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ARTICLE INFO ABSTRACT

Keywords: The mucilage extracted from the convection-dried cladodes of O. ficus-indica and O. joconostle, two species of

Nopal economic importance, delivered three fractions after methanol precipitation. Two were composed of high molar

Heteropolysaccharides mass polysaccharides, and one included water-soluble mono-, di-, and oligosaccharides. The large poly-

E?:E;Cr;f;:nces saccharides have a molar mass range of 4.0 x 10° to 8.0 x 10° g:mol™! and are consistently composed of

Gastrointestinal microbiome galactose, arabinose, xylose, and rhamnose; however, the content of galacturonic acid was different between

Prebiotics both fractions and species. Their fermentability by selected probiotics was relatively low, 11-27 % compared to
glucose, and decreased with increasing levels of galacturonic acid in the molecules. In the third fraction, pre-
viously unreported oligosaccharides were found. These include simple- and complex-structured gal-
actooligosaccharides with arabinosyl-, xylosyl- and galacturonosyl acid residues. Their fermentability by
prebiotic species can be ascribed more to their structural characteristics and monosaccharide composition than
their molecular dimensions.

1. Introduction

The cladodes and fruit of nopal (Opuntia spp.) have been a food staple
for centuries in North and Central America (Piperno, 2011), and have
been recently touted as a functional ingredient (Patel, 2014; Stintzing &
Carle, 2005); they are often used in weight-loss diets, particularly in
Mexico (Onakpoya, O’Sullivan, & Heneghan, 2015). Cladodes for
human consumption (nopales) are sourced from Opuntia ficus-indica and
its different cultivars (Sdenz et al., 2013). O. joconostle has been widely
cultivated as well, but it is favored for the production of its acidic, savory
fruits instead for the cladodes (Morales, Ramirez-Moreno, Sanchez-
Mata, Carvalho, & Ferreira, 2012).

The cladodes of Opuntia spp. have a high content of both soluble and
insoluble fiber on a dry matter basis (Hernandez-Urbiola, Perez-Torrero,
& Rodriguez-Garcia, 2011; Pena-Valdivia, Trejo, Arroyo-Pena, Sanchez
Urdaneta, & Balois Morales, 2012); soluble fiber is present in the form of
a highly viscous solution named mucilage while insoluble fiber is pre-
sent mostly as lignin and hemicelluloses. The proportion between sol-
uble and insoluble fiber is quite variable and related to the cultivar and
age of the cladode, with lignin content increasing with cladode age. The
content and composition of the mucilage is dependent on the Opuntia
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species and developmental stage of the cladodes (Lopez-Palacios, Pena-
Valdivia, Reyes-Agiiero, & Rodriguez-Hernandez, 2011). Authors of
recent studies have discussed the potential of mucilage as a functional
food, as there is evidence of hypoglycemic effect on diabetic-induced
rats of different ages after nopal intake (Nunez-Lopez, Paredes-Lopez,
& Reynoso-Camacho, 2013). Additionally, the ability of the mucilage
to modify the microbiota in rats was shown, including a decreasing
metabolic endotoxemia, glucose insulinotropic peptide, glucose intol-
erance, lipogenesis, and metabolic inflexibility after a diet high in fat
and sugar (Sanchez-Tapia et al., 2017). Furthermore, the mucilage has
shown a prebiotic potential with an increase in lactobacilli and bifido-
bacteria and a slight decrease in pathogenic bacteria (Guevara-Arauza
et al., 2012).

The monosaccharide composition of the mucilage of O. ficus-indica
includes xylose, rhamnose, galactose, arabinose and galacturonic acid,
with a proposed structure of a highly branched polysaccharide with a
main backbone composed of rhamnosyl-, galactosyl- and galacturonic
acid residues and branching side chains of xylosyl- and arabinosyl-
residues (Trachtenberg & Mayer, 1981). On the contrary, a more recent
study (Di Lorenzo et al., 2017) has found two major carbohydrate
populations: an unbranched f-linked galactan polymer and a highly
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branched arabinan-rich polysaccharide. However, this last work does
not attempt to place the galacturonic acid residues in their proposed
structures.

To the best of our knowledge, no publication has discussed the car-
bohydrate profile and molecular dimensions of the mucilage and their
relation to the fermentability by probiotic bacteria. Moreover, in all the
studies mentioned before, the mucilage was extracted from the fresh
cladodes, then dried and used. As the fresh cladodes of O. ficus-indica
have a limited shelf-life they are often dried and milled to be sold as a
flour, either as an ingredient in prepared foods to increase the fiber
content, or ingested directly as a dietary supplement, touting the same
functional properties of the fresh plant. Previous work in our group
(Cruz-Rubio, Mueller, Loeppert, Viernstein, & Praznik, 2020) has shown
that different drying treatments, from lyophilization to convection
drying, while delivering some modifications to the molecular di-
mensions, have no significant effect on the fermentation of the poly-
saccharides present in the mucilage by selected probiotic bacteria.
Moreover, an extensive literature search did not yield any results on the
presence (or characteristics) of naturally occurring oligosaccharides,
mainly as previous work has focused on the high molar mass compo-
nents of the mucilage. Therefore, the aim of this work was to fractionate
the poly- and oligosaccharides that form the mucilage isolated from
convection-dried cladodes of two Opuntia species -Opuntia ficus-indica
and Opuntia joconostle- and subsequently characterize their molecular
dimensions, monosaccharide composition and structural composition,
as well to evaluate their prebiotic potential by four widely used probiotic
bacteria.

2. Material and methods
2.1. Mucilage extraction

Cladodes from O. ficus-indica (L.) Mill and O. joconostle F.A.C. Weber,
grown in the same region (Cuquio, Jalisco, Mexico) and harvested at the
same age, were collected and the thorns and glochids removed. The
cladodes were convection-dried (succinctly, at 50 °C for 36 h and then
milled to a fine flour) as described in detail before (Cruz-Rubio et al.,
2020). The dry flour was then extracted overnight three times with
acetone at a ratio of 20:1 acetone:dry cladode (v/w) under vigorous
stirring. Acetone was then removed by centrifugation (9 000 x g, 15
min). The same procedure was applied with 95 %,,, methanol, and
finally the flour was left to dry at room temperature.

To extract the mucilage, the washed and dried flour was extracted
thrice with deionized water at 80 °C for 1 h. The water:solids ratio (v/w)
was 35:1, 25:1 and 20:1 consecutively. After each extraction, the su-
pernatant was separated by centrifugation (24 000 x g, 30 min). The
three supernatants (mucilage) were pooled together and further cen-
trifugated for 90 min at 24 000 x g to remove fines, with the solids-free
supernatant separated and lyophilized until further use. Supplementary
Fig. S1 shows the purification and subsequent purification steps of the
samples created for this investigation.

2.2. Fractional methanol precipitation

4 g of dry mucilage were dissolved in 40 ml of water and vigorously
stirred at 60 °C overnight. After this step, the solution was centrifuged at
12 000 x g for 20 min and the precipitate discarded. To this solution, an
equal volume of pure methanol (i.e. 40 ml) was slowly added while
being stirred. The solution was left in agitation for 30 min, and centri-
fuged at 9000 x g for 20 min. The supernatant was collected, and the
separated precipitate was washed with 20 ml of 50 %,,, methanol,
centrifugated at the same conditions, and this last washing step was
repeated four times. The precipitate was then lyophilized and named
fraction 0-50 (F0-50). The supernatants from all the previous steps were
pooled together and 150 ml of 100 % methanol were added to reach a
methanol concentration of ca. 80 %. The suspension was centrifuged,
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the supernatant collected, and the pellet was washed four times with 80
% methanol as described before. The pellet was lyophilized and became
fraction 50-80 (F50-80); the supernatants were collected, pooled
together and the methanol removed by evaporation under reduced
pressure. This soluble material was lyophilized and designated fraction
80-100 (F80-100).

2.3. Preparative size exclusion chromatography (prepSEC)

2.5 ml of 8 %,y solutions of F80-100 were injected into a preparative
SEC system which consisted of one precolumn (20 x 1.5 cm) packed
with Toyopearl HW 40-S (Tosoh Bioscience GmbH), followed by a 110
x 1.5 ecm column packed with Sephacryl 200-HR (GE Healthcare Life
Sciences) and a 125 x 1.5 ¢cm column packed with Bio-Gel P-2 (Bio-Rad
Laboratories, Inc.). The separation eluent was distilled water at a flow
rate of 0.6 ml-min’. A differential refractive index detector (WellChrom
K-2301, Knauer GmbH) and an analog chart recorder (REC-102, GE
Healthcare Life Sciences) were used for monitoring and recording the
separation profile. The plots were digitalized using WebPlotDigitizer
(Rohatgi, 2020). The collected fractions’ size was 6 ml and were pooled
in adequate fractions corresponding to the separation profile (Fig. 1 B).
For Opuntia ficus-indica fractions F1 to F7 were collected. For
O. joconostle only fractions F1 to F5 were found. In order to obtain
enough material, 6 replicate injections were performed, and equal
fractions were pooled together and freeze dried until further use.
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Fig. 1. A:Degree of polymerization distribution of F80-100 from analytical SEC
system. Molecular dimensions of peaks I and II are given in Table 3. B: Degree
of polymerization distribution of F80-100 from the preparative SEC system.
O. ficus-indica (solid) collected F1 to F7 and O. joconostle (dotted), collected F1
to F5.
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2.4. Monosaccharide composition and content

2.4.1. Total carbohydrate content

A phenol-sulfuric semi-micro method was used for the quantification
of carbohydrate content of the samples (Cruz-Rubio et al., 2020).
Briefly, the samples were dissolved in water to a final concentration of
22.5 pg/ml. To 150 pl of this solution (after cooling in ice water) 600 pl
of concentrated HySO4 at 4 °C were added, the mixture thoroughly
agitated, and incubated at 80 °C for 30 min. After the reaction cooled to
room temperature, 10 pl of 90 % phenol were added followed by
vigorous mixing and left to proceed for 30 min. 200 pl of the mixture
were transferred to a well of a 96-well microplate, and the absorbance
was read at 480 nm. Standards closely matching the average mono-
saccharide composition of the samples were used to prepare the cali-
bration curve.

2.4.2. Hydrolysis and thin layer chromatography (TLC)

Shortly, the monosaccharide composition was determined after hy-
drolysis of the polysaccharides by incubating a 10 mg/ml saccharide
solution with 2 M trifluoroacetic acid for three hours at 110 °C, as
described in more detail in our previous report (Cruz-Rubio et al., 2020).

The presence and type of monosaccharides were evaluated by thin
layer chromatography (TLC). HPTLC silica gel 60 (Merck KGaA) plates
were used, and after injection of 3 pl of hydrolyzed sample or 1 pl of
standard per lane, the plates were developed thrice with acetonitrile: 0.3
% ammonium hydroxide (17:3) as mobile phase. Detection was ach-
ieved by immersion in thymol (0.2 %) and sulfuric acid (5 %,,,) in
methanol reagent. Color was developed by placing the plate in an oven
for 2 min at 95 °C. Standards were prepared at 1 mg/ml of each
monosaccharide (rhamnose, xylose, arabinose, mannose, glucose,
galactose, sucrose, glucuronic acid, and galacturonic acid) in 50 %,,,
methanol.

2.4.3. High performance anion exchange chromatography — Pulsed
amperometric detection (HPAEC-PAD)

For the quantification of monosaccharides an ICS-3000 system
(Thermo Fisher Scientific Inc.) with a Carbopac PA1 precolumn (4 x 50
mm) plus column (4 x 250 mm) and pulsed amperometric detection was
used. Briefly, 10 pl of hydrolysate were diluted in water 1:50 and were
injected into the system, with an elution gradient as follows: —20 to
—2.5 min, 200 mM NaOH. —2.5 to 22 min, NaOH 10 mM + 2 mM
NaOAc. 22 to 40 min, ramp up to 200 mM NaOH and 200 mM NaOAc.
40 to 50 min, 200 mM NaOH at a flow 1 ml-min’!. The standard car-
bohydrate waveform was used for detection. A more detailed descrip-
tion can be found in (Cruz-Rubio et al., 2020).

2.4.4. 1-phenyl-3-methyl-5-pyrazolone (PMP) derivatization of the
monosaccharides

The derivatization method proposed by Wu, Jiang, Lu, Yu, and Wu
(2014) was followed with slight modifications. 20 ul of hydrolyzed
polysaccharide were placed in the bottom of 16 x 100 mm screw-cap
test tubes and evaporated to dryness at room temperature under
reduced pressure. Once dry, 200 ul of 32 % ammonia solution were
added and the contents vortexed until all the solids were dissolved. 200
ul of methanolic 0.3 M PMP were added, the tube tightly capped and
incubated at 70 °C for 30 min under vigorous stirring. After the reaction
was completed, the contents were evaporated to dryness under reduced
pressure. To the dry contents of the tube, 200 pl of 50 % methanol were
added, vortexed thoroughly, and then evaporated to dryness. This step
was performed thrice, in order to remove the ammonia and other vol-
atile salts. Once finished, 400 pl of water were added to the tube and the
contents thoroughly mixed. To this solution 500 pl of CHCI3; were added,
mixed vigorously, centrifuged at 3 000 x g and the organic phase was
carefully discarded. This step was repeated three times after which the
aqueous phase was transferred to an Eppendorf tube and centrifuged at
22 000 x g for 15 min. 250 ul of supernatant were taken from the tubes
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and placed in the chromatography vials for injection.

2.4.5. C18 reverse phase HPLC of the PMP-derivatized monosaccharides

An Ultimate 3000 UHPLC system (Thermo Fisher Scientific Inc.) with
a diode array detector was used. The mobile phase consisted of aceto-
nitrile:phosphate buffer 0.1 M pH 6.7 in a proportion 84.3:15.7 (v/v) ata
flow rate of 1.8 ml-min. The phosphate buffer was prepared gravi-
metrically by dissolving 6.707 g of sodium phosphate monobasic and
6.246 g of sodium phosphate dibasic in 1000 ml of type I water. The
buffer solution was filtered (0.22 um) under vacuum and ultrasound,
and further treated with ultrasound under reduced pressure for 1 h to
completely remove gases from the eluent. After the thorough degassing,
the buffer was volumetrically mixed with the acetonitrile. The column
system used consisted of a Poroshell 120 EC-C18 precolumn (4.6 x 5
mm, 2.7 ym) followed by a Poroshell 120 EC-C18 (4.6 x 100 mm, 2.7
um) column (Agilent Technologies, Inc.). The column was kept at 30 °C,
the injection volume was 5 pl, and a detection wavelength of 245 nm
was used; the run time was 22 min.

2.5. TLC characterization of the oligosaccharides

O. ficus-indica fractions F1 to F7 and O. joconostle fractions F1 to F5
were characterized by HPTLC. 5 pl of sample at 4 mg/ml, or 1 ul of
standard at 1 mg/ml per monosaccharide in 60 %,,, methanol per lane
were injected on 10 x 20 cm HPTLC silica gel 60 (Merck KGaA) plates
using a Linomat 5 (Camag AG). Next, the plates were developed thrice
with 1-propanol:water 7:3.5 v/v as the mobile phase (Dongowski, 1996).
Detection was achieved by immersion in thymol (0.2 %,,,) and sulfuric
acid (5 %y,,) in methanol reagent. Color was developed by placing the
plate in an oven for 2 min at 95 °C. The plates were digitalized using a
flatbed scanner, and the brightness and contrast modified to try and
match the live appearance of the plate; however, the colours were not
represented faithfully in the digital version.

2.6. Determination of molar mass distributions by analytical size
exclusion chromatography (anSEC)

The molar mass distribution was evaluated using a SEC column
system as described in Cruz-Rubio et al. (2020). Shortly, 1 mg of
saccharide (dissolved in 300 ul of eluent) were injected into a system
consisting of a pre column (10 x 100 mm) packed with Toyopearl HW
40S plus three 10 x 300 mm columns filled with Superose 6, Superose
12, and Toyopearl HW 40S respectively. The eluent was 50 mM NaCl +
0.01 %,,, NaN3 at a flow rate of 0.6 ml-min~'. Detection was achieved
by using a differential refractive index detector, and the system was
calibrated using narrow standard dextrans (Pharmacosmos A/S) from a
M,, of 667 800 (dextran 670) to 180 (glucose). CPCwin (a.h. group, Graz,
Austria) was used for calculation of the molecular dimensions. The M,,
results are reported as dextran equivalent. The calculated molar mass
was converted to degree of polymerization (dp) by dividing by a factor
of 162 g-mol ! per dp unit. This factor corresponds to an anhydrohexose
and was chosen as a representative value between the included anhy-
dropentoses and anhydrouronic acids in the saccharides.

2.7. Determination of the fermentability by probiotic strains

The fermentability, and by extension prebiotic potential, of the iso-
lated carbohydrates was evaluated by measuring the growth of the
probiotic strains L. rhamnosus GG (ATCC 53103), L. acidophilus (DSM
13241), B. longum ssp. infantis (ATCC 15697) and B. animalis ssp. lactis
Bb-12 (DSM 15954) in the presence of the tested saccharide using a
previously described method (Mueller, Reiner, Fleischhacker, Viern-
stein, Loeppert, & Praznik, 2016). In brief, the bacterial strains were
incubated in Man-Rogosa-Sharpe (MRS) medium (10 g of peptone from
casein, 8 g of meat extract, 4 g of yeast extract, 1 g di-potassium-
hydrogen phosphate, 2 g Tween 80, 2 g of di-ammonium-hydrogen
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citrate, 5 g of sodium acetate, 0.2 g of magnesium sulfate, 0.5 g cysteine
hydrochloride, and 0.04 g manganese sulfate per liter) overnight. Yeast
extract was obtained from Oxoid (Hampshire, UK). All other chemicals
were obtained from Sigma-Aldrich (St. Louis, MO, USA). The ODgq of
the fresh overnight culture was measured and the required amount of
cells was calculated. After washing the bacteria using phosphate buff-
ered saline (PBS) supplemented with 0.5 g/L cysteine hydrochloride
three times, the cells were resuspended in MRS-medium without car-
bohydrate source. Bacteria were incubated without sugar (negative
control) or with the respective samples (1 %,,, sample) in honeycomb
plates with a final volume of 200 pl and a starting ODggg of 0.1 at 37 °C
for 48 h. The ODggp was measured using a Bioscreen C microbiological
growth monitoring system (Oy Growth Curves Ab Ltd) every hour after
mixing by shaking for 15 sec. All samples were tested in duplicated or
triplicates at various concentrations. The average was calculated and
compared to the ODgqg increase in the presence of the positive control
glucose. To calculate the relative growth rate (RGR), the ODgq of the
negative control was subtracted from the ODggp of the sample plus
probiotic, and this value divided by the negative-corrected ODgg value
of glucose. The raw growth data was normalized by dividing the relative
grow rate by the carbohydrate content in order to be able to compare
samples with differing saccharide content.

3. Results and discussion

Before the extraction of mucilage, the dry, powdered cladodes were
extracted with acetone and methanol in order to remove rests of water,
apolar components such as chlorophyll, free available monosaccharides,
and salts. This procedure prevents interferences in the following
analytical treatments and reduced non-fermentable material for the
determination of prebiotic potential determination. Moreover, methanol
can be easily removed and does not form an azeotrope in comparison to
ethanol, allowing for a better handling during the subsequent carbo-
hydrate characterization. For food use, methanol can be easily
substituted for ethanol.

The hydrothermally (at 80 °C) extracted mucilage spontaneously
builds up supramolecular clusters with the available polysaccharides
held together by ionic and hydrophilic interactions; additionally, minor
components such as salts and protein can support this building process.
Low concentrations and high temperatures help reduce these in-
teractions between the polymer molecules and allow a better insight into
the real molecular dimensions of the mucilage polysaccharides.

We had previously found that the mucilage extracted from
convection-dried O. ficus-indica and O. joconostle cladodes have a molar
mass distribution in a range of 10* to 10° g-mol~? for both species (Cruz-
Rubio et al., 2020). The average molar mass for O. ficus-indica was 3.7 x
10° g-mol ™! and 4.7 x 10° g-mol~! for O. joconostle, with a dispersity
value of 3.4 for the former and 2.6 for the latter. Moreover, we found
that the average molar mass (M ) decreased and the dispersity
increased after the long-time convection drying process; e.g. for O. ficus-
indica the M, decreased to 2.6 x 10° g-mol~!, while the dispersity
increased to 3.7. These results indicate that the mucilages include lower
molar mass components. Furthermore, this decrease in M, allows for
the assumption of a partial breakdown of the mucilage matrix after the
extended heating time.

3.1. Fractional methanol precipitation of the mucilage: yields,
composition and molecular dimensions of the polysaccharide fractions

To obtain more information about the actual molecular dimensions
of the polysaccharides a relatively simple fractionation technique by
means of methanol precipitation was applied. In this case the increasing
concentration of organic solvent reduce the ionic and hydrophilic in-
teractions between the molecules and allows for an easy separation of
the high molar mass polysaccharides from the low molar mass compo-
nents. Using this procedure, naturally occurring oligosaccharides, which
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are non-covalently bonded to the mucilage polysaccharides could be
separated and identified.

This methanol precipitation procedure yielded three fractions: two
precipitates (FO-50 and F50-80) and one supernatant (F80-100). Pre-
cipitation occurred after increasing the solutions’ methanol concentra-
tion up to 50 %,,,. The precipitate, FO-50, is a polysaccharide-enriched
fraction including polysaccharide populations with an average molar
mass of 2.0 x 10° g-mol~? for O. ficus-indica and 1.9 x 10° g-mol~! for
O. joconostle (Table 1). After increasing the concentration of methanol to
80 %,,, two more fractions were obtained. The precipitate (F50-80) is a
fraction composed mostly of the more water-soluble polysaccharides,
with an average molar mass of 2.6 x 10° g-mol ! for O. ficus-indica and
1.5 x 10° g-mol~! for O. joconostle, with a lower amount of high molar
mass polysaccharides. The supernatant became F80-100; a fraction
composed mostly of salts, di- and oligosaccharides along with non-
specified water-soluble components. The population of oligomers in
F80-100 delivers an average molar mass of 4.8 x 10% g-mol™! for
0. joconostle and 6.3 x 10% g-mol ! for O. ficus-indica. After lyophilizing
all the fractions, the proportion of F0-50 : F50-80 : F 80-100 is
approximately 60 : 20 : 20 %,,,. The broad molar mass distribution
induced by the methanol precipitation steps in the mucilage indicates a
partial breakdown of the supramolecular assembly into predominantly
covalently structured molecules in each fraction.

Table 2 shows the monosaccharide composition of the fractions ob-
tained after the fractional precipitation. For the quantitative analysis of
the monosaccharides and uronic acids two chromatographic techniques
were utilized: high performance anion exchange chromatography with
pulsed amperometric detection (HPAEC-PAD) and reverse phase chro-
matography (rp HPLC) with pre-derivatization of the monosaccharides
with PMP. Both methods delivered similar results and were applied
together as the mean =+ the limit of agreement. The main reason for
using both methods was to be certain of the monosaccharide composi-
tion. While HPAEC-PAD is the method of choice in our group given its
relative simplicity and sensitivity, certain monosaccharide pairs, such as
xylose and mannose cannot be fully resolved, and therefore, quantified.
The use of an orthogonal separation method (in addition to the quali-
tative TLC) allowed to resolve this issue satisfactorily and helped assure
that no artifacts were described in the results. A more detailed discussion
and comparison of these methods can be seen in Fig. S3 in the Supple-
mentary Material.

The separation and yield of these three fractions are similar for both
species; however, there are considerable differences in the mono-
saccharide composition between species. Table 2 shows the mono-
saccharide composition of all the produced fractions. Fractions F0-50
and F50-80 deliver similar values compared to the original convection-
dried mucilage as reported in (Cruz-Rubio et al., 2020); the main
monosaccharide present is galactose (ca. 32 %mo]), followed by arabi-
nose; a higher level of galacturonic acid is in O. ficus-indica than in

Table 1
Molecular dimensions of the methanol fractionated poly- and oligosaccharides
from Opuntia spp. mucilage.

— 1 — 2 3

Yield M, M, b’ Distribution
Yorw (g-mol™) (g-mol™) (g'mol™)
O. ficus-indica
FO-50 60.2 2.0 x 10° 5.0 x 10* 4.0 5.0 x 10° — 8.0 x 10°
F50-80 20.4 2.6 x 10° 0.5 x 10* 5.2 4.0 x 10° — 8.0 x 10°
F80-100 19.4 6.3 x 10° 4.4 x 10? 1.4 2.0 x 10% - 2.3 x 10°
O. joconostle
FO-50 59.9 1.9 x 10° 2.5 x 10* 7.6 5.0 x 10% — 8.0 x 10°
F50-80 21.3 1.5 x 10° 1.5 x 10* 5.2 4.0 x 10° — 8.0 x 10°
F80-100 18.8 4.8 x 10? 3.5 x 102 1.4 2.0 x 102 - 2.1 x 10°

1 average mass molar mass.

2 average number molar mass.

8 dispersity, D = M ,,/M .
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Table 2
Monosaccharide composition of the purified polysaccharides after fractional methanol precipitation and oligosaccharides obtained by prepSEC from F80-100.
dp” rhamnose” arabinose” xylose” galactose” glucose” gal. acid”
(Yomol) (Yomol) (Yomon) (Yomol) (Yomol) (Yomol)
O. ficus-indica
FO0-50 8.8+ 0.9 17.8 £ 1.5 13.3+ 0.4 29.1 £0.9 1.8+19 29.3 +£0.9
F50-80 9.9+21 23.6 1.9 18.0 £ 1.5 35.3+3.1 23+0.1 11.0 £ 2.5
F80-100 15.7 £ 0.9 194 +1.6 9.0 £ 0.3 31.4+ 34 21.4+1.0 3.1+22
prepSEC fractions from F80-100
F1 suc 6.9 + 0.8 7.2+ 0.5 6.6 + 0.9 23.2+27 55.6 £ 6.2 n.d.
F2 2-4 111 +£1.9 122 +21 7.8+1.2 51.4 +£3.7 17.4 £ 1.6 n.d.
F3 3-5 141+ 1.0 17.1 £5.3 11.4+1.8 48.5 + 4.7 10.0 + 0.6 n.d.
F4 4-6 15.2+ 0.6 10.7 £ 1.3 7.2+ 3.1 47.4 + 3.3 19.4 + 0.9 n.d.
F5 3-7 9.7 £0.0 11.3+£1.2 7.0 £0.5 46.8 + 2.5 159+ 0.1 9.3 +0.9
F6 8-9 104+ 1.6 42.4 + 4.6 12.3+3.1 19.6 + 0.2 49+ 0.2 10.4 £ 0.0
F7 9-14 11.9 + 2.0 44.4 +£1.7 11.1+1.1 17.7 £ 0.5 3.1+04 11.8 £ 0.5
O. joconostle
F0-50 34+1.1 28.4+1.3 8.1+0.3 39.8+0.7 0.6 +£0.1 19.7 £ 0.2
F50-80 6.1 £0.4 29.3+3.3 155+ 0.8 35.0+1.6 0.8 £0.6 13.2+0.7
F80-100 12.2+ 0.4 114+ 1.0 6.1 +£0.7 40.0 £ 0.3 28.9 +£0.7 1.3+0.4
prepSEC fractions from F80-100
F1 gle, suc 9.0 £ 1.4 13.3 £0.1 n.d. 19.6 £ 2.8 58.1 4.3 n.d.
F2 2-4 11.6 £ 0.8 12.5 + 2.0 n.d. 45.0 £ 0.7 309+1.8 n.d.
F3 3-5 104+ 1.6 5.9+ 0.5 2.7+ 0.4 39.8 £0.3 41.2 +£ 2.8 n.d.
F4 4-6 5.3+0.9 9.7 £ 1.4 7.5+0.9 459 + 0.7 30.5+21 1.1+0.1
F5 3-8 8.0 £0.7 19.5 £ 2.4 10.2 £ 0.9 31.1 £3.5 254 +3.1 6.3 £0.3
n.d.; under limit of detection.
? range of main saccharides estimated from TLC analysis.
b 4 limit of agreement, calculated as 1.96 x S, (n = 3).
O. joconostle. Their correspondence to the monosaccharide composition bl
Table 3

of the total mucilage is clear as these two fractions form the bulk of the
mucilage, being 81 % for O. ficus-indica and 87 % for O. joconostle. The
level of glucose in these fractions was reduced to a minimal concen-
tration due to the high solubility of the low molar mass starch compo-
nents such as maltooligosaccharides.

The level of galacturonic acid in fraction FO-50 was higher by
approx. 30 % in O. ficus-indica and 20 % in O. joconostle than in the
original mucilage; however, in fraction F50-80 the level of galacturonic
acid was around 13 % relatively lower and documents the better solu-
bility of its mainly neutral polysaccharide components.

The soluble fraction F80-F100 (19 and 18 %, yields for O. ficus-
indica and O. joconostle respectively) shows a quite different profile, both
in molar mass distribution and monosaccharide composition. Besides
the high level of glucose, it shows a high content of galactose, 31.4 %p,)
for O. ficus-indica, 40.0 Y%m,) for O. joconostle, and a low part of gal-
acturonic acid with 3.1 %pe and 1.3 %o respectively. Furthermore,
TLC analysis documents different kinds of mono-, di- and oligosaccha-
rides. Therefore, we decided to investigate the low molar mass carbo-
hydrate populations in more detail by further separating this fraction by
means of preparative SEC.

3.2. Monosaccharide composition, molecular dimensions and structural
features of the oligosaccharides from F80-100

Table 2 shows a difference in the monosaccharide composition of
fraction F80-100 between the Opuntia species, particularly in the con-
tent of glucose. However, after analysis of the prepSEC fractions it be-
comes evident that this glucose derives from existing sucrose and
maltooligosaccharides (MOS) in the fractions.

Fig. 1 A (anSEC) shows that fraction F80-100 is separated into two
major peaks in both species. One is mostly composed of salts and other
low molar mass components (peak I), and a second one with a dp dis-
tribution between 1 and 20. Table 3 shows that the dispersity of peak II
for both species is over 2. Therefore, a prepSEC step was performed on
F80-100 to purify and fractionate the low molar mass carbohydrates.

Molecular dimensions and yield of the purified oligosaccharides after fractional
methanol precipitation and prepSEC fractionation.

F80-100, analytical SEC

O. ficus-indica

O. joconostle

Yield dp ' dp .’ P’ Yield dp,,) dp,. P’
(Yoww) (Yow/w)

IS 32.9 salts 35.8 salts

I 67.1 9 4 225 64.2 8 4 2.00

F80-100, preparative SEC fractions

Yield CHO"  dp range”® Yield CHO"  dp range®
Yowmw) (%) %oww) (%)

F1 8.0 335 2 5.1 39.2 1-2

F2  26.3 435 2-4 35.0 37.1 2-3

F3 211 49.5 3-5 30.0 50.0 3-4

F4 150 60.2 4-6 17.1 77.2 4-6

F5 9.0 60.0 3-7 15.9 89.2 5-8

Fé6 8.1 82.5 89

F7 125 100.0 9-15

! Mass average degree of polymerization, calculated as dextran equivalent.
162 used as monomer M,, for dp calculation.

2 Number average degree of polymerization.

% Dispersity, D = M /M .

* Total carbohydrate content.

5 degree of polymerization estimated from the TLC analysis.

 see Fig. 1 A for fraction assignment.

Fig. 1 B shows the fractionated profiles for both species. The fractions
with components dp < 1, which include minor parts of mono-
saccharides, salts and other non-identified low molar mass components
were excluded for further analysis. O. ficus-indica was divided into seven
fractions, with a dp distribution from 1 to 15, while O. joconostle was
divided only into five fractions, 1 < dp < 8.

Two TLC analyses were carried out on the prepSEC fractions. Fig. 2
shows the samples separated using an eluent optimized for the
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Fig. 2. TLC pattern of the oligosaccharide fractions from F80-100 from preparative SEC separation. O. ficus-indica (top), O. joconostle (bottom). Standard S1: xyl,
xylose; ara, arabinose; glc, glucose; gal, galactose; suc, sucrose; glca, glucuronic acid; gala, galacturonic acid. Standard S2: fuc, fucose; fru, fructose; glc2, maltose; lac,

lactose; raf, raffinose.

separation of oligosaccharides, while Fig. S2 (Supplementary Material)
utilizes an eluent optimized for mono and disaccharide separation. The
prepSEC fractions containing only salts or monosaccharides were
removed from both figures in order to be able to align the
oligosaccharide-containing samples between the two species into similar
retention times.

The TLC pattern in Fig. 2 and Fig. S2 (Supplementary Material) de-
livers additional information about the nature of the separated mono-,
di- and oligosaccharides by using specific visualizing reagents. More-
over, it is easy to see the position and nature of neutral and acidic oli-
gosaccharides; the acidic polysaccharides derivatize into very deep,
greenish color compounds, while the neutral saccharides become pink
for the hexoses, and yellow or blue for the pentoses or methyl-pentoses.
However, the similarities or differences in monosaccharide composition
of the fractions only hint at the nature of the oligosaccharides present in
F80-100.

F1 and F2 (for both species) contain a very high proportion of su-
crose, which is hardly detectable from F3 onwards. Thus, the high levels
of glucose in F1 and F2 (Table 2) derives primarily from the hydrolysis of
sucrose. If we multiply the glucose content in F80-100 by the F80-100
proportion of the mucilage, we get a glucose content of 4.8 %y, for
O. ficus-indica and 5.4 %, for O. joconostle, values like those reported
before (Cruz-Rubio et al., 2020).

Giving further clues of the structure of the separated oligosaccha-
rides, at the eluent conditions used (pH close to neutral), differently
dissociated species of the acidic polysaccharide exist, potentially
broadening the bands. This effect is quite apparent in Fig. 2 where F7,
the fraction with the higher galacturonic acid content shows a diffused
pattern due to the number of dissociated species present for the same
acidic carbohydrate molecule.

These methods, in combination with the content of carbohydrate in
the fractions (phenol-sulfuric method), allow to make inferences as to
the identity and composition of the oligosaccharides, and further along,
its influence on their fermentability by the probiotic strains.

3.2.1. Oligosaccharides from O. ficus-indica

As stated before, F1 contains a high amount of sucrose. If we remove
the glucose coming from its hydrolysis, the composition of F1 gets closer
to that of the neutral oligosaccharides (F2 to F4), namely oligosaccha-
rides composed mostly of galactose (ca. 50 %mo)) and ca. 15 %mo) €ach
for rhamnose, arabinose and xylose. The dp is around 2-3 and includes
dimers of galactose as well as some of not identified carbohydrate
construction.

F2 shows a similar pattern as F1, with a reduced sucrose band and a
slight increase in the dp 3-4 bands. The high level of glucose hints to
maltotri- and maltotetraoligomers; the content of galactose, rhamnose,
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arabinose and xylose indicates a mixture of differently structured
neutral oligomers.

The TLC pattern of F3 delivers bands of oligosaccharides with sur-
prising intensity at 0.6 Rf. This value indicates relatively complex-
structured oligosaccharides with dp of 3-5. Additionally, a homolo-
gous maltooligomer series was found in the fraction. It is worth noting
that F1 to F3 have a relatively low carbohydrate content (50-62 %y,w),
which will in turn also affect the results of the fermentability of these
fractions.

F4 still has a relatively low content of carbohydrate at 77 %, but with
an apparent increase in dp to 4-6, as there are three well defined bands
between Rf 0.55 and 0.40, showing several complex-structured oligo-
saccharides of galactosyl-, arabinosyl- and xylosyl- residues with a
dominance of pentosyl groups due to the more purplish color, as
opposed to the pink color of hexose-dominated oligosaccharides.

Fraction 5, dp 3-8, includes a minor amount of galacturonic acid
reflected in the TLC bands of the oligosaccharides between Rf 0.6 and
0.65 due to the deep, greenish color. Additionally, the TLC bands be-
tween Rf 0.35 and 0.55 come from the neutral complex-structured oli-
gosaccharides with galactosyl-, arabinosyl- and xylosyl- residues in the
molecules.

The TLC bands of F6 between Rf 0.75 and 0.50 show an intense dark
color. The Rf is quite high, even partly higher than galacturonic acid,
giving evidence that this fraction is a pectic oligosaccharide with a
backbone of galacturonic acid residues (therefore being less available
for interaction with the silica). The monosaccharide composition further
indicates a branching characteristic with galactosyl-, rhamnosyl-, ara-
binosyl- and xylosyl residues.

F7 has an almost equal monosaccharide composition to F6 but with a
higher content of galacturonic acid. However, the TLC pattern and the
SEC separation behavior are quite different between these two fractions.
The charged galacturonic acid residues in this oligosaccharide molecules
may be arranged peripherally and allow an intense interaction with the
stationary phases of SEC and TLC. These results support the assumption
that this fraction is composed mostly of acidic arabinogalactan oligo-
mers, with a main chain composed of galactosyl residues interposed
with arabinosyl- and galacturonic acid residues in the side chains with
predominantly terminal residues of galacturonic acid (Chintalwar et al.,
1999).

Furthermore, the high content of complex-structured branched oli-
gosaccharides in F3 to F7 supports the evidence of breakdown of
mucilage polymers to smaller molecular units by the convection drying
(particularly the long-time treatment) of cladodes from O. ficus-indica.

3.2.2. Oligosaccharides from O. joconostle

Similarly to F1 from O. ficus-indica, O. joconostles’ F1 is composed
mostly of glucose, sucrose and probably other dimers of galactose. The
monosaccharide composition (Table 2) shows a high level of glucose and
relatively low amount of galactose, arabinose and rhamnose. The total
absence of xylose is notable compared to the results of O. ficus-indica.
The total content of carbohydrate is around 40 % and confirms the
relatively high level of salt and other non-identified components in this
fraction.

In general, the monosaccharide composition of F2 to F5 shows a high
amount of galactose and glucose and supports the hypothesis that a
population of maltooligosaccharides as well as galactooligosaccharides
are present in these fractions. To proof this hypothesis, the fractions
were treated separately with endo-1,4-f-galactanase and a-amylase and
qualitatively evaluated by TLC (results not shown). The treatment with
endo-1,4-p-galactanase delivered a significant amount of galactose and
di-galactose and confirms the splitting of p-1,4- linkages in the oligo-
mers. The treatment with a-amylase released a significant amount of
glucose, evidence for the splitting of the maltooligomers and confirms
their presence in the fractions.

F2 and F3 are similarly composed, with a high level of maltoo-
ligomers and p-1,4- linked galactooligosaccharides of dp 2-5. Minor
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parts of rhamnosyl-, arabinosyl- and xylosyl residues indicate possible
branching structure in the galactooligomers. Similarly to F1, the total
content of carbohydrate in F2 and F3 is around 40 % and confirms the
presence of salt and other components in the fractions.

F4 has a relatively high level of total carbohydrate (72 %) and shows
well defined bands with dp 4-6 in the TLC pattern. The content of
glucose is approx. 30 %, for the existing maltooligosaccharides in the
fraction. The other oligosaccharides are composed mostly of galactose
(approx. 46 %pmo]), with increasing parts of rhamnose, arabinose and
xylose compared to F3. These results support the increasing branched
characteristics of the existing galactooligomers in this fraction as well. A
minor part of galacturonic acid residues in the structure composition
was found as well.

F5, with a content of carbohydrate of 89 % shows a lot of defined
bands in the TLC pattern with a dp between 3 and 8. As before, some of
these bands derive from maltooligomers. Further bands reflect the
complex branched oligomers with galactosyl-, rhamnosyl- and gal-
acturonic acid residues proposed in the main chain and interposed with
arabinosyl- and xylosyl residues predominantly terminal in the side
chains.

In contrast to the results of O. ficus-indica, a thermal breakdown of
mucilage polymers from the convection drying process could not be
found, the only degradation products derive from starch polymers,
which are present in CAM (Crassulacean Acid Metabolism) plants as a
transitory carbohydrate reserve (Weise, van Wijk, & Sharkey, 2011).
This starch can be split into a series of maltooligosaccharides and are
found in the prepSEC fractions from mucilage fraction F80-100. The
results of the prepSEC fractionation document the developing of
complex-structures built up from the relatively simple structures found
in F2 and F3 to complex branched molecules in F4 and F5, which can be
further reflected in the mucilage fraction FO-50 and F50-80.

3.3. Fermentability of the different poly- and oligosaccharides extracted
from O. ficus-indica and O. joconostle by probiotic strains

3.3.1. Monosaccharides as carbon source for the selected probiotic strains

In this investigation, four widely considered probiotic strains
(L. acidophilus, L. rhamnosus, B. longum ssp. infantis and B. animalis ssp.
lactis) were tested for their ability to ferment the monosaccharides
present in the mucilage polysaccharides under our testing conditions. To
facilitate the comparison, all results are reported as growth relative to
glucose, since this was (unsurprisingly) the sugar that prompted the
greatest growth response. The results are listed in Table S4 in the Sup-
plementary Material.

In order to grow, the selected microorganism must be able to
metabolize the monosaccharide as a carbon source as well as to contain
the necessary enzymes to cleave the glycosidic linkages forming the
polysaccharide into monosaccharides or saccharides small enough to be
transported into the cell.

Glucose and galactose were metabolized quickly by all four probiotic
strains. In contrast, xylose and arabinose led only to a significant growth
for three out of the four strains (L. acidophilus, B. animalis ssp. lactis and
B. longum ssp. infantis). Rhamnose induced a medium RGR of 38 to 51 %
and is the only monosaccharide (in addition to glucose and galactose) to
elicit a growth response in L. rhamnosus. However, rhamnose cannot be
metabolized by B. longum ssp. infantis. Moreover, in our test system,
none of the microorganisms showed any growth with galacturonic acid
as the carbon source.

3.3.2. Fermentability of the methanol fractionated poly-and
oligosaccharides (FO-50, F50-80 and F80-100)

Table 4 shows the fermentability of fractions FO-50, F50-80 and F80-
100 from both Opuntia species. The dependency of the growth rates on
the molecular dimension, monosaccharide composition, and found
structural features of all fractions was investigated in detail.
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Table 4
Prebiotic potential of poly- and oligosaccharides extracted from the mucilage of
two Opuntia species.

L. acidophilus L. rhamnosus B. longum ssp. B. animalis ssp.
infantis lactis
RGR" (%) RGR" (%) RGR" (%) RGR" (%)
0. ficus-indica
F0-50 14 11 10 18
F50-80 18 10 14 21
F80- 20 11 26 27
100
prepSEC fractions from F80-100
F1 45 48 84 57
F2 34 18 41 25
F3 18 26 28 20
F4 20 33 17 7
F5 17 23 22 17
Fo6 7 - 11 -
F7 17 - 12 -
O. joconostle
F0-50 11 9 17 2
F50-80 20 13 22 14
F80- 15 19 28 36
100
prepSEC fractions from F80-100
F1 43 64 41 56
F2 54 73 57 65
F3 22 38 28 30
F4 8 19 16 26
F5 9 19 3 0

 Relative Growth Rate to glucose. Value corrected for carbohydrate content
by normalizing against carbohydrate content.

3.3.2.1. Fermentability as a function of molecular dimensions. The frac-
tions from O. ficus-indica were fermentable by all four probiotic strains
and led to a relative growth increase ranging between 11 and 27 %
(Table 4). B. longum ssp. infantis shows a notable dp dependency, as it
grew more with the fraction of the lowest dp (F80-100), namely 26 %
compared to F50-80 (14 % RGR increase) and F0-50 (10 % RGR in-
crease). B. animalis and L. acidophilus show a similar trend of higher
fermentability as the dp decreases, but it is not as pronounced as with
B. longum.

All but one of the included fractions of O. joconostle are significantly
fermentable as indicated by a RGR increase ranging from 9 to 36 %
(Table 4). For 3 out of the 4 strains (L. rhamnosus GG, B. animalis ssp.
lactis and B. longum ssp. infantis), a dependency in fermentability to the
molecular dimension was found. In fact, F80-100 was fermented faster
than F0-50. FO-50 was hardly metabolized by B. animalis ssp. lactis
leading to a growth increase of only 2 %.

3.3.2.2. Influence of monosaccharide composition and structural features
on fermentability. As stated before, the carbohydrate composition and
type of linkages in the polysaccharides have a major impact on the
growth behavior of the tested probiotic strains. A good example of this is
F0-50. B. animalis grows quite well in O. ficus-indica compared to
O. joconostle, despite the higher content of non-fermentable galacturonic
acid (Supplementary Material Table S4). Since the molar mass distri-
butions and monosaccharide composition are relatively similar, the
branching characteristics is left as the controlling factor in this differ-
ence. A query into the genome of B. animalis in the Carbohydrate Active
Enzymes (http://www.cazy.org/) database (Lombard, Golaconda
Ramulu, Drula, Coutinho, & Henrissat, 2014) shows that this microor-
ganism does not encode for polysaccharide lyases, one of the main
classes of enzymes able to degrade complex polysaccharides. This leaves
only with glycoside hydrolases. The results for the query correlate well
with the results of Table 3, as there are listed several o- and
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B-galactosidases, a-L-arabinofuranosidases, endo-(1,4)-p- and B-xylosi-
dases, o- and p- amylases and glucosidases, and a-fucosidases, while
there is no mention of rhamnosidases or galacturonidases.

In contrast to the differences in FO-50, F50-80 from both species have
an almost equal monosaccharide composition (galactose ~35 %],
arabinose ~25 %], Xylose ~16 %mo and rhamnose ~8 %) and
carbohydrate content (~90 %). Yet, for both FO-50 and F50-80, a trend
can be seen: L. acidophilus and L. rhamnosus have similar growth values,
while B. longum and B. animalis differ between species, with B. longum
being more active in O. joconostle and B. animalis is more active in
O. ficus-indica. Moreover, both F50-80 fractions have the highest pro-
portion of the most fermentable sugars (galactose, arabinose, and
xylose), and the lowest content of galacturonic acid. This indicates that
the more pectic-like material, needing lyases for depolymerization that
these microorganisms do not produce, was precipitated in the F0-50
step; this could be an explanation for the fact that this fraction shows
the highest growth values.

F80-100, as the results show, is metabolized by the bacteria, but
since there is a large content of sucrose and maltooligosaccharides, the
results are difficult to interpret as they belong to the mixture. Therefore,
the analysis of the results will be performed on the individual constit-
uents of F80-100 as separated by prepSEC.

3.3.3. The fermentability F80-100 and its preparative SEC fractionated
oligosaccharides

Table 4 shows the relative growth rates of the four applied bacterial
strains for both F80-100 as a whole as well as the preparative SEC
fractions. The prebiotic effectivity as tested is related to the total car-
bohydrate content and to the presence of fermentable mono-, di and
oligosaccharides such as glucose, sucrose and maltooligomers, all non-
prebiotics since they are fermented before reaching the gut. To correct
for the differing carbohydrate amounts, the raw relative growth rates
were normalized by dividing by the total carbohydrate content as found
by the phenol-sulfuric method, as the samples were prepared all to the
same mass-concentration. The term RGR will be used for the discussion
in this section to reflect the use of the calculated, corrected relative
growth rates.

In the prepSEC fractions, however, prebiotic oligosaccharides with
adequate monosaccharide composition and structure were present,
allowing for a suitable interpretation of their prebiotic potential related
to the mucilage components, as well as the chance to analyze the in-
fluence of the monosaccharide composition and structure of the oligo-
saccharides in the ability of the microorganisms to utilize them as a
carbon source.

3.3.3.1. Fermentability of oligosaccharides from O. ficus-indica. In gen-
eral, all fractions were well fermented, and show a decreasing RGR value
trend as the molecular dimensions increase. Because of minor avail-
ability of samples F6 and F7 only L. acidophilus and B. longum were tested
in these fractions. The high RGR values (45 to 84 %) for F1 are justified
by the high fermentability of glucose, fructose and sucrose (Mueller
etal., 2016), all coming from the plant energy metabolism pool. F2 has a
rest of sucrose, and already includes the maltooligomers from transitory
starch. This is reflected in the lower RGR values for all strains. Fractions
F3 to F5 include more complex-structured mucilage oligomers besides
the present maltooligomers, and thus the RGR values are reduced to the
range of 17 — 33 %, except for B. animalis, which delivered a very low
RGR value of 7 % when incubated with F4.

F6 and F7, composed primarily of mucilage oligomers and having a
relatively high level of galacturonic acid, show similar values to those of
the high molar mass mucilage polysaccharides. It is worth noting that for
L. acidophilus, there was an RGR increase from F6 to F7, signaling a
better availability of fermentable sugar residues in the latter, despite the
larger molecular dimensions.
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3.3.3.2. Fermentability of oligosaccharides from O. joconostle. The pre-
pSEC fractions of O. joconostle likewise show a decreasing RGR trend
with increasing molecular dimensions. Only F5 induces no growth of
B. longum and B. animalis. All fractions include mono-, disaccharides or
plant metabolism oligosaccharides such as maltooligosaccharides. F1
and F2 share the same high content of sucrose as O. ficus-indica, similarly
delivering high RGRs. Moreover, the fractions contain 20-40 % mal-
tooligosaccharides, corresponding (by definition) to an equal contribu-
tion to the RGR. The included galactooligosaccharides (with an
increasingly complex structure) are responsible for the rest of the
growth. However, F5 induces almost no growth for B. longum and
B. animalis. Given the presence of the easily hydrolysable malto- and
galactooligosaccharides (via the corresponding present gluco- and gal-
acto- hydrolases) we can only assume the presence of a low-molar mass
compound that inhibits the growth of these microorganisms.

4. Conclusions

The mucilage extracted from the convection-dried cladodes of
O. ficus-indica and O. joconostle is partly composed of supramolecular
assemblies built of conjugated, non-covalent bonded complex-
structured neutral and acidic polysaccharides. Moreover, it has been
shown for the first time that these assemblies allow for the inclusion of
low molecular weight components, particularly mono-, di- and oligo-
saccharides. The oligosaccharides found in this work have been so far
overlooked in the literature regarding the analysis and characterization
of the mucilage of Opuntia spp.

Two high molar mass heteropolysaccharides fractions with partly
pectic characteristics along a fraction of low molar mass poly- and oli-
gosaccharides with minor amounts of galacturonic acid residues were
found. The reported results represent the molar mass distribution of the
covalently structured molecules, and likewise document the disruption
of the non-covalent bonds in the mucilage matrix.

The low molar mass fraction includes carbohydrates from the plant
primary metabolism and are present in both species.

O. ficus-indica oligosaccharides include oligomers with a potential
galactosyl-linked main chain and potentially interposed by arabinosyl-,
xylosyl- and increasing galacturonopyranosyl acid residues in the side
chains. The presence of such complex oligosaccharides in these fractions
supports their possible origin as products of heteropolysaccharide
degradation after the convection drying of the cladodes.

The oligosaccharides found in O. joconostle show a series of mal-
tooligomers along an increasing amount of galactooligomers with
increasing rhamnosyl-, arabinosyl-, xylosyl- and galacturonic acid resi-
dues in the molecules. These results document the development of
heteropolysaccharide structure building, from simple oligomer units to
the complex molecules present in the high-molar mass polysaccharides.
The possible hydrothermal breakdown of mucilage into smaller units in
a manner analogous to O. ficus-indica was not found.

The prebiotic potential of the high molar mass heteropolysaccharides
for both Opuntia species was relatively low and can be explained by the
lack of complex- and pectic polysaccharide degrading enzymes in the
four bacterial species tested. The slightly higher fermentability of the
low molar mass poly- and oligosaccharides can be justified by the lower
level of galacturonic acid residues in the fraction.

In general, the different relative growth rates of the oligosaccharides
by the tested probiotic strains can be ascribed more to their structural
characteristics and monosaccharide composition than their molecular
dimensions.

Finally, our results indicate that it does not make economic sense to
isolate the natural occurring oligosaccharides (or produced from
processing-related degradation of the polysaccharides) present in
Opuntia spp. given their low concentration. However, their production
via a deliberate partial hydrothermal or enzymatic degradation of the
heteropolysaccharides into low molar mass oligosaccharides can sup-
port the developing of novel products for the stimulation of specific
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microorganisms (or genera of microorganisms) in the gut microbiota.
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