5 U/g) for a period of 22 h

CP11 ALK EPG 5U 22h3 Pectin sample (CP43) chemically demethylesterified to a final DM of 11%, followed 
by enzymatic hydrolysis with EPG (5 U/g) for a period of 22 h

0: initial pectin materials.
1: pectin-derived samples generated during the 1st treatment.
2: pectin-derived samples generated during the 2nd treatment.
3: pectin-derived samples generated during the 3rd treatment.

Table 1. List of codes of generated pectin-derived samples by means of enzymatic/chemical treatments
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Table 2

Treatment Elution 
peak # Mw (Da)

CP77 1 144000 ± 4243a

CP57 1 151000 ± 2828a

CP43 1 116000 ± 4213b

CP77 EPG 5U 1h 1 61600 ± 990c

CP77 EPG 5U 22h 1 40000 ± 1556d

CP57 EPG 5U 1h 1 27000 ± 849e

1 83700 ± 113
CP57 EPG 5U 22h

2 15300 ± 707f

CP43 EPG 5U 1h 1 18800 ± 1980f

1 74100 ± 1626
CP43 EPG 5U 22h

2 2520 ± 240g

1 129000 ± 212
CP77 EPG 5U PL 0.5U 30 min

2 20500 ± 283e.f

1 94900 ± 1650
CP77 EPG 5U PL 2.5U 30 min

2 2850 ± 156g

1 60600 ± 1131
CP77 EPG 5U PL 2.5U 22h

2 3430 ± 191g

1 96000  ± 212
CP11 ALK EPG 5U 22h

2 2710 ± 187g

Different superscript letters indicate significant differences (p < 0.05) among the average MW of the most abundant pectin molecule fractions 
(fractions accounting for > 5% of the total amount of sample analyzed) present in the different pectin and pectin-derived samples.

Table 2. Average molecular weight of initial pectin materials and pectin-derived samples. Results are expressed as average 
values ± standard deviation.
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Table 3

Property Sample Code

Pectin Related 
Sugars 
(mg/g sample)

CP77 CP57 CP43 

CP77 
EPG 5U 

1h

CP77 
EPG 5U 

22h 

CP57 
EPG 5U 

1h 

CP57 
EPG 5U 

22h 

CP43 
EPG 5U 

1h 

CP43 
EPG 5U 

22h 

CP77 
EPG 5U 
PL 0.5U 
30 min 

CP77 
EPG 5U 
PL 2.5U 
30min

CP77 
EPG 5U 
PL 2.5U 

22h

CP11 
ALK 

EPG 5U 
22h

GalA 779.52 ±
13.87 c, d

863.45 ±
26.83 a

853.43 ±
12.07 a, b

789.14 ±
18.88 b, c, d

791.83 ±
17.82 b, c, d

781.14 ±
26.04 c, d

777.92 ±
17.98 c, d

809.84 ±
24.80 a, b, c

785.96 ±
15.04 c, d

730.08 ±
15.62 d

780.97 ±
18.40 c, d

736.25 ±
13.91 d

790.91 ±
8.72 b, c, d

Fucose 0.03 ±
0.02 d

0.02 ±
0.01 d

0.14 ±
0.06 d

0.09 ±
0.03 d

0.17 ±
0.01 c, d

0.02 ±
0.02 d

0.04 ±
0.01 d

0.01 ±
0.01 d

0.08 ±
0.01 d

0.31 ±
0.04 b, c

0.41 ±
0.04 b

0.78 ±
0.03 a

0.69 ±
0.05 a

Rhamnose 11.49 ±
0.93 d

10.71 ±
0.17 d, e

8.70 ±
0.34 e, f

10.28 ±
0.23 d, e

11.07 ±
0.67 d

8.08 ±
0.12 f, g

7.89 ±
0.23 f, g

6.40 ±
0.14 g

10.03 ±
0.80 d, e, f

11.93 ±
1.08 c, d

13.94 ±
0.16 c

18.72 ±
0.45 b

21.71 ±
0.30 a

Arabinose 15.10 ±
1.01 a, b

7.79 ±
0.88 c

2.83 ±
0.07 e

14.19 ±
0.24 b

14.20 ±
0.35 b

5.49 ±
0.01 d

5.10 ±
0.02 d

2.04 ±
0.04 e

2.34 ±
0.32 e

15.37 ±
0.75 a, b

16.48 ±
0.02 a

14.85 ±
0.37 a, b

4.97 ±
0.26 d

Galactose 68.17 ±
5.66 a, b, c

45.43 ±
5.32 d

43.57 ±
1.99 d

70.96 ±
2.86 a, b

72.16 ±
1.98 a, b

42.64 ±
0.16 d

47.03 ±
0.78 d

36.14 ±
1.36 d, e

39.36 ±
1.89 d

58.72 ±
3.23 c

62.90 ±
2.10 b, c

27.55 ±
0.79 e

76.96 ±
1.53 a

Xylose 0.89 ±
0.28 d, e, f

0.68 ±
0.08 f

0.96 ±
0.08 d, e, f

0.79 ±
0.14 e, f

1.15 ±
0.05 c, d, e, f

0.72 ±
0.08 f

0.74 ±
0.17 e, f

0.73 ±
0.02 e, f

1.73 ±
0.29 b, c

1.32 ±
0.06 c, d, e

1.47 ±
0.04 b, c, d

2.02 ±
0.04 b

2.73 ±
0.09 a

Other sugars 

Glucose 5.48 ±
1.22 a

3.66 ±
0.31 b, c, d

3.88 ±
0.10 b, c

3.53 ±
0.13 b, c, d, e

3.62 ±
0.09 b, c, d, e

2.16 ±
0.16 e, f

2.23 ±
0.37 d, e, f

2.40 ±
0.01 c, d, e, f

2.44 ±
0.09 c, d, e, f

2.29 ±
0.08 d, e, f

1.85 ±
0.01 f 

1.69 ±
0.03 f

3.94 ±
0.16 b

Mannose 1.03 ±
0.39 b, c, d

0.82 ±
0.04 c, d

0.93 ±
0.06 b, c, d

0.95 ±
0.19 b, c, d

1.19 ±
0.02 b, c

0.46 ±
0.04 d

0.57 ±
0.36 c, d

0.64 ±
0.06 c, d

1.04 ±
0.01 b, c, d

0.82 ±
0.05 c, d

0.73 ±
0.01 c, d

1.46 ±
0.05 b

2.22 ±
0.02 a

Sugar ratios  

Linearity 7.26 ± 
0.60 e

11.94 ± 
1.08 b, c

13.71 ± 
0.58 b

7.30 ±   
0.19 e

7.14 ±    
0.22 e

12.29 ±   
0.02 b, c

11.51 ±   
0.15 c, d

16.17 ±   
0.44 a

13.21 ± 
0.84 b, c

7.36 ±       
0.43 e

7.23 ±
0.09 e

9.87 ±
0.09 d

6.63 ±
0.14 e 

RG-I contribution 0.02 ± 
0.01 c, d

0.02 ± 
0.01 d, e, f

0.01 ±  
0.01 e, f, g

0.01 ±    
0.01 d, e

0.02 ±    
0.01 c, d

0.01 ±    
0.01 e, f, g

0.01 ±    
0.01 f, g

0.01 ±    
0.01 g

0.01 ±   
0.01 d, e, f

0.02 ±       
0.01 b, c

0.02 ±
0.01 b

0.03 ±
0.01 a

0.03 ±
0.01 a

Branching of RG-I 6.84 ± 
0.01 a, b

4.66 ± 
0.62 e, f

4.92 ±  
0.03 d, e

8.13 ±    
0.45 a

7.35 ±    
0.25 a

5.56 ±    
0.10 c, d, e

6.14 ±    
0.09 b, c

5.49 ±    
0.32 c, d, e

3.83 ±   
0.10 f, g

5.9 ±
0.22 b, c, d

5.41 ±
0.31 c, d, e

2.21 ±
0.11 h

3.48 ±
0.03 g

DM (%) 74.40 ±
0.83 a

52.93 ±
2.19 b

37.77 ±
0.64 e

72.74 ±
1.09 a

73.02 ±
0.47 a

52.19 ±
1.51 b, c

49.36 ±
0.71 c

35.99 ±
0.29 e, f

38.33 ±
0.18 e

52.93 ±
1.16 b

42.18 ±
0.04 d 

34.06 ±
0.05 f

10.80 ±
0.83 g

Protein content
(% w/w)

1.39 ±
0.48 a

0.89 ±
0.08 a

0.91 ±
0.01 a

1.16 ±
0.21 a

0.82 ±
0.07 a

0.63 ±
0.08 a

0.77 ±
0.25 a

0.73 ±
0.03 a

0.74 ±
0.05 a

0.80 ±
0.15 a

0.74 ±
0.03 a

1.21 ±
0.13 a

1.60 ±
0 .34 a

Mw (Da) 144000 ±
4243 a

151000 ±
2828 a

116000 ±
4213 b

61600 ±
990 c

40000 ±
1556 d

27000 ±
849 e

15300 ±
707 f

18800 ±
1980 f

2520 ± 
240 g

20500 ±
283 e, f

2850 ± 
156 g

3430 ±
191 g

2710 ±
187 g

Different superscript letters indicate significant differences (p < 0.05) among the values of a structural property for the different pectin and pectin-derived samples.

Table 3. Structural properties of generated pectin-derived samples, including galacturonic acid content (GalA), neutral sugar content, sugar ratios, degree of methylesterification (DM), and Mw. 
Results are expressed as average values ± standard deviation. All samples were de-salted prior to analysis.
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Table 4

Degraded pectin samples (M-H)- m/z Elution time (min) C (ppm) Compound identified

CP77 193 5.7 38.8 100   

 369 12.3 20.1 200  

 545 16.1 13.0 300  

CP57 193 6.2 7.4 100   

CP43 193 5.9 11.2 100  

CP77 EPG 5U 1h 193 6.4 56.3 100   

CP77 EPG 5U 22h 193 6.4 29.4 100  

CP57 EPG 5U 1h 193 6.4 5.9 100  

CP57 EPG 5U 22h 545/735/925 15.3 18.7 300/410/520   

CP 43 EPG 5U 1h 193 6.1 7.4 100  

 545 15.9 3.6 300 

CP 43 EPG 5U 22h 193 6.5 41.6 100  

369/559/749 12.4 147.4 200/310/420  

545/735/925 15.8 121.7 300/410/520   

CP77 EPG 5U PL 0.5U 30 min 194 6.4 5.9 100  

369/559/749/935/545 15.1 10.1 200/310/420/U540/300  

CP77 EPG 5U PL 2.5U 30 min 194 6.4 40.9 100  

559/749/907/1097 12.7 122.6 310/420/U520/U630 

735/925 14.2 45.6 410/520i

CP77 EPG 5U PL 2.5U 22h 194 6.5 20.5 100  

351/559/749/907 12.7 177.8 U200/310/420/U410/U520  

735/837/925/893 16.7 67.2 410/GalA3Rha2/520/U510  

CP11 ALK EPG 5U 22h 194 6.6 24.2 100  

369/559 12.4 44.4 200/310i

545/735 15.7 126.0 300/410i

911 21.7 24.5 510i

DPMe,Ac: degree of polymerization (DP), number of methyl groups (Me), number of acetyl groups (Ac).  

Table 4. Summary of m/z values, elution time, concentrations (C) and structure of identified compounds



37

Declaration of competing interest 

The authors of the present work declare no conflict of interests. 

CRediT authorship contribution statement 

J.N. Humerez-Flores: Conceptualization, Methodology, Validation, Formal analysis, Investigation, 

Writing - original draft, Visualization. C. Kyomugasho: Supervision, Methodology, Writing - review 

& editing, Visualization. P. Agnese: Methodology. A.A. Gutiérrez-Ortiz: Investigation. M. De Bie: 

Investigation. A.M. Van Loey: Acquired project funding, Methodology, Review. P. Moldenaers: 

Acquired project funding, Methodology, Review. M.E. Hendrickx: Acquired project funding, Project 

administration, Supervision, Conceptualization, Methodology, Validation, Writing - review & editing.

Appendix - Supplementary material



38

Supplementary Figure 1 (GRAPH AND FIGURE CAPTURE PRINTED/SHOWN IN COLORS)

Supplementary Figure 1. Scheme of the three different treatments applied for the degradation of the initial pectin materials 
CP77, CP57 and CP43, and the correspondent CP-derived compounds generated.

Supplementary Figure 2 (GRAPH AND FIGURE CAPTURE PRINTED/SHOWN IN COLORS)

Effect of EPG concentration and incubation time on molecular weight  

EPG (5U/g pectin); 1 h incubation
CP77 EPG 5U 1h
CP57 EPG 5U 1h
CP43 EPG 5U 1h 

EPG (5U/g pectin); 22 h 
incubation

CP77 EPG 5U PL 0.5U 30 min

CP11 ALK EPG 5U 22h

EPG (5U/g pectin); PL (0.5U/g 
pectin); 30 min incubation
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pectin); 30 min incubation

EPG (5U/g pectin); PL (2.5U/g 
pectin); 22 h incubation

CP77 EPG 5U 22h
CP57 EPG 5U 22h
CP43 EPG 5U 22h 
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CP77 EPG 5U PL 2.5U 22h
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incubation
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2
nd

 Treatment

3
rd
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samplesTreatment description

Saponification and subsequent 
depolymerization of CP43 by 

EPG



39

In Supplementary Figure 2, representative results of the mother pectin CP57 and the samples derived 

thereof by hydrolysis by EPG at different concentrations as well as incubation times are shown. Please 

note that for this experiment non-desalted samples are shown, meaning that data beyond 62 minutes 

refer to impurities (salts) in the sample (the retention time of galacturonic acid is 64 min). Analyzing 

the chromatograms of the citrus pectin derived samples produced by action of EPG at concentrations 

of 5 U/g pectin (Supplementary Figure 2A) and 25 U/g pectin (Supplementary Figure 2B), it can be 

observed that the elution profiles of the different samples produced in presence of 25 U EPG/g pectin 

eluted at similar times, thus exhibiting average Mw’s within a narrower range in comparison to the 

samples produced by addition of 5 U/g pectin. These results indicate that addition of EPG at lower 

concentrations (5 U/g pectin) for different incubation times leads to the generation of compounds 

having a significantly (p < 0.05) different Mw. Therefore, to produce lower molecular weight 

compounds from the citrus mother pectins (CP77, CP57 and CP43) by action of EPG, a concentration 

of 5 U/g pectin was selected. Since the aim of this study was to produce pectin-derived compounds 

with differences in Mw and DM, incubation periods of 1 and 22 h were selected (for all three pectin 

sources CP77, CP57 and CP43 treated by EPG). 
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Supplementary Figure 2. Molecular weight distribution (full lines) and concentration profiles of CP57 mother pectin (dashed 
line) and its derived samples (dotted lines)  generated by action of EPG at 35 °C for incubation times of (...) 15 min, (...) 30 
min, (...) 1 h, (...) 3 h and (...) 22 h, at two different EPG concentrations: A) 5 U/g pectin and B) 25 U/g pectin.

Supplementary Figure 3 (GRAPH AND FGURE CAPTURE PRINTED/SHOWN IN COLORS)

Effect of PL concentration and incubation time on molecular weight  
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The Mw distribution and concentration profiles of the pectin-derived compounds, produced by 

hydrolyzing the three different citrus pectin materials by the simultaneous action of EPG and pectin 

lyase (PL), are presented in Supplementary Figure 3 (non-desalted samples). Analyzing the results of 

the concentration profiles of this first experimental stage (enzymatic depolymerization of CP77, CP57 

and CP43 through the synergistic effect of 5 U EPG /g pectin and 2.5 U PL/g pectin), comparable 

profiles were observed after incubation of each of the initial pectin materials with a mixture of EPG 

and PL for a period of 22 h. The concentrations are complemented by similar average Mw, irrespective 

of the DM of the starting material. As previously mentioned (see 3.1.2), EPG has a predominant 

preference for substrates of lower DM, while PL preferentially cleaves the linkage between 

methylesterified GalA residues of the HG backbone of pectin (Pedrolli et al., 2009). Therefore, when 

EPG and PL synergistically depolymerize the high DM pectin material (CP77), shorter polymer fractions 

are generated from both the methylesterified and non methylesterified regions. In the case of the 

pectin material of lower DM (CP57 and CP43), extensive degradation by the action of EPG was 

observed and the generated methylesterified GalA stretches (intact pectin chains which were not 

degraded by EPG) became the optimal substrate for PL activity. Therefore, promoting the formation 

of shorter pectin chains. Since the concentration profiles and Mw distribution of the three pectin-

derived materials (CP77 EPG 5U PL 2.5 U 22h, CP57 EPG 5U PL 2.5 U 22h and CP43 EPG 5U PL 2.5 U 

22h) were similar, only the sample CP77, was used for the following experiments involving the 

degradation of pectin by the synergistic effect of EPG and PL.
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Supplementary Figure 3. Molecular weight distribution (full lines) and concentration profiles (dashed lines) of CP77 (---), CP57 

(---), CP43      (---) and their derived depolymerized compounds (dotted lines) CP77 EPG 5U PL 2.5 U 22h (...), CP57 EPG 5U PL 
2.5 U 22h (...) and C43 EPG 5U PL 2.5 U 22h (...), produced by means of an enzymatic hydrolysis process of the initial pectin 
materials with EPG and PL for 22h. The color of the molecular weight profiles corresponds to the one of each concentration 
profile, respectively.

Supplementary Figure 4 (GRAPH AND FIGURE CAPTURE PRINTED/SHOWN IN COLORS)

Supplementary Figure 4. Molecular weight distribution (full lines) and concentration profiles of CP77 (---) and depolymerized 
derivative compounds (dotted lines) CP77 EPG 5U PL 0.5U 30 min (...), CP77 EPG 5U PL 2.5U 30 min (...) and CP77 EPG 5U PL 
2.5U 22h (...) produced by means of an enzymatic hydrolysis process with EPG and PL for 22 h. The color of the molecular 
weight profiles corresponds to the one of each concentration profile, respectively.

Supplementary Figure 5 (GRAPH PRINTED/SHOWN IN COLORS)
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Supplementary Figure 5. Molecular weight distribution (full lines) and concentration profiles of CP43 (---), and CP11 ALK EPG 
5U 22h (...). The color of the molecular weight profiles corresponds to the one of each concentration profile, respectively. 

Supplementary Figure 6
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Supplementary Figure 6. Representative CAD chromatographs of compounds identified in citrus pectin-derived 
oligosaccharides of Mw<3.5kDa. Chromatographs of CP43 EPG 5U 22h (A), CP77 EPG 5U PL 2.5U 22h (B) and CP11 ALK EPG 
5U 22h  (C). 

Supplementary Table 1. Content of Ca2+-, Mg2+-, Fe2+-, Zn2+-and Na+-ions present in both the initial pectin materials and 
pectin-derived samples, produced by enzymatic and non-enzymatic methods.
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Mineral content (mg/g sample)
Sample

Ca2+ Mg2+ Fe2+ Zn2+ Na+ 

CP77 0h 0.470 ± 0.001 a 0.044 ± 0.003 a 0.019 ± 0.001 a 0.016 ± 0.009 a 7.028 ± 0.551 b, c, d

CP57 0h 0.422 ± 0.062 a 0.042 ± 0.004 a 0.038 ± 0.004 a 0.023 ± 0.003 a 9.699 ± 2.807 b

CP43 0h 0.129 ± 0.015 a 0.010 ± 0.005 a 0.008 ± 0.004 a 0.002 ± 0.001 a 1.398 ± 1.011 e

CP77 EPG 5U 1h 0.207 ± 0.079 a 0.029 ± 0.028 a 0.019 ± 0.011 a 0.003 ± 0.001 a 1.826 ± 0.571 e

CP77 EPG 5U 22h 0.319 ± 0.016 a 0.014 ± 0.001 a 0.012 ±0.003 a 0.003 ± 0.001 a 1.167 ± 0.254 c, d, e

CP57 EPG 5U 1h 0.832 ± 0.360 a 0.126 ± 0.082 a 0.024 ± 0.004 a 0.011 ± 0.001 a 25.843 ± 0.680 a

CP57 EPG 5U 22h 0.322 ± 0.216 a 0.050 ± 0.033 a 0.117 ± 0.012 a 0.005 ± 0.003 a 4.549 ± 1.608 e

CP43 EPG 5U 1h 0.386 ± 0.134 a 0.012 ± 0.002 a 0.016 ± 0.008 a 0.005 ± 0.001 a 7.395 ± 0.414 b, c

CP43 EPG 5U 22h 0.323 ± 0.046 a 0.015 ± 0.013 a 0.019 ± 0.006 a 0.037 ± 0.004 a 2.541 ± 1.832 c, d, e

CP77 EPG 5U PL 0.5U 30m 0.313 ± 0.106 a 0.010 ± 0.001 a 0.015 ± 0.007 a 0.002 ± 0.001 a 2.183 ± 1.498 d, e

CP77 EPG 5U PL 2.5U 30m 0.210 ± 0.099 a 0.009 ± 0.001 a 0.020 ± 0.006 a 0.003 ± 0.002 a 2.082 ± 0.596 d, e

CP77 EPG 5U PL 2.5U 22h 0.503 ± 0.275 a 0.118 ± 0.010 a 0.044 ± 0.033 a 0.005 ± 0.003 a 2.876 ± 0.772 c, d, e

CP11 ALK EPG 5U 22h 0.350- ± 0.119 a 0.010 ± 0.010 a 0.010 ± 0.003 a 0.003 ± 0.001 a 2.384 ± 0.974 d, e

Different superscript letters indicate significant differences (p < 0.05) among the values of a specific ion for the different pectin and pectin-
derived samples.

 A diversity of citrus-pectin derived samples were successfully generated through enzymatic 

and chemical processes.

 The generated pectin molecules exhibited differences in structure, including molecular weight 

and degree of methylesterification.

 The pectin-derived samples generated contained different fractions of oligosaccharides of 

degree of depolymerization between 1 and 6.


