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Highlights

»  Serum pectin subdomains were isolated using hot acid and alkaline conditions.
« TheAIR and derived RGI-rich fraction exhibited branch-like microstructures.

»  Homogal acturonan-rich fractions displayed strand-like microstructures.
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Abstract

The molecular structure of pectin, a cell wall @algcharide in fruits and vegetables,
greatly determines its functionality. Owing to $tslubility characteristics, pectin is naturally
present in the particle and liquid (serum) phasglariit-based dispersions (e.g. purées) that
can influence product functionality. The objectofehe present study was to investigate the
structure of serum pectin obtained from carrot psyélifferently processed by a combination
of mechanical tissue disintegration (blending aiggh [pressure homogenization) and heat
treatments (high and low temperature). Serum phés#ated from the purées, were
lyophilized and served as the starting materialdolation of the pectic polysaccharides as
alcohol insoluble residues. Physico-chemical charemation revealed that different
processing combinations of carrot purées can genseaum pectins with specific structural
properties. Differences in the molecular weightaifrot serum pectic polysaccharides were
observed depending on the sequence of heat ancameahtreatments. Subsequent
partitioning of carrot serum pectic polysaccharios rhamnogalacturonan | (RGI) and
homogalacturonan (HG)-rich fractions using hot lflkkaand mild acid conditions,
respectively, revealed the composition and molealaracteristics of the serum pectin
subdomains. The RGlI-rich fractions were mainly ebterized by high concentrations of
neutral sugars (arabinose, galactose, and rhamandaxhibited branch-like structures in
solution under cryo-SEM. HG-rich fractions, on tither hand, were characterized by highly
linear galacturonic acid-rich pectin and exhibistihind-like structures under cryo-SEM.
Knowledge of these structural changes can be useéxploring the functionalities of carrot

serum pectic polysaccharides.
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1. Introduction

The production of fruit and vegetable-based dispasssuch as soups, smoothies,
sauces and purées involves tissue disintegratidreat treatments, which alters the
microstructure of the plant matrix resulting inarglex multi-scale food system structured
by particles dispersed in a continuous (serum) @lll®elants, et al., 2014). Pectin, due to its
solubility characteristics, is present in both plagticle and serum phase, and can exhibit
different structural properties. Moreover, chanigethe molecular structure of pectin in both
phases can occur during processing and influerectutictionality (e.g. flow behavior) of
low-starch containing plant-based dispersions & ilaens et al., 2012; Houben et al., 2014).
Pectin solubilized in the serum phase, a waterbdelpectin termed as serum pectin, is
suggested to be an important constituent of plepiedsions. Depending on its molecular
characteristics, serum pectin is suggested toaotavithin the aqueous phase or with the
particles and contribute to the overall structuigaaization of plant-based dispersions
(Kyomugasho, Willemsen, Christiaens, Van Loey, &Hieckx, 2015; Moelants et al., 2014;
Moelants et al., 2012). However, in-depth knowledgd understanding of the specific
molecular characteristics of serum pectin natunatgsent in plant-based food dispersions is
still limited. An insight into the molecular propies of serum pectin and how these properties
change under specific processing conditions mighinpt the exploration of serum pectin’s
potential as a functional component.

To date, pectin is a well-recognized biopolymer pasing several polysaccharide
domains with at least 17 different monosacchandi&sconnected through more than 20
different linkages (Ridley, O'Neill, & Mohnen, 200 Homogalacturonan (HG) and
rhamnogalacturonans (mainly rhamnogalacturonand lia are the most abundagmectic
polysaccharides. On the one haHG is a linear chain of 1,4 linkedD-galacturonic acid

(GalA) residues known as the “smooth” region. IEAGresidues can be methyl-esterified at
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C-6 up to 70-80 % and O-acetylated at C-3 or Ci=dding on the plant source (Voragen,
Coenen, Verhoef, & Schols, 2009). On the other hemmnogalacturonan | (RGI) consists
of a backbone of the repeating disaccharidedJ-GalA-1,2a-L-Rha-1-4-]n and represents
20-35 % of pectin. RGI, the “hairy” region, is rdied with side chains of individual, linear

or branched oligosaccharide residues attachea at#h of rhamnose residues (Voragen et al.,
2009). Linear arabinan and (arabino)galactan a@tbédominant RGI side chains (Caffall &
Mohnen, 2009). Recently, the galacturonic acid duadnnose residues of the RGIl subdomain
of pectin extracted from okra pods were found t@®bacetylated (Alba, Laws, &
Kontogiorgos, 2015; Sengkhamparn et al., 2009).tfid substructure, rhamnogalacturonan
Il (RGII) accounts for about 10 % of total pectimdais the most complex and conserved
structure among the pectic polysaccharides. Thistsucture comprises of a backbone
consisting of at least eight GalA residues wittedidanches of either structurally distinct
disaccharides or oligosaccharides (Caffall et281Q9; Mohnen, 2008).

The structure of individual pectin subdomains candyealed by partitioning pectin
chemically and/or enzymatically followed by a plegschemical characterization. In this
regard, Thibault, Renard, Axelos, Roger, & Crepd®93) isolated the homogalacturonan
fraction of apple, beet and citrus pectins usiniglracid hydrolysis at 80 °C for 72 h and its
characterization revealed different sensitivitiethe glycosidic linkages of these pectins to
acid hydrolysis. Recently, mild acid hydrolysis8at°C for 24 h was shown to be sufficient in
isolating the homogalacturonan fraction of diffdreitrus pectins (Kaya, Sousa, Crepeau,
Sorensen, & Ralet, 2014). Similarly, the homogailasrtan subdomain of tomato pectin from
unripe pericarp was selectively isolated using ragdl hydrolysis at 80 °C for 24 h and then
investigated using atomic force microscopy (Rowidpby, MacDougall, & Morris, 2010).
Moreover, to characterize the molecular propediesugar beet pectin (SBP), Morris, Ralet,

Bonnin, Thibault, & Harding (2010) selectively iatdd the homogalacturonan and
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rhamnogalacturonan | subdomains by different me@angshe one hand, the
homogalacturonan subdomain of SBP was isolatedjumsild acid hydrolysis at 80 °C for 72
h, while on the other hand, the rhamnogalacturauddomain was obtained by
enzymatically degrading the homogalacturonan uingal pectin methyl-esterase and
different polygalacturonases (Morris et al., 201®iven that mild acid hydrolysis for 72 h
can degrade and influence the molecular weighbaidgalacturonan, a combination of
different enzymes including pectin methylesterasamnogalacturonan hydrolase,
galactanase and arabinanase were used to isatateitnogalacturonan of sugar beet, apple
and lime pectins (Bonnin, Dolo, Le Goff, & Thibau®002). However, fragments of
rhamnogalacturonan side chains were still presetitd enzymatically isolated
homogalacturonan fraction (Bonnin et al., 2002)erEifiore, using either chemical or
enzymatic means of partitioning the pectin subdosaiight often be associated with
residual amounts of one fraction in another.

As a first step in gaining insight into the moleanuproperties of serum (solubilized)
pectin, the chemical means of partitioning the ipesiitbdomains was used in the present
study. Serum pectin polysaccharides inherentlygmteim thermally and mechanically
processed fruits and vegetables (e.g. carrot pasgebe structurally more complex than
commercially-prepared, purified or chemically egteal pectins. Different serum pectin
molecular structures can be obtained, dependinberequence of thermal and mechanical
treatments or the action of endogenous pectinaglahzymes (e.g. pectin methylesterase)
(Santiago, Christiaens, Van Loey, & Hendrickx, 20%6éntiago, Jamsazzadeh Kermani, Xu,
Van Loey, & Hendrickx, 2017). Therefore, the présgark aimed to gain an in-depth
understanding of the molecular structure of serewtip polysaccharides, isolated from
differently processed carrot purées, by selectipelgitioning the homogalacturonan and

rhamnogalacturonan subdomains. These subdomaiesswesequently characterized for
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their degree of methyl-esterification, moleculaigi® and neutral sugar composition. On the
one hand, mild acid hydrolysis at 80 °C for 24 Is\applied to obtain the homogalacturonan
(HG) subdomain while on the other hand, a hot alkatondition (90 °C for 2 h) was
employed to isolate the rhamnogalacturonan | suladwrmo visualize the microstructure of
serum pectin polysaccharides (as alcohol insoltddglue) and the partitioned carrot serum
pectin subdomains in solution, cryo-scanning etectmicroscopy (cryo-SEM) was used.
2. Materials and methods
2.1 Materials

A batch of fresh carrot@ucus carotav. Nerac) from a local shop was washed,
peeled and cut into slices of approximately 0.5tleitk. All chemical reagents used were of
analytical grade.
2.2 Preparation of carrot purées and isolation loé serum phases

A schematic overview of the purée preparation avgled in Figure 1. The
combinations of thermal and mechanical treatmeglied in producing three differently-
prepared purées, were aimed at creating distiratirpeolecular structures. High temperature
treatment (HT) at 95 °C for 30 min was appliedrtactivate the enzymes and/or solubilize
pectin into the serum phase (Houben et al., 201gkldhts et al., 2012), while low
temperature treatment (LT) at 60 °C for 40 min aimsed at stimulating the action of
endogenous pectin methyl-esterase (PME) to genlenateethyl-esterified pectin
(Christiaens et al., 2012; Santiago et al., 20H&h pressure homogenization (HPH) at 100
MPa was applied to enhance pectin solubilizatiém ihe serum phase of the purées
(Moelants et al., 2012).

Briefly, carrot slices were vacuum-packed in pdiyétne bags (DaklaPack®
Lamigrip Stand-up Pouch Transparent; 220 mm x 360465 mm bottom fold) and then

either heat treated at 95 °C for 30 min or lefreated (raw). De-mineralized water in a 1:1
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(w/w) ratio was then added to the raw or heat treaedtslices followed by mechanical
disruption for 20 s at low speed then 40 s at Bjgged using a kitchen blender (Waring
Commercial, Torrington, Connecticut, USA). Aftenday a high pressure homogenizer
(Panda 2 K, Gea Niro, Parma, Italy) was used atMB@ (single pass) to intensively disrupt
the tissues. The purée obtained from the raw caliags was immediately vacuum-packed in
polyethylene bags and either immediately subjetrdddT at 95 °C for 30 min to inactivate
pectin-modifying enzymes or first subjected to i@ °C for 40 min to activate PME prior
to an inactivation step (HT) as shown in Figuréfter HT, samples were cooled to ambient
temperature in an ice-water bath. In order to obéaid isolate the serum phase from the
particles, the purées were centrifuged at 12,49®ot 30 min at 20 °C (J2-HS centrifuge,
Beckman, CA, USA). The serum phase, the supernatastvacuum-filtered, extensively
dialyzed (3.5 kDa, MWCO) against de-mineralizedexgtyophilized using Christ alpha 2-4
freeze dryer (Osterode, Germany) and then storaddigsiccator over,Bs until further use.
Hereto, the dry material obtained after freeze+dyyhe serum is referred as the lyophilized
serum and served as the starting material fortisol@f the carrot serum pectic
polysaccharides, as alcohol insoluble residue.
2.3 Isolation of carrot serum pectic polysacchasi@es alcohol insoluble residue (AIR)
Approximately 1.2 g of lyophilized serum, from eaxftthe differently-prepared carrot
purées, was suspended in 600 mL of 95//9 ethanol and mixed for 30 min at 4 °C. The
resulting suspension was vacuum-filtered (Macheagd® MN 615, @ 90 mm) and re-
suspended in 300 mL of 95 %\) ethanol. After a second vacuum filtration stéye, alcohol
insoluble residue (AIR) was suspended and stimextetone. A final vacuum filtration
generated the AIR which was dried overnight at@pthoroughly mixed and stored in a

desiccator over s until further analysis.
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2.3.1 Isolation of the rhamnogalacturonan | (RGbhr fraction from AIR using hot alkaline
conditions

AIRs of lyophilized sera, from differently-preparedrrot purées, were subjected to
alkaline pH and high temperature conditions. Apprately 60 mg AIR was suspended in 12
mL de-mineralized water and stirred at 4 °C fohl&ubsequently, the samples were heated
at 90 °C for 30 min and hot sodium hydroxide (1W#s gradually added until pH 12 (pH
meter Lab 860, Schott Instruments Analytics GmbEr@any). The samples were kept at 90
°C for 2 h with mild stirring and afterwards cooledambient temperature. Subsequently,
ethanol was added until a final concentration o#8/v) and the suspension was vacuum-
filtered using 0.Jum (Durapore® membrane filters, Merck Millipore lideland) glass unit
filter. The residue/precipitate was dissolved imil0 de-mineralized water, neutralized to pH
6 using 0.1 M hydrochloric acid and consequenthjydied (MWCO, 3.5 kDa) against de-
mineralized water for 48 h. Finally, the suspensiB&I-rich fractions were lyophilized and
then stored in a desiccator oveOR until further analysis.
2.3.2 Isolation of the homogalacturonan (HG)-ricadtion from de-esterified AIR using mild
acid hydrolysis

AIRs were first subjected to chemical de-esterifaaand then acid hydrolysis based
on the work of Morris et al. (2010) and Thibaulaét(1993) with minor modifications.
De-esterification/saponification of serum pectitysaccharides was aimed at increasing the
resistance of the linkages of galacturonic acicdre=s to hydrolysis under the high
temperature and acid conditions (Thibault et &93). To this extent, approximately 60 mg
AIR was suspended in 12 mL de-mineralized waterstinced at 4 °C for 16 h. Cold sodium
hydroxide (1 M) was slowly added to the mixtureiuaipH of 12 was obtained and then
maintained for 6 h at 4 °C. After chemical de-a&tation, the pH was adjusted to 1.0 using

hydrochloric acid (1 M) and the samples were subsetly heated in a temperature-



195  controlled oil bath at 80 °C for 24 h. After coaithe samples to ambient temperature,

196  ethanol was added until a final concentration o#8@/v). The suspension was subsequently
197  vacuum-filtered using a 0dm (Durapore® membrane filters, Merck Millipore lHdeland)
198  glass unit filter. About 3 mL of 0.1 M HCI was graally added to the residues obtained

199 followed by 10 mL de-mineralized water. Finallyetsamples/HG-rich fractions were

200 neutralized to pH 6 using 0.5 M lithium hydroxigtensively dialyzed (MWCO, 3.5 kDa)
201  against de-mineralized water and lyophilized ptoobeing stored in a desiccator oveOp

202 until further.

203 2.4 Analysis of the physico-chemical charactersst€ carrot serum pectic polysaccharides
204  and partitioned serum pectin subdomains

205  2.4.1 Monosaccharide composition

206 Monosaccharides including neutral sugars, galantar@nd glucuronic acids were
207 determined as described by De Ruiter, Schols, \@r&Rombouts (1992) and Nagel,

208  Sirisakulwat, Carle, & Neidhart (2014) with minopodifications. Methanolysis followed by
209 acid hydrolysis of each sample was carried oubtaio and analyze the constituting

210 monosaccharides. The resulting monosaccharidesideangfied and quantified using high
211 performance anion exchange chromatography (HPAB@ped with pulsed amperometric
212 detector (PAD). Briefly, 1 mg sample was dissolued mL de-mineralized water and an
213 aliquot of 20uL was dried in a screw cap test-tube undep @Wporator at 45 °C. After

214  adding 0.5 mL anhydrous 2 M methanolic HCI, metltgsie was carried out at 80 °C for 16
215  hin an oil bath. The samples were then cooledrtbi@nt temperature and dried undera
216 30 °C. Subsequently, acid hydrolysis using 0.5 2 M trifluoroacetic acid (TFA) was

217  performed for 1 h at 121 °C. The acid hydrolyzeasies were cooled to ambient

218 temperature, dried under,Bvaporator at 45 °C to remove the TFA and therotlisd in

219 ultrapure water (organic free, 18Wcm resistance) to a final concentration of 0.00@\3%).

10



220 To correct the possible degradation of monosacdbsrilOQuL aliquots of a mixture of sugar
221  standards (L-fucose, L rhamnose, L-arabinose, Regase, D-glucose, D-mannose,

222  D-xylose, galacturonic acid and glucuronic acidfminown concentrations were subjected
223  to methanolysis and TFA hydrolysis. All the sampiese filtered through 0.4fm

224  (Chromafil A-45/25, 0.4m, Macherey-Nagel Gmbh, Duren, Germany) prior jedtion

225 onto HPAEC. A Dionex HPLC system (DX600), equippath a GS50 gradient pump, a

226  CarboPac™ PA20 column (150 x 3 mm, pH range = Q-d.©arboPac™ PA20 guard

227  column (30 x 3 mm), and an ED50 electrochemicagaet (Dionex, Sunnyvale, USA) was
228 used. The detector was equipped with a referencelgd¢tirode (Ag/AgCl) and a gold

229  electrode that was used in the PAD mode, perforraiggadruple potential waveform. The
230 elution gradients were adapted from the methodriestby (Arnous & Meyer, 2008). After
231 equilibration (-10— -5 min: 100 mM NaOH, -5~ 0 min: elution gradient), 10L

232 hydrolysate was injected and eluted at 30 °C witlbw rate of 0.5 mL/min. From O to

233 20 min, elution gradients of 0.5 mM NaOH to obthéaiter peak resolution of xylose and
234  mannose or 15 mM NaOH to separate the peaks ofrmbserand arabinose were applied
235 (Jamsazzadeh Kermani et al., 2014). The columnregenerated by using 500 mM NaOH
236 (20— 30 min). To quantify the monosaccharides, mixtwfasn-hydrolyzed sugar standards
237  were used at varying concentrations.(5-25 ppm galacturonic acid and 1-10 ppm for néutra
238 sugars and glucuronic acid). Peak areas of un-hyed and hydrolyzed sugar standards
239  were compared and the recovery values were takeraatount in quantifying the

240 monosaccharides. All hydrolysis and chromatograpteasurements were carried out in
241  duplicate.

242 2.4.2 Degree of methyl-esterification

243 The degree of methyl-esterification (DM) was anatybased on the method of

244  Kyomugasho, Christiaens, Shpigelman, Van Loey, &dtiekx (2015) using Fourier

11
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transform infra-red (FT-IR) spectroscopy (ATR-FTEBhimadzu FTIR-8400S, Japan). The
transmittance of the samples was recorded at wavieers from 4000 cthto 400 cn at
resolution 4 cnt, peak intensities at 1600-1630 ¢due to carboxylate group (CO@nd
at 1740 crit due to methyl-ester carbonyl group (C=0) stretghiring of interest. The ratio
(R) between the peak intensity at 1740°camd the sum of the peak intensities at 1740 cm
and 1600-1630 cthwas used to predict the DM of the samples basetenalibration line:
DM (%) = 136.86 XR + 3.987 (Kyomugasho, Christiaens, et al., 2015g Galibration line
was constructed using citrus pectin with differBMs (0-94 %) obtained
enzymatically/chemically as well as another sdDbfs (0-94 %) generated by mixing
polygalacturonic acid and high DM citrus pectirdifferent ratios (Kyomugasho, Christiaens,
et al., 2015).
2.4.3 Protein content

The total nitrogen content of the samples was nredsusing an EA 1110 CHNS-O
elemental analyzer (CE-Instruments/Thermo Fisharffific). About 1 mg of the sample was
placed in a crimped tin capsules (8 mm x 5 mm)rgaacombustion in the elemental
analyzer. A conversion factor of 6.25 was usedatoutate the amount of proteins in the
sample (Immerzeel, Eppink, de Vries, Schols, & \gera 2006).
2.4.4 Molecular weight distribution and intrinsicsgosity

The molecular weight distribution and intrinsicaasity of the samples were analyzed
based on the work of Shpigelman, Kyomugasho, Gaess, Van Loey, & Hendrickx (2014).
A high performance size exclusion chromatography$HC) integrated to 4 detectors,
namely: PN3621 multi-angle laser light scatterifbALLS) from Postnova analytics,
Germany; Shodex RI refractive index (RI) from Shd»enko K.K., Kawazaki, Japan; a PN
3310 viscometer from Postnova analytics, Germanyaa@1316A diode array detector

(DAD) from Agilent technologies, Diegem, Belgiumathqualitatively detects the presence of

12
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UV absorbing molecules, was used. Prior to HPSEAlyais, the samples were dissolved and
prepared differently as they showed different fdtelity and recovery after filtration.
However, all the samples were eluted using the dauffer and analytical conditions. The
AIRs and RGl-rich fractions (0.2 %/v) were stirred overnight in a pH 4.4 buffer (0.1 M
acetic acid and NaNgpfollowed by filtration through a 0.4pm syringe filter (Miller-HV).
For the de-esterified AIRs and HG-rich fraction® % (v/v) sample was first dissolved in
ultrapure (organic free, 18 @Mcm resistance) water overnight followed by diay®WCO,
3.5 kDa) against 0.05 M NaNGolution for 48 h. To facilitate the filterabilitthese samples,
were heated at 50 °C for 10 min prior to filtratidrhibault et al., 1993). Exactly 1Q@Q. of
filtered sample was then injected using an autopsanonto a series of three Waters column
(Waters, Milford, MA), namely, Ultrahydrogel 250000 and 2000 with exclusion limits of
8 x 1¢f, 4 x 16, and 1 x 16g/mol, respectively. A constant flow rate of 0.5/min of the
elution buffer (0.1 M acetic acid and Nablauffer at pH 4.4) was applied and the columns
were kept at 35 °C. A dn/dc value of 0.146 mL/g waed to calculate the concentration. The
molecular weight was calculated using the Debyméjtmethod (up to™ order) by the
software provided by the manufacturer of MALLS atbe (NovaMals, version 1.2.0.0,
Postnova analytics, Germany). The intrinsic visiyosias obtained from the viscometer
detector signals and the calculated concentrafidimeosamples. All the samples were
analyzed in duplicate.
2.5 Visualization of the microstructure of carra@rgm pectin polysaccharides (AIRs) and
derived pectin subdomains

Cryo-scanning electron microscopy (cryo-SEM) wasdu® visualize the
microstructure of carrot serum pectic polysacclesidh solution. Approximately 1 mg of
lyophilized sample was dissolved overnight in 1 oftapure water (organic free, 18Mcm

resistance). A few drops of the sample was plact¢d @ slot on a stub with rivets, vitrified
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and transferred into the cryo-stage at -140 °@éncryo-preparation chamber (PP3010T
cryo-SEM preparation system, Quorom Technologi¢§), UThe sample was freeze-fractured,
sublimated at -90 °C for 25-30 min under controd@aduum conditions and then sputter
coated with platinum using argon gas to preventgihg during electron beam targeting
(Kyomugasho et al., 2016). Finally, the sample twassferred onto the SEM stage and
examined using a JEOL JSM 7100F SEM (JEOL Ltd, Bokiwpan) for their microstructure
in solution.
2.6 Data analysis

To determine the statistical significance, dupkcateans were analyzed by one-way
analysis of variance using JMP statistical softw@dP Pro 13.0.0, SAS Institute Inc.). A
student’s t-test was used to compare significadifferent (-value <0.05) mean values of
only two groups (i.e. between starting material dedved fraction), while a post-hoc test
using Tukey’s honest significant difference (HSDasnemployed for mean values of more
than two groups (i.e. among starting materialsesivéd fractions).

3. Results and discussion

3.1 Molecular properties of RG I-rich fractions artkeir respective carrot serum pectic
polysaccharides (AIRS)

3.1.1 Monosaccharide composition

First, it can be seen that the AIR of HT+HPH camali a higher amount of total
sugars and pectin-associated sugars compared AdRiseof HPH+HT and HPH+LT+HT
(Table 1). This suggests solubilization of distipettic polysaccharides into the serum phase
depending on the combinations of therma. figh and low) and mechanical treatments
applied in preparing the purées (Santiago et @L62 High concentrations of galacturonic
acid (GalA) as well as considerable amounts of r@sa (Rha), arabinose (Ara), galactose
(Gal) and glucose (Glu) were detected in the altotsoluble residues (AIRsS), while trace

amounts of fucose (Fuc), xylose (Xyl), mannose (Mard glucuronic acid (GlucA) were
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found. Among the monosaccharides, Glu and Man baea identified as non-pectin
associated sugars which possibly originate frondoes starch, glucomannan and non-
crystalline cellulose (Houben, Jolie, Fraeye, Vaey, & Hendrickx, 2011; Massiot, Rouau,
& Thibault, 1988). The presence of these non-pesttgars in carrot serum was also reported
by Kyomugasho, Willemsen, et al. (2015).

Looking at the RGI fractions, based on the weidtihe recovered residues over the
amount of the starting materials, the percentaglatisn yield of the RGI-rich fractions was
about 33.1 % for HT+HPH, 27.5 % for HPH+HT and 3&6or HPH+LT+HT. It was
observed that significantlyp{value <0.05) lower concentrations of Glu and Marav
exhibited by all the RGI-rich fractions comparedheir corresponding initial materials
(AIRs), as presented in Table 1. This suggestsléigeadation and solubilization of Glu and
Man containing non-pectic polysaccharides. Besideslecrease in Glu content, remarkably
lower concentrations of GalA were observed infa RGI-rich fractions. The concentration
of GalA that remained in the RGI-rich fractions veggproximately 16-18 %a\/w) of the
amount of GalA in the initial samples implying tlatout 82-84 %w/w) of GalA present in
the initial material was degraded and solubiliz&dlimination reaction of methyl-esterified
GalA residues of the homogalacturonan subdomairbées reported as the main mechanism
of pectin degradation at alkaline pH and high terapge conditions (Sila et al., 2009).

Furthermore, the extent of GalA content reductiooag the RGI-rich fractions
relative their respective AIRs was comparable satygg a relatively similar susceptibility of
their homogalacturonan to degradation under thergoonditions. Given that the mole ratio
of the remaining GalA to Rha was too high to reen¢®nly RGI, a repeating disaccharide of
[—4)-0-D-GalA-(1—2)-a-L-Rha-(1—] (O’'Neill, et al., 1996), the remaining GalA could
probably also originated from RGII as its backb@made up of GalA as well as residual

HG. In the current work, 59-64 %u(w) of the initial Rha concentration was retainedle/hi

15



346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

63-69 % (W/w) Ara and 68-75 %w/w) Gal were also found in the RGI-rich fractions.
Nevertheless, the considerable amounts of RhaaAdaGal compared to other sugars,
particularly GalA, indicates the presence of rhagatacturonan-rich serum pectin,
irrespective of the serum type obtained from défércarrot purée preparations. Arabinose-
and galactose-containing polysaccharides covalatid#yhed as side chains to rhamnose are
recognized structural components of RGI pectic euian (Voragen, Beldman & Schols,
2001; Endress, Mattes & Norz, 2006).

3.1.2. Sugar ratios: extent of branching of AIRd #meir derived RGI fractions

To obtain information on a molecular level, the rosaccharide composition data was
used in calculating the molar ratios between pediated sugars (Houben et al., 2011). An
insight into the structural variations of the R@lkrfractions compared to their AIRs is
presented in Table 2a. The molar ratio of GalA®dum of Fuc, Rha, Ara, Gal and Xyl
describes the linearity of serum pectin, with ehhiglue suggesting the presence of more
linear pectin/HG-rich pectin; while the molar ratibthe sum of Ara and Gal to Rha provides
a global view of the extent of branching of RGinhich a high value suggests that the
branching point (Rha) largely contains sugar stukrs rich in Ara and Gal. To determine
the contribution of RG to the pectin populatiore tholar ratio between Rha and GalA was
also determined (Houben et al., 2011; Kaya eR@ll4). In this context, it can be observed
that AIRs of HT+HPH and HPH+HT samples containedenimear and less branched pectin
compared to the AIR from the HPH+LT+HT sample wheothibited a higher degree of RGI
branching. This suggests structural variations aptba initial serum pectic polysaccharides
due to different processing combinations used @paring the carrot purées which is
consistent with our previous work (Santiago, et2016). Moreover, comparing the AIRs
with their derived RGlI-rich fractions, a large @ifénce in the linearity of pectin is noticeable
due to the previously observed degradation of h@l@aguronan chains and consequent loss

of GalA. By contrast, the extent of branching ofIR@nained comparable in both RGI-rich
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fractions and initial materials. This observatisrsupported by the higher proportion of Rha
to GalA in the RGI-rich fractions indicating a largontribution of RGI polysaccharides

(Table 2a). Regardless of the process combinatised to generate the starting serum pectic
polysaccharides, it can be deduced that the R@lfractions isolated had very low amounts
of GalA-rich chains, while maintaining the branchi®@l subdomain. This clearly suggests
that linkages between neutral sugars (both in doitione and side chains) were less prone to
degradation under hot alkaline condition.

3.1.3 Degree of methyl-esterification

The degree of methyl-esterification (DM) of pectiefined as the number of moles of
methyl esters per 100 moles of galacturonic agditees, is an important characteristic
attributed to the linear homogalacturonan subdorf\amagen et al., 2001). The serum pectic
polysaccharides from different processes (AIRsYaoed high methyl-esterified GalA
residues ranging from 52 % to 65 %, as shown ifdelraa. The AIR of the HPH+LT+HT
sample had a significantlyp £0.05) lower DM (~52 %) due to the action of enelogus
pectin methyl-esterase (Santiago et al., 2016) wha deliberately stimulated during the
carrot purée preparation (Figure 1). On the otlaedh RGI-rich fractions derived from these
AIRs exhibited comparable very low DMs of 4.4 %bt6 %. These values are in close
agreement with the low DM (6 %) of rhamnogalactammich pectin isolated from carrot
tissues through an enzymic liquefaction proceshd@Sc& Voragen, 1994). In the current
work, the observed low DM (due to residual mettsgees) in the RGI-rich fractions is mainly
attributed to the loss of methyl-esterified GalAtamwing to the base-catalyzed splitting of
the homogalacturonan chains vig-alimination reaction (Sila et al., 2009). The desil
methyl esters may be attributed to other substrastsince the GalA residues of the RGI
backbone are presumably not methyl-esterified (Ktanko, Arnould, Voragen, & Pilnik,
1992). Given that complete isolation of the HG wasachieved (as the ratefbelimination

is retarded, as the reaction proceeds due to dsmzidaM), the RGI-rich fractions were
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probably associated with residual HG and/or RGhideumains. The methyl groups can
therefore be attributed to RGII which can be metsterified at the C-6 position (Ishii et al.,
1999) or presence of residual homogalacturonamstvaith methyl-esterified GalA units.
3.1.4Molecular weight distribution and intrinsic viscogi

The size exclusion elution profiles showing the [F8,92° and UV 280 nm signals of
the RGI-rich fractions and their correspondingiatitnaterial (AIRs) are presented in Figure
2. From the concentration profiles, it can be obseithat all the pectic polymers of the initial
samples (AIRs) were eluted earlier, starting at /&8 while polymers of RGI-rich fractions
eluted later, starting at ~44 min (Figure 2A). Téligtion time difference suggests a change in
the hydrodynamic volume of the polymers after scilojg the serum pectic polysaccharides
(AIRSs) to hot alkaline conditions, due to degradiatof the HG subdomains. The polymers of
RGI-rich fractions presented smaller hydrodynanaltimnes than their respective AIRSs.
Furthermore, the AIR of the HT+HPH sample showstaificantly (p <0.05) higheM,,
compared to AIRs of HPH+HT and HPH+LT+HT samplesli¢ating the solubilization of
different pectic populations into the serum phaséngd the purée preparation. By contrast,
the concentration peak profiles of the RGI-riclcfians appeared identical and thigiy were
also relatively comparable (Table 2b). TMg of RGI-rich fractions were significantly (
<0.05) lower than their respective initial matesi@hIRs) for both the high and low molecular
weight polymer populations. The polydispersity oeli of the different AIRs ranged from
1.21 to 1.90, while slightly lower polydispersitydices (1.18-1.36) were observed in the RG-
rich fractions. As previously discussed that caserum pectin had high degree of branching,
a comparison of ittl,, to a commercial pectin reported to be highly bheac(sugar beet
pectin) is made in this section. The aver&lye(108 + 11 kDa) of the RGI-rich fractions of
carrot serum pectic polysaccharides was lower coadp@® theM,, (188 kDa) of sugar beet

pectin RGI fraction (Morris et al., 2010). Besidks difference due to botanical source,
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isolation procedures used in obtaining the RGltioas can be attributed to theldlg
differences. In the aforementioned study, the haatamjuronan region of sugar beet pectin
was enzymatically hydrolyzed to obtain the RGI fi@t in contrast to the use of chemical
means employed in the present study.

In terms of intrinsic viscosity, as AIR of HT+HPldraple had very higiW,, polymers
(in high concentration), a high intrinsic viscosiias observed. However, the AIR of
HPH+HT sample that had significantly lowdr, polymers than AIR of the HT+HPH sample
showed comparable intrinsic viscosity that can be t their relatively comparable
molecular structurex{. Table 2a, 2b). The alcohol insoluble residue thinlowesiM,, and
being rich in neutral sugar side chains (HPH+LT+HfAdwed the lowest intrinsic viscosity
(Table 2). Neutral sugar-rich pectins was fountldee lower intrinsic viscosity which can be
due to the presence of highly dense and spheridaners that might either be branched
pectin molecules or relatively stable aggregatest¢henko, Voragen & Pilnik, 1992).
Moreover, from the UV 280 nm profile, a peak froBB8~min elution time is noticeable and
could be due to UV absorbing compounds such agipsoand polyphenols (Figure 2B). In
fact, according to Christiaens et al. (2015), theocabance at 280 nm was attributed to
proteins, which were presumed to be attached tbitteM,, polymers of water-soluble pectin
of carrot-derived waste streams. To confirm thes@nee (absence) of proteins, in the current
study, the protein content was determined basdtetotal nitrogen content of the samples
and ranged from 7.2 % to 13.4 % for the AIRs an# % to 3.2 % for the RGI-rich fractions
(Table 2a). This possibly indicates that proteioslid be associated with the neutral sugar
side chains of carrot pectin (Immerzeel et al.,6)0but not all detected proteins could be
attached to pectin especially in the AIRs. Proteietected in commercial pectins such as
apple and lemon pectins were found to be mainlggnein the neutral sugar side chains

(Kravtchenko, Penci, Voragen & Pilnik,1993).
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3.2 Molecular properties of HG-rich fractions arttetr respective de-esterified AIR
3.2.1 Monosaccharide composition

Based on the weight of the material recovered fiiloenstarting AIRs, the isolation
yields of the HG-rich fractions were about 43.44% % and 44.9 %n{/w) for HT+HPH,
HPH+HT and HPH+LT+HT serum samples, respectivehe Tonosaccharide composition
of the HG-rich fractions differed from their respige de-esterified AIRs (Table 3). Low to
trace amounts of Rha, Ara and Gal were detectéukifiG-rich fractions. In comparison to
the respective initial sugar content of the derdstd AIR, the HG-rich fractions retained
Rha ranging from 26-30 %wv(w), Ara from 0-2 % \/w) and Gal from 11-16 %(/w). This
suggests the degradation of the linkages of nestigar side chains as well as most of the
rhamnogalacturonan | backbone of the carrot sereetigpolysaccharides. This also shows
that Ara-containing side chains of carrot seruntipgmlysaccharides were the most labile to
acid followed by Gal, which is in agreement witle tlesults on the mild acid hydrolysis of
commercial pectins from apple, sugar beet, citiieg/é et al., 2014; Morris et al., 2010;
Thibault et al., 1993; De Vries et al., 1983) aedtm from the pericarp of unripe tomato
(Round et al., 2010). Moreover, an average of W) of the initial GalA concentration
was recovered in the HG-rich fractions, which ewickd the isolation of the
homogalacturonan-rich carrot serum pectin. The K84ractions obtained had about 89.4 to
92.0 mol % of GalA (Table 3), indicating a highencentration of GalA to the total pectin-
related sugars compared to the de-esterified AIRB(67.1 mol % of GalA). This shows that
GalA linkages of carrot serum pectic polysaccharere less susceptible to degradation
under mild acid condition compared to the RGI subdim, which is in agreement with the
previous findings of several researchers (Kayd.e2@14; Morris et al., 2010; Round et al.,

2010; Thibault et al., 1993).
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3.2.2. Degree of methyl-esterification and sugatios of de-esterified AIRs and HG-rich
fractions

The de-esterified AIRs and HG-rich fractions extadicomparable low DM values
ranging from 5.7 to 8.6 % (Table 4a), indicatingttthe mild acid conditions used to generate
the HG-rich fractions did not induce further cheabide-methoxylation. These DM values are
in close agreement with the DM of de-esterified aoid hydrolyzed sugar beet (5 %), apple
(3 %) and citrus pectin (3 %) (Thibault et al.,1293

To assess the linearity and the contribution oftR@ectin population as well as the
extent of RGI branching, the molar ratios of pecétated sugars were evaluated as discussed
previously €f. section 3.1.2). First, it must be noted that ARl de-esterified AIR showed
similar sugar ratio trends for all the serum typelsich suggests that subjecting the AIR to
alkaline conditions for 6 h at 4 °C did not alténer structural properties of serum pectic
polysaccharides, except the Dbf.(Table 2a and Table 4a). Hence, the de-esterifi$ A
which served as starting material for isolatiotH@-rich fractions were comparable to the
starting material (AIR) for isolation of RGI-richactions.

Comparing the de-esterified AIRs and HG-rich fraia§i, the former presented less
linear and more branched serum pectic polysacasm(ifiable 4a). By contrast, HG-rich
fractions exhibited a lower concentration of thganaectin-related neutral sugars (Rha, Ara
and Gal) that consequently resulted in a redudaifdheir degree of RGI branching.

Moreover, the HG-rich fractions were highly linea represented by high values of the sugar
ratios representing the linearity of pectin. Thiglenced the degradation of neutral sugar side
chains as well as the RGI backbone of de-esterfli€ts. The results indicated the substantial
loss of the RGI subdomain of carrot serum pectiggazcharides under the given acid
condition, however, a fragment of the RGI backbaas possibly still present in the GalA-

rich fraction. Specifically, the HG-rich fractiori the HPH+LT+HT sample (initially having
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the highest degree of RGI branching) showed a deraible molar ratio of Ara and Gal to
Rha compared to the other HG-rich fractions (Tdlale This could possibly be due to the
observed higher initial degree of RGI branchinghi$ specific sample (HPH+LT+HT) which
probably required longer hydrolysis time (Thibaatltal., 1993).
3.2.3 Molecular weight distribution and intrinsicsgosity

Differences in the molecular weight and intrinsiscesity of the HG-rich fractions
and their respective de-esterified AIRs were obsgrComparing all the different initial
materials (de-esterified AIRs), different peak gesf and molecular weights were detected
(Figure 3). These varying peak profiles can betedl#o the previously observed different
structural properties (e.qg. linearity and degreR@i branching) and possible differences on
the conformation of serum pectic polysaccharidesointion. Comparing the de-esterified
AIRs with their respective HG-rich fractions, difé@ces in the peak maximum of their
concentration curves can be distinguished (Figive Bhe peak maxima of the concentration
curves of HG-rich fractions were situated at arotb8 min, while the peak maxima of de-
esterified AIRs were observed between ~50 to 52 firtis indicates that a high population of
polymers in the HG-rich fractions had smaller hytyreamic volume compared to the
polymers of de-esterified AIRs. Moreover, the H@hrfractions were generally characterized
by lowerM,, pectic polymers (compared to AIRs) with two polyrpepulations, one eluting
at approximately 42-48 min (population I) and thieeo at 48-62 min (population II). For
population I, the very higM,, values obtained can be possibly due to aggregatgdprs.
These high appareM,, polymers comprised less than 10 % of the injeatéal thass fraction
which can be due to the aggregation of some ppotigners, given the high linearity of
pectin (Table 4b), very low DM, hence high sengdito divalent ions (Shpigelman et al.,
2014). For polymer population I, loi,, pectic polymers comprising more than 50 % of the

total mass fraction (Table 4b). Given its high camtcation, this population of loM,, pectic
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522  polymers can be considered as the representdtjwalues of the HG-rich fractions, which is
523 in close agreement with the valuesl@fkDa- 37 kDa for the homogalacturonan fraction of
524  citrus pectins (Kaya et al., 2014; Yapo et al.,20dnd 17 kDa- 22 kDa for sugar beet pectins
525  (Morris et al., 2010; Thibault et al., 1993) obtdrby mild acid hydrolysis. In the present
526  study, the polydispersity indices of the isolate@-Fich fractions, being 1.03 to 1.14 for

527  polymer population Il (the most abundant populgtisnggested a relatively more

528 homogenous/,, distribution of polymers compared to the de-esediAIR with

529  polydispersity indices of 1.28-1.98.

530 Furthermore, although the de-esterified AIRs exhibhigheiM,,, they presented

531 relatively lower intrinsic viscosities particulardgr the highM,, polymer population

532 compared to the HG-rich fractions. Specificallyg thtrinsic viscosities of HG-rich fractions
533 of HT+HPH and HPH+HT samples eluted at 44 to 48 wene 1.39 dL/g and 1.79 dL/g,

534  respectively, which are higher than the intrinsacuosities of their corresponding de-

535 esterified AIRs, being 0.84 dL/g and 0.94 dL/g.sTban probably be explained by their

536 different hydrodynamic volumes and structural praps, in which the de-esterified AIRs
537 were characterized by more branched pectic polyamsigprobably suggesting higher

538 flexibility in solution leading to low intrinsic gicosity. Polymer population Il of the HG-rich
539 fractions, predominantly containing high concemrabf low M,, polymers, had an intrinsic
540 viscosity of 0.34-0.46 dL/g, which are relativebyder than the intrinsic viscosity of 0.70-1.16
541 dL/g for acid hydrolyzed citrus and sugar beet ipsdiKaya et al., 2014; Morris et al., 2010;
542  Yapo, Lerouge, Thibault, & Ralet, 2007; Thibaulaét 1993). The lower intrinsic viscosity
543  of the homogalacturonan-rich fractions observeithéncurrent work can probably be

544  attributed to the presence of RGI fragments. Potyifegibility, which is reported to

545 influence the intrinsic viscosity (Kravtchenko &t 4992), increases with HG-rich fractions

546  containing fragments of RGI than HG fractions thig almost entirely free from branched
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rhamnogalacturonan I. Aggregation and high polyetisity of pectic polymers can also
influence theM,, and intrinsic viscosity values (Endress, Matess@&z\2006). Moreover, the
UV 280 nm profiles generally showed a peak from B8 which can be due to proteins and
other UV-absorbing molecules such as polyphenatgi(E 3B). In fact, the de-esterified
AIRs had a protein content ranging from 4.9-8.2#4ile the HG-rich fractions had 1.5-3.3
% protein (Table 4a). The protein detected in Heb-fractions was probably associated with
the residual RGI subdomain after acid hydrolysid dialysis.
3.3 Microstructure of carrot serum AIRs and thetpieamed subdomains

AIRs of the lyophilized serum obtained from diffetly-prepared carrot purées, and
their partitioned subdomains were viewed underya-&EM to further investigate their
microstructure in solution. Figure 4 shows représtare cryo-SEM micrographs of 0.1 %
solutions of alcohol insoluble residues (AIRs), R&id HG-rich fractions. In the
micrographs, white branch-like and/or strand-likectures can be observed and are mostly
composed of pectic polymers together with a lititeeous ice. Specifically, the different
AIRs are composed of branch-like structures. Altitothe AIRs of the HT+HPH and
HPH+LT+HT samples were previously shown to compafsserum pectic polysaccharides
with differentM,,, degree of RGI branching and DM, there was nordesginguishable
differences in their microstructures under cryo-SHMe RGlI-rich fraction of HT+HPH
sample exhibited a dense population of short brdikehstructures compared to its AIR as
well as to the RGI-rich fraction of HPH+LT+HT (Figu4). In terms of the HG-rich fractions,
the HT+HPH sample showed more visible long strakelfeatures with limited branch-like
structures (if any). Furthermore, comparing théedént AIRs with their respective RGI and
HG-rich fractions, more distinguishable structdesdtures can be identified. The
microstructures of the AIRs are comparable to trespective RGI-rich fractions owing to the

branch-like features. By contrast, the HG-rich fiats exhibit strand-like structures with no

24



572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

branch-like features. These cryo-SEM micrograplmsvstmat AIRs and RGI-rich fractions of
can exhibit comparable microstructures in solutievisich are different from microstructures
exhibited by HG-rich fractions, an observation tban be greatly attributed to their overall
structure differences. Carrot serum pectic polylsaddes is composed of highly branched
pectic populations; which is in agreement with physico-chemical characterization results

as well as the findings of Houben et al. (2011).

Conclusion

Different processing combinations, applied in pregathe carrot purées, can be used
to create distinct molecular structures of seruoiugslized) pectic polysaccharides. High
temperature treatment of carrot pieces followed blending and high pressure
homogenization resulted in high concentration afuse pectin with highM,, DM and
linearity. Furthermore, the structure of serum jegeblysaccharides, isolated from the serum
phase of differently-processed carrot purées, wasessfully partitioned into its constituting
rhamnogalacturonan | and homogalacturonan subdeméinough selective chemical
hydrolysis. On the one hand, a rhamnogalacturosrash Ifraction, mainly characterized by a
high concentration of rhamnose, arabinose and @esacwas obtained by subjecting the
serum pectic polysaccharides to hot alkaline caomut to selectively degrade the
homogalacturonan subdomain. On the other handmagalacturonan-rich fraction of, highly
linear galacturonic acid-rich polysaccharides, wadated through mild acid hydrolysis to
degrade the linkages between neutral sugar sidesch@hysico-chemical characterization
was complemented by cryo-SEM micrographs indicatimg RGI subdomains (which are
highly branched) exhibited branch-like featuresilevthe HG subdomains showed strand-like
structures. This study provides an insight into #teucture of carrot serum pectin and

revealing the structural characteristics of serwutip is an important step towards directing
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structural changes to attain specific functionaditsuch as gelling, thickening or emulsifying.

For more information, it might be interesting t@ore the specific sugar linkages present.
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Figur e captions:

Figure 1. Carrot purée preparation indicating tleguence of mechanical and thermal
treatments with the respective sample codes (ilics)a HT: high temperature treatment;
HPH: high pressure homogenization; LT: low tempeeatreatment.

Figure 2. Size exclusion elution profiles of theRi8h fractions and alcohol insoluble
residues (AIR) of the lyophilized serum obtainezhirdifferently-prepared carrot purées (A)
log molar mass distribution (thick lines) superirapd on concentration chromatogram (thin
curves) (B) Light scattering signal at 92° anghagk curves) superimposed on UV
absorbance chromatogram at 280 nm (thin curvediyl Bwes for HT+HPH, long dash for
HPH+HT and square dot lines for HPH+LT+HT sampli.ghey colored lines represent de-
esterified AIRs, while black colors for HG-rich étsons.

Figure 3. Size exclusion elution profiles of the H&h fractions and the respective de- de-
esterified AIR of the (lyophilized) serum obtainedm differently-prepared carrot purées (A)
log molar mass distribution (thick lines) superirapd on concentration chromatogram (thin
curves) (B) Light scattering signal at 92° anghed curves) superimposed on UV
absorbance chromatogram at 280 nm (thin curvedyl Bwes for HT+HPH, long dash for
HPH+HT and square dot lines for HPH+LT+HT sampli.ghey colored lines represent de-
esterified AIRs, while black colors for HG-rich &tgons.

Figure 4. Representative cryo-SEM images of caseotm pectic polysaccharides with the
respective RGl-rich and HG-rich fractions. Scale rsba =1pm

30



Tables:

Table 1. Average monosaccharide composition (x &D@he alcohol insoluble residues (AIRs) of lyoed serum from differently-prepared carrot
purées and isolated rhamnogalacturonan I-richiast(RGI). Different capital letters (in supergtyiindicate statistical differenceg-yalue <0.05)
among AIRs or RGI-rich fractions, while small letendicate statistical difference between AIR &@l-rich fraction. The values in parentheses

indicate the mol % of each sugar. (HT: high tempeeatreatment at 95 °C for 30 min; HPH: high pueeshomogenization at 100 MPa; LT: low
temperature treatment at 60 °C for 40 min).

Monosaccharides (mg/g AIR)

Total
Sample codes amount of
Fuc Rha Ara Gal Gluc Xyl Man GalA GlucA Total sugar pectin-
associated
sugars
AR 18:+02® 393:09Y 604+37% 775:102% 305:67° 222082 85:+17% 4552:719° 44313632 679.05:1005 636587
HT+HPH 0.3) (6.0) (10.5) (11.6) (5.1) (0.5) (1.3) (63.9) (0.8)
RGI 12201" 266+1.6°% 434+14°  624214°  44:03°  14:02% 24101  097.4+108° 328+06d° 242691659 2326154
(0.6) (12.3) (22.0) (26.3) 1.9) 0.7) (1.0) (38.1) (1.3)

AR 15+01" 263+07° 514+04° 752+2d%®  694+00° 19+02° 99+06% 4164+122°% 836+08S% 66025181  572€x16.
0.3) (4.5 (9.6) (117 (10.8 0.4) (1.5 (60.7) (1.2)
HPH+HT ) ‘ ‘ y
RGI 09+01" 16721 357:2F 561350 57+1.4° 11+02%  24+00"  754+47%° 147+174P 195531466  1859%115
(0.5) (9.2) (21.5) (28.2) (2.9) 0.7) (1.2) (35.2) (0.7)

AR 17+01" 106+11%° 662+56% 1176+102°% 669+86° 40:1.6% 168+1.8° 3584:388°% 7.88+03%°% 659.08+6774  567.6%57.1
HPHALTAHT (0.3) (3.2) (11.5) (16.9) (10.3) (0.7) (2.4) (53.6) (1.2)
RGI 10+00% 120+1.7° 439+068Y 843+00" 71220"  184+008% 49+068° 653+0F° 025:+028° 2206450 = 208.:x2:Z
(0.5) (5.8) (23.3 (37.3 (3.1) (1.0) 2.2) (26.8 (0.1)




Table 2

a. Average pectin-related sugar ratios, Dl grotein content (+ SD) of the rhamnogalacturolkaaoh fractions (RGI) and their respective
alcohol insoluble residues (AIR) obtained from thiephilized serum of differently-prepared carrotrges. Different capital letters (in

superscript) indicate statistical differencgsv@lue <0.05) among AIRs or RGI-rich fractions, ighsmall letters indicate statistical

difference between AIR and RGlI-rich fraction. (Hiigh temperature treatment at 95 °C for 30 min; HRigh pressure homogenization at
100 MPa; LT: low temperature treatment at 60 °C4min).

Linearity of pectin

Sample codes Contribution of RGI (Rha/GalA) Branching of RGI (Ara+Gal/Rha Protein DM

P (GalA/Fuc+Rha+Ara+Gal+Xyl) ( ) 9 ( ) (% d.b.) (%)
HT+HPH AIR 2.2+0.1°%° 0.09 + 0.01% 3.7+0.1° 9.6 +0.04° 65.3+0.8°
RGI 0.6 +0.1°° 0.32 +0.02" 3.9+0.1%° 1.8+0.08° 4.4+07"
HPHAHT AIR 2.3+0.1% 0.07 £ 0.0F? 4.8 +0.2° 7.2+0.08° 65.1+1.1°
RGI 0.6 +0.1° 0.26 + 0.01'®° 5.4 +0.4% 1.2+0.03° 4.6+1.1°
AIR 1.7 +0.2%° 0.06 + 0.0f? 9.1+0.3 13.4+0.01% 52.1+1.7°
HPHHLTHAT  pai 0.4+0.F 0.22 +0.03° 10.5 + 1.F° 3.2+0.0%° 56+03°

Table 2b. Average molecular weight, intrinsic visitp and mass fraction (x SD) for each correspoggiolymer population of alcohol insoluble

residue (AIR) and its rhamnogalacturonan I-rickctiien. Different capital letters (in superscriptdicate statistical differencep-yalue
<0.05) among AIRs or RGl-rich fractions, while shiatters indicate statistical difference betwediR Aand RGI-rich fraction. (HT: high
temperature treatment at 95 °C for 30 min; HPHhlpgessure homogenization at 100 MPa; LT: low taatpee treatment at 60 °C for 40
min).

Sample codes M,, (kDa) Intrinsic viscosity (dl/g) Fraction of mass found
Population | Population 11 Population | Populatibn Population | Population Il
HT+HPH AIR 1370.0 + 42.4° 130.0 + 8.8% 2.30+0.03% 1.14 + 0.03% 0.19 + 0.02% 0.41 +0.02%
RGI 08.5 + 00.8° 10.4 + 0.4° 0.37 £ 0.01° 0.08 + 0.0 0.29 + 0.01" 0.34 + 0.02*
HPHAHT AIR 577.5+33.5° 57.1+1.8° 2.22 +0.08% 0.94 + 0.02° 0.09 + 0.0F? 0.53 + 0.0F°
RGI 119.5 + 00.%° 14.8 +0.F° 0.37+0.0F° 0.09 + 0.0 0.24 +0.0F° 0.41 +0.02°
HPH+LT+HT AIR 132.5 + 06.4° 15.8 + 2.6° 1.42 +0.03° 0.09 + 0.0F° 0.46 + 0.0f° 0.13+0.0f*
RGI 119.0 + 01.5° 15.4 + 0.6° 0.25 +0.0f* 0.08 + 0.01* 0.19 + 0.0 0.45 + 0.0F°




Table 3. Average monosaccharide composition (+ &@he homogalacturonan-rich fractions (HG) andederified alcohol insoluble residues (de-
AIR) of lyophilized serum obtained from differenytyepared carrot purées. Different capital let@rsuperscript) indicate statistical differencps (

value <0.05) among de-esterified AIRs or HG-rickctrons, while small letters indicate statisticdledence between de-esterified AIR and HG-rich
fraction. The values in parentheses indicate thé%@f each sugar. (HT: high temperature treatnar@5 °C for 30 min; HPH: high pressure
homogenization at 100 MPa; LT: low temperaturettmest at 60 °C for 40 min).

Monosaccharides (mg/g de-esterified AIR)

Total amount

of
Sample codes Fuc Rha Ara Gal Gluc Xyl Man GalA GlucA Total sugar pectin-
associated
sugars
De-esterified  19+01™ 368+06° 57.1+21°° 753+20" 117:29" 37:00° 60+18° 436943497 472097 o . o0 1174306
HT+HPH AR (0.3) (6.5) (11.1) (12.2) (1.9) 0.7) (1.0) (65.6) 0.7) e R
HG 01:00" 112:03° 13:12"  80:03° 64223 35:28"" 40:20" 354122089 144503° o0 oo s7eiiaag
(0.0) (3.3) 0.4) 2.2) @.7) (1.1) (1.1) (89.7) (0.4) D T
De-esterified  15+03* 27.6+1.8™ 518447 732+100" 134257 22:05° 79:25" 4254:428" 29:10" .0 o0 174600
HPHAHT AR (0.3) (5.1) (10.6) (12.4) (2.3) (0.4) (1.3) (67.1) (0.4) R R
HG 0.0+0. 75+06  07:05"  100:06° 48+02" 11:00" 22:14% 3526+130° 1402 oo o0 arig9.i147
(0.0) (2.3) 0.2) (2.8) (1.4) (0.4) (0.6) (92.0) (0.4) R o
De-esterified  16:00" 208+02% 673+0" 1216+36° 107+03° 23:05° 94:17" 3778+31.8° 67:14° o0 o0 oia.ae7
HPHALTAHT (0.3) (38) (13.3) (20.0) (1.8) (0.4) (15) (57.8) (1.0) T
HG 00+00" 5304 02:00"  106+34° 50203 18+0" 23:00" 3357:396° 18+06"° .o, 36084436
(0.0) (1.7) 0.1) (5.6) (1.4) (0.6) 0.7 (89.4) (0.5) T o




Table 4a. Average pectin-related sugar ratios, Did protein content (+ SD) of homogalacturonan-fiiidctions compared to the de-esterified
alcohol insoluble residues (de-esterified AIR) aitd from the lyophilized serum of differently-pegpd carrot purées. Different capital letters (in
superscript) indicate statistical differenc@svélue <0.05) among de-esterified AIRs or HG-ricactions, while small letters indicate statistical
difference between de-esterified AIR and HG-riclcfron. (HT: high temperature treatment at 95 °€ 3@ min; HPH: high pressure
homogenization at 100 MPa; LT: low temperaturettmest at 60 °C for 40 min).

Linearity of pectin

Sample codes Branching of RGI Contribution of RGI Protein DM
(GalA/Fuct+Rhat+Ara+Gal+Xyl) (Ara+Gal/Rha) (Rha/GalA) (% d.b.) (%)
HT+HPH De-esterified AIR 2.1+0% 3.6 +0.1° 0.10 + 0.01% 7.4 +0.7%° 8.6 +1.0°
HG 12.6 +0.1° 0.8+ 0.1°° 0.04 £ 0. 01® 3.1+0.1°° 8.0 £0.3%
HPHAHT De-esterified AIR 2.3+0%7 45 +0.%° 0.08 + 0.0f° 4.9 +0.2° 7.0 +1.0°°
HG 16.1 +0.F° 1.3+0.2" 0.03 + 0.01'®° 1.5+0.° 6.0 +0.3°
HPHALTAHT De-esterified AIR 1.5+0% 8.9 +0.F° 0.07 + 0.0f° 8.2+0.1° 5.9 +0.7°
HG 11.1+1.25° 3.4+08" 0.02 + 0.0F° 3.3+0.1°° 5.7 +0.7°

Table 4b. Average molecular weight, intrinsic visitp and mass fraction (x SD) for each correspoggiolymer population of de-esterified alcohol
insoluble residue (de-esterified AIR) and derivesnlbgalacturonan-rich fractions (HG). Different d¢apietters (in superscript) indicate statistical
differences [f-value <0.05) among de-esterified AIRs or HG-richctions, while small letters indicate statistidéference between de-esterified
AIR and HG-rich fraction. (HT: high temperature amment at 95 °C for 30 min; HPH: high pressure hgemization at 100 MPa; LT: low
temperature treatment at 60 °C for 40 min).

M,, (kDa) Intrinsic viscosity (dl/g) Fraction of mass found
Sample codes Population | Population 1l Population Population 11 Population | Population 11
HT+HPH De-esterified AIR 534.0 + 128 61.8 +12.5% 0.84 + 0.10" 0.57 +0.11% 0.09 + 0.02° 0.51 + 0.14%
HG 222.0+9.2° 17.2+ 0.I° 1.39 +0.03" 0.44 +0.01" 0.05 + 0.01* 0.55 + 0.01*
HPH+HT De-esterified AIR 513.0 + 184 63.4+ 1.7 0.94 + 0.07* 0.61 + 0.02* 0.05 + 0.01* 0.60 + 0.04%
HG 2195+ 2.1° 23.4+8.1° 1.79 + 0.01" 0.46 + 0.02" 0.03 +0.01*® 0.57 + 0.04%
HPHALTAHT De-esterified AIR 1485+ 4% 32.1+2.9° 0.67 + 0.1¢%° 0.46 + 0.0F? 0.24 +0.02° 0.46 +0.11°
HG 32.6+0.53° 13.2+1.2° 0.78 + 0.03%° 0.34+0.0F° 0.25 + 0.0F? 0.31 + 0.06°
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v
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serves as the
control sample.

Figure 1.
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The order of mechanical
disintegration & thermal
treatments is the reverse

of the control sample.
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v
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The endogenous
PME activity was
stimulated to obtain a
serum pectin with
lower DM.
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