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ARTICLE INFO ABSTRACT
Keywords: This study aims to structurally characterize a polysaccharide extracted from Cenostigma nordestinum gum (AGCn)
Arabinogalactan and evaluate its prebiotic potential in human gut microbiota. AGCn, obtained by dissolution in water and pre-

Chemical structure
Microbiota
Prebiotic

cipitation in 70 % ethanol, was primarily composed of carbohydrates (93.61 %), with a low protein content
(1.70 %) and some phenolic compounds (9.16 % Gallic Acid Equivalents). Its molecular weight was 6.19 x 10*
g/mol, with a dispersity of 1.33. The main monosaccharides identified were arabinose (38 mol%) and galactose
(31 mol%). Methylation analysis and 2D NMR spectra showed that the gum exuded from C. nordestinum is a
branched arabinogalactan composed of —6)-B-Galp-(1—, —3,6)-B-Galp-(1—, and —3,4,6)-p-Galp-(1— residues,
containing chains of —3)-a-Araf-(1— and —5)-a-Araf-(1—, with a-Araf-(1— and a-Rhap-(1— as terminal resi-
dues. The identification of —4)-a-GalpA-(1— showed also the presence of a pectic polysaccharide. AGCn was
metabolized by Lactobacillus brevis, Lactobacillus plantarum, and Lactobacillus casei probiotic bacteria. AGCn in
vitro fermentation increased the ratio of Bifidobacterium and Bacteroides in the microbiota, decreased the abun-
dance of bacteria associated with intestinal disease, and produced short-chain fatty acids. Thus, AGCn is an
arabinogalactan with prebiotic potential as a gut microbiota modulator, offering significant value for future food
and biotechnological applications.

1. Introduction Liu, Zhao, et al., 2023), and phenolic compounds (Vasile et al., 2019).
The degradation and complete absorption of polysaccharides in the

Gums exuded from plants are primarily composed of polysaccharides human digestive system is a complex process influenced by their

as their main structural component (Ahmadi et al., 2022; Zeng et al., monosaccharides composition, type and stereospecificity of glycosidic
2022). Additionally, they contain, to a lesser extent, inorganic elements bonds, degree of branching, and molecular weight (Wang et al., 2023).
(Liu, Liu, et al., 2023), proteins (Chaudhari & Annapure, 2020, 2021; Undigested polysaccharides that escape digestion in the upper
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gastrointestinal tract reach the colon largely intact, where they are
fermented by the gut microbiota (Bamigbade et al., 2022). Gut bacteria
have a variety of carbohydrate-active enzymes (CAZymes) capable of
degrading complex carbohydrates (Bamigbade et al., 2022; Elshahed
et al., 2021). The metabolites produced during polysaccharide fermen-
tation can modulate gut microbiota metabolism and influence species
diversity (Liu et al., 2021). These effects may drive important strategies
for developing new prebiotics aimed at modulating the gut microbiota
(Mitra et al., 2023).

The gut microbiota is a large and diverse microbial community
distributed in the colon, where it performs essential metabolic, struc-
tural, protective, and neurological functions that support host health
(Adak & Khan, 2019; Portincasa et al., 2022; Sori et al., 2023). Changes
in the composition of the gut microbiota, known as dysbiosis, are
associated with genetic, physical, psychological, and environmental
susceptibility factors, including diet, stress, frequent antibiotics use, and
hormonal or immunological changes (Hooks & O’Malley, 2017; Talapko
et al., 2022). This process is characterized by an imbalance and insta-
bility in bacterial colonization, which can triggers harmful effects on an
individual’s health (Mutuyemungu et al., 2023; NeuHannig et al., 2019).
In this context, prebiotics have been explored as potential candidates for
regulating gut microbiota composition.

Defined as non-digestible substrates that confer health benefits to the
host, prebiotics can selectively stimulate the growth and/or metabolic
activity of gut microbiota-associated bacteria (Gibson et al., 2017). The
functional characteristics of prebiotics are associated with their ability
to selectively promote the growth of probiotic bacteria, such as Lacto-
bacillus and Bifidobacterium, while inhibiting the colonization of patho-
genic bacteria. They also support anaerobic intestinal conditions that
foster bacterial growth, lower pH levels, maintain intestinal barrier
integrity, and enhance the production of short-chain fatty acids (SCFAs)
(Munteanu & Schwartz, 2024). These combined functions contribute to
the regulation of metabolism (Enam & Mansell, 2019; Portincasa et al.,
2022). Carbohydrates such as fructo-oligosaccharides (FOS), galacto-
oligosaccharides (GOS), and xylo-oligosaccharides (XOS) are among
the most extensively investigated substrates with prebiotic action
(Nobre et al., 2022). In addition, in vitro and in vivo experimental ana-
lyses have shown the potential prebiotic effect of plant gum poly-
saccharides (K-da et al., 2020; Silva et al., 2023).

Cenostigma nordestinum is an endemic plant native to the Caatinga
phytogeographic domain, widely distributed in the Brazilian semi-arid
region and popularly known as “catingueira,” “catinga-de-porco,” and
“pau-de-rato” (Soares et al., 2022). C. nordestinum is often confused with
Cenostigma pyramidale, previously described as Caesalpinia pyramidalis or
Poincianella pyramidalis, due to the shared popular name, “catingueira.”
This confusion arises from the similar characteristic unpleasant odor
present in both species, which belong to the same Fabaceae family
(Rodrigues et al., 2020; Soares et al., 2022). In addition, the plant parts
of C. nordestinum, such as bark, flowers, and leaves, treat pyelonephritis,
hepatitis, hypertension, and gastrointestinal disorders (de Sousa et al.,
2021). Studies on its chemical constituents have identified a range of
metabolite compounds in its leaves, bark, and bark exudate, including
polysaccharides, phenolics, alkaloids, flavonoids, flavanones, tannins,
and xanthones (Soares et al., 2022).

Despite the wide range of bioactive compounds identified and
characterized in the plant parts of C. nordestinum, the structural
composition and the biological potential of the polysaccharide obtained
from its gum have not yet been explored in scientific studies. Consid-
ering the plant association with gastrointestinal disorders treatment,
this study hypothesizes that the polysaccharide from the C. nordestinum
gum presents prebiotic potential. Therefore, the objective of this work
was the structural characterization of the polysaccharide obtained from
C. nordestinum gum and the evaluation of its prebiotic potential in
modulating the intestinal microbiota through in vitro faecal
fermentation.
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2. Materials and methods
2.1. Chemicals and reagents

Bovine serum albumin (BSA), §-glucuronolactone, gallic acid, t-
rhamnose (Rha), L-arabinose (Ara), p-mannose (Man), p-galactose (Gal),
p-glucose (Glc), p-xylose (Xyl), p-galacturonic acid (GalA), Porcine
pepsin, pancreatin, bile extract, pefabloc SC, (NH4)2CO3, NaHCO3 and
HCI (37 %, w/v) were purchased from Sigma-Aldrich Chemical Co. (St.
Louis, MO, USA). MgCl,-(H20)¢ was pure pursued from Merck (Ger-
many). NaCl, KCl, NaOH, KHyPOy4, and CaCly-(H20)2 were obtained
from Panreac (Spain). P-82 pullulan standards were obtained from
Shodex Denko® (Tokyo, Japan). The lactate standards and Short Chain
Fatty Acids (SCFAs) (Acetic, Propionic, Iso-Butyric, and Formic) were
purchased from Aladdin Industrial Inc. (Shanghai, China). All other
reagents were of analytical grade.

2.2. Plant material

The gum exuded from C. nordestinum was collected in the munici-
pality of Patos, Paraiba, Brazil (7° 03'33.3"537°16'30 0" W). Botanical
identification was then performed and the exsiccates were deposited in
the Rita Baltazar de Lima Herbarium of the Federal University of Cam-
pina Grande (UFCG) under registration number 7458. The plant species
was registered under the access number ABF5334 in the National System
for the Management of Genetic Heritage and Associated Traditional
Knowledge (SisGen) of the Ministry of the Environment (Brazil).

2.3. Extraction and purification of gum polysaccharide

The polysaccharide from C. nordestinum gum was extracted accord-
ing to the methodology of Souza et al. (2010), with minor modifications.
Briefly, the gum was grounded and dissolved in distilled water (20 % w/
v) under magnetic stirring (200 rpm/min) during 2 h at room temper-
ature (25 °C). The solution was filtered using cheesecloth, followed by
further filtration on a silk tissue (90 threads). The filtrate was precipi-
tated for 18 h with absolute ethanol to a final concentration of 70 % (v/
v), centrifuged (2.800 xg; 15 min), freeze-dried, and finally pulverized
with the aid of a knife mill to obtain the powdered polysaccharide
extracted from the gum of C. nordestinum (AGCn). This procedure was
performed in triplicate to estimate the yield of the extraction as the ratio
of the final mass of the precipitate powder (my) to the initial mass of the
gum (m;), which was expressed as % (w/w).

2.4. Chemical and structural characterization of AGCn

2.4.1. Colorimetric chemical analyses

The total sugar content was determined according to modifications
of the phenol-sulfuric acid methodology by adding 2-40 pL of sample
dissolved in distilled water (0.005-0.1 mg/mL), followed by 20 pL of 80
% (w/v) phenol and 1 mL of 97 % sulfuric acid. After 30 min, the
absorbance of the samples was measured at A = 490 nm using a UV/
Visible spectrophotometer (Amersham Biosciences Ultrospec 3100 pro).
A galactose standard curve (0.005-0.1 mg/mL) was prepared and sub-
jected to the same procedure (Coelho et al., 2020).

Spectrophotometric analysis was applied to determine the total
protein (Bradford, 1976) and phenolic contents (Singleton & Rossi Jr.,
1965) using bovine serum albumin (Asgs nm) and gallic acid (Ayes nm)
as standards, respectively. The uronic acid content was measured ac-
cording to modifications in 3-phenylphenol colorimetric method. The
polysaccharide was hydrolysed with 1 mol/L of H2SO4, for 1 h at 100 °C
and the uronic acids quantified as galacturonic acid equivalents. A
calibration curve was prepared using D-galacturonic acid as standard
and then measured at 520 nm. All samples were analyzed in triplicate
(Gudina et al., 2023).
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2.4.2. Gel permeation chromatography (GPC)

The peak molecular weight (Mp), average molecular weight (Mw),
number average molecular weight (Mn) and dispersity (D) distribution
of AGCn was determined by Gel Permeation Chromatography (GPC)
using a Shimadzu LC-20AD chromatograph coupled to a refractive index
detector (RID-10A) (Lima et al., 2021; Pereira et al., 2021). AGCn was
dissolved in deionized water (1 mg/mL; 0.1 % w/v), and 50 pL of this
solution was applied to a linear PolySep column (7.8 x 300 mm)
working with a mobile phase of 0.1 mol/L NaNOs, at room temperature
(25 °C), and a flow rate of 1 mL/min. To determine the Mp, Mw, Mn, and
D of AGCn, a calibration curve was established using pullulan standards
(Shodex Denko®) with a molecular weight ranging from 5.9 x 10° to
7.88 x 10° g/mol.

2.4.3. UV-visible and Fourier transform infrared (FTIR) spectroscopy
analysis

The ultraviolet spectrum of AGCn (2 mg/mL mg) was performed
using a UV-Vis spectrophotometer (Ultrospec 2100 pro, Amersham
Biosciences) in the wavelength range of 200-700 nm. The FT-IR spec-
trum of AGCn (5 mg) was taken in an ATR (Attenuated Total Reflection)
window and analyzed in the wavelength range from 500 to 4000 cm ™
with a resolution of 4 cm ™! and the average measurement of 120 scans
(Perkin Spectrophotometer Elmer) (de Araujo et al., 2021).

2.4.4. Monosaccharide composition

The monosaccharide composition of AGCn was obtained by treat-
ment with 72 % (w/w) HSO4 for 3 h at room temperature with occa-
sional stirring followed by hydrolysis with 1 mol/L H2SO4 for 2.5 h at
100 °C. Monosaccharides were reduced with NaBHy4 (15 % in 3 M NHg)
for 1 h at 30 °C and subsequently acetylated with acetic anhydride (3
mL) in the presence of 1-methylimidazole (450 pL) for 30 min at 30 °C.
The alditol acetate derivatives were separated with dichloromethane
and analyzed by Gas chromatography with a flame ionization detector
(GC-FID) (Perkin Elmer-Clarus 400) and equipped with a 30 m DB-225
column (J&W Scientific, Folsom, CA, USA) with i.d. and film thickness of
0.25 mm and 0.15 pm, respectively (Hamed et al., 2022). The results
were compared with analytical standards for arabinose, galactose,
glucose, mannose, rhamnose, and xylose, submitted to the same
procedures.

2.4.4.1. Glycosidic linkage analysis. The glycosidic linkage composition
of AGCn was determined by methylation analysis. The AGCn (1-2 mg)
was dissolved in 1 mL of dimethyl sulfoxide, and then NaOH powder (40
mg) was added under argon atmosphere. The samples were methylated
with CH3I (80 pL) for 20 min with stirring, followed by a second addition
of 80 puL of CH3l and stirring for another 20 min. CHCl3/MeOH (1:1 v/v;
3 mL) was added, and the solution was dialyzed (12 kDa) against 50 %
EtOH. The remethylated material was hydrolyzed with 2 M trifluoro-
acetic acid (1 mL) at 120 °C for 1 h and then reduced and acetylated with
NaBDy4. The partially methylated alditol acetates (PMAA) were sepa-
rated and analyzed by Gas Chromatography Coupled to Mass Spec-
trometry (GC-MS QP2010 Ultra, coupled to a QP2010 Ultra)
(Shimadzu). The mass profile of the PMAA fragments was compared
with the same monosaccharide standards with different methylation
profiles (Bastos et al., 2015).

2.4.5. Nuclear magnetic resonance spectroscopic analysis

The 'H and '3C NMR spectra of the AGCn were recorded using a
Varian VNMRS-500 MHz spectrometer with a triple resonance probe, as
described by de Araujo et al. (2021). Approximately 10 mg of the sample
was dissolved in 0.6 mL of 99.6 % deuterium oxide (D,O) as an external
reference at 40 °C with DO suppression by pre-saturation. The 1D 'H
NMR spectrum was recorded with 16 scans. The 2D (‘H—'H) TOCSY
(Total Correlation Spectroscopy) spectrum was acquired with a spin-
lock field of 10 kHz and a mixing time of 80 ms. H—13¢ multiplicity-
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edited HSQC (Edited Heteronuclear Single Quantum Correlation Spec-
troscopy) spectrum (1024 x 256 points) was acquired with globally
optimized alternating rectangular phase pulses for decoupling. 'H and
13C chemical shifts were calibrated with the basis of signals from tri-
methylsilyl propionic acid as standard at 0 ppm. Spectra were processed
using the software Top-Spin 3.6.5 (Bruker).

2.5. In vitro utilization of carbon sources by probiotic bacteria

Lactobacillus rhamnosus (CECT 278), Lactobacillus brevis (CECT 216),
Lactobacillus plantarum (CECT 748), and Lactobacillus casei (ATCC 334)
were gently provided by the Laboratory of Microorganism Genetics
(LGMi) at the Federal University of Pernambuco. Lactobacilli cultures
were kept at —80 °C in glycerol at 25 % (v/v). For prebiotic activity
assays, the frozen cultures were cultured in Man-Rogosa-Sharpe (MRS)
broth and incubated at 37 °C for 48 h.

The assays were performed according to a previous study (Nobre
et al., 2018). MRS broth with a substituted carbon source was used to
evaluate the prebiotic potential of AGCn. MRS broth without carbon
source was autoclaved at 121 °C for 15 min and prepared according to
the following formulation: 10 mg/mL peptone, 10 mg/mL meat extract,
5 mg/mL yeast extract, 2 mg/mL KoHPOy, 1.08 mg/mL Tween 80, 5 mg/
mL CoH3NaO,, 2 mg/mL tribasic ammonium citrate, 0.2 mg/mL MgSOy,
and 0.05 mg/mL MnSOy. Solutions of inulin (INU), glucose (GLC), and
AGCn were prepared and sterilized by filtration through 0.22 pm filters
and used as a carbon source. Each solution was added separately to the
MRS broth to reach a final concentration of 2 % (w/v) in the culture
medium. Filter-sterilized distilled water was used as a negative control
(NQ).

The assays were performed by adding 2 % (v/v) of each probiotic
strain to the MRS broth containing the different carbon sources. The
inoculated media were transferred (300 pL) to a 96-well microplate. The
microplate was incubated at 37 °C for 48 h. The optical density at 600
nm was recorded at a 12-h interval (1, 12, 24, 36, and 48 h) using a
microplate reader. All assays were performed in triplicate.

2.6. Invitro faecal fermentation

Three healthy donors, aged between 25 and 35, provided fresh faecal
samples. Participants received no antibiotic, probiotic, or prebiotic
treatment for at least three months before the study. Each participant
signed an informed consent form providing information about the study.

Faecal samples were collected in sterile plastic containers and stored
in anaerobic conditions at 4 °C until delivery and processing (maximum
2 h after collection). Each sample was individually weighted in a sterile
Stomacher® bag and diluted at 10 % (w/v) in Reduced Physiological Salt
solution (RPS), which consisted of 0.5 mg/mL r-cysteine to act as a
reducing agent and 0.5 mg/mL NaCl to maintain the osmotic balance of
the medium (Rymovicz et al., 2011; Wang et al., 2024). A Nutrient Base
Medium (NBM) was prepared according to Roupar et al. (2022). NBM
with the addition of AGCn (previously filter-sterilized at 0.22 pm) at a
final concentration of 2 % w/v was used as a sample test. A negative
control (NBM without additional carbon source) was also prepared.

In vitro fermentations were conducted in a static batch model under
anaerobic conditions (85 % N5, 10 % CO,, and 5 % Hs). Fermentation
experiments were initiated by adding the prepared faecal inoculum at 2
% (v/v) to the anaerobic medium, followed by incubation at 37 °C.
Samples were collected at 0, 12, 24, and 48 h fermentation. The pH
value of the collected samples was measured using a pH meter (Orion
Star A211, Thermo Fisher Scientific) to track bacterial growth and
activity.

2.6.1. Carbohydrate and fermentation product analysis

During fermentation, the sugar concentration was analyzed by gas
chromatography with flame ionization detection (GC-FID) and levels of
organic acids (lactate and SCFAs) were calculated by high-performance
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liquid chromatography (HPLC). Aliquots collected during fermentation
(0, 12, 24, and 48 h) were centrifuged (11.200 xg; 6 min). The super-
natant was used to determine the total of carbohydrates and organic
acids. The resulting pellet was used for genomic DNA extraction for
subsequent gut microbiota analysis.

Neutral sugars were released from the AGCn sample by chemical
treatment with 200 pL of 72 % (w/w) HySO4 for 3 h at room tempera-
ture, with occasional stirring, followed by hydrolysis with 1.0 mol/L
H2S04 for 2.5 h at 100 °C using heating block. Samples were neutralized
with 25 % NHj and then reduced with acetic anhydride (3 mL) in the
presence of 1-methylimidazole (450 pL) for 30 min at 30 °C. Alditol
acetate derivatives were separated using dichloromethane and analyzed
by Gas Chromatography with Flame Ionization Detection (GC-FID)
(Perkin Elmer-Clarus 400) equipped with a 30 m DB-225 (J&W Scien-
tific, Folsom, CA, EUA) with i.d. and film thickness of 0.25 mm and 0.15
pm, respectively. Samples were analyzed in triplicate (Bastos et al.,
2015).

For the quantification of lactic acid and SCFAs, an HPLC system
equipped with an Aminex HPX-87H chromatographic column (8 pm, 30
cm x 0.46 cm length x diameter) coupled with a UV detector (wave-
length: 210 nm) was used. Samples were eluted in a sulfuric acid (5 mM)
solution at a 0.6 mL/min flow rate and 60 °C (Roupar et al., 2023). The
chromatographic signal was recorded and further integrated using the
Star Chromatography Workstation 6.3 software (Varian, CA, USA).
SCFA and lactic acid standards were obtained from Merck.

2.6.2. Analysis of gut microbiota

The gut microbiota composition was analyzed at 0 h for the basal
(initial composition of the gut microbiota) and after 24 h of fermentation
for the INU and AGCn groups. The total bacterial DNA was extracted
using a NZY Tissue gDNA Isolation Kit (Nzytech, Portugal) according to
the manufacturer’s instructions. Briefly, faecal samples were centrifuged
at 10,000 xg for 10 min to separate the supernatant from the pellet.
Then, the pellets were homogenized in 1 mL of Tromethamine-
Ethylenediamine Tetraacetic Acid (Tris-EDTA) buffer (10 mM Tris/
HCl; 1 mM EDTA, pH 8.0) and centrifuged (4000 xg, 15 min, 4 °C). The
supernatant was discarded, and the pellet was resuspended in 500 pL of
Tris-EDTA buffer, with subsequent centrifugation (4000 xg, 15 min,
4 °C). This process was repeated twice. The supernatant was discarded,
and the pellet was resuspended in 180 pL of lysozyme (10 mg/mL dis-
solved in NaCl (30 mM) and EDTA (10 mM)) and incubated for 1 h at
37 °C (Roupar et al., 2022).

After extraction, the bacterial DNA concentration and purity were
assessed through a NanoDrop spectrophotometer (Thermo Scientific,
Wilmington, DE, USA). Sequencing of the prokaryotic 16S rRNA gene,
V4 region, was performed by RTL Genomics (Lubbock, TX, USA) on the
[lumina MiSeq platform (Illumina Inc., San Diego, CA, USA) by using
the primer pair 515F/806R (515F: GTGCCAGCMGCCGCGGTAA; 806R:
GGACTACHVGGGTWTCTAAT). The sequencing data were further
analyzed using the Quantitative Insights into Microbial Ecology (QIIME)
pipeline (Boulder, CO, USA) and the Ribosomal Database Project (East
Lansing, MI, USA). All results were based on the sequenced reads and
operational taxonomic units (OTUs) at 97 % sequence similarity. Tax-
onomy assignment of OTUs was performed by comparing sequences to
the Greengenes database (Berkeley, CA, USA).

2.7. Statistical analysis

All experimental procedures were performed in triplicate, and results
were expressed as mean + standard deviation. Means were compared
using Analysis of Variance (ANOVA) followed by a one-way test using
GraphPad Prism software version 8.0 (Inc., California, USA). Statistical
data was considered significant at p < 0.05, where capital letters indi-
cate differences between experimental groups between fermentation
times, and lowercase letters indicate differences between experimental
groups.
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3. Results and discussion
3.1. Purification and characterization of AGCn

The methods commonly described in the literature for extracting
plant gum polysaccharides mainly involve aqueous extraction, followed
by purification through ethanol precipitation (De et al., 2020; Sharma
et al., 2021). The addition of ethanol reduces the polarity of the aqueous
medium. Polysaccharides, generally polar due to the hydroxyl groups
(OH) in their structures, become less soluble in a medium with lower
polarity. Consequently, the polysaccharides clump together, forming a
polysaccharide precipitate (Tai et al., 2020). Based on the described
methodology, the ethanol extract obtained from AGCn provided a yield
of 38.40 + 4.67 % relative to the initial dry mass of the gum (Table 1).
Regarding the chemical composition, AGCn exhibited a concentration of
93.61 + 0.63 % total carbohydrates, including 11.50 + 0.37 % uronic
acid, a low content of proteins (1.70 + 0.28 %) and phenolic compounds
(9.16 + 0.02 %/EGA) (Table 1).

The purification methodology used to obtain AGCn resulted in an
intermediate yield compared to data found in the literature, where
variations in yield range from 16.50 % to 77.44 % among poly-
saccharides extracted from Piptadeniastrum africana, Acacia tortilis,
Soymida febrifuga, Khaya senegalensis and Grewia mollis gums (Bhushette
& Annapure, 2018; Chaudhari & Annapure, 2021; Eshun Oppong et al.,
2021; Lakhera & Kumar, 2017). Furthermore, the chemical composition
of AGCn revealed a high degree of gum purity, proving the efficiency of
the purification method (Chaudhari & Annapure, 2021), with similar
results found for the polysaccharides extracted from Prunus domestica
(Sharma et al.,, 2020), Prangos ferulacea (Kheradkhord & Shek-
archizadeh, 2022), and Prosopis alba (Vasile et al., 2019) gums.

Table 1
Yield, chemical characterization, and gel permeation chromatographic analysis
(GPC) of arabinogalactan extracted from Cenostigma nordestinum gum (AGCn).

Concentration (%)"

Yield 38.40 + 4.67

Chemical characterization (w/w%)"

Total sugars 93.61 + 0.63
Protein 1.70 £ 0.28
Phenolic compounds 9.16 + 0.02
Monosaccharide residues composition (mol %)¢

Rhamnose 7

Arabinose 38

Xylose 2

Mannose 1

Galactose 31

Glucose 2

Uronic acids 19

Gel Permeation Chromatography (g/mol)*

Mp 6.19 x 10*

Mw 8.35 x 10*

Mn 6.29 x 10*

D (Mw/Mn) 1.33

# 9% relative to dry sample weight.

> w % total weight of the compounds/w % relative to dry weight.

¢ %/GAE-gallic acid equivalent %.

d Based on GC-FID analysis of alditol acetates (Mol % relative to the total
amount of neutral monosaccharide residues of AGCn).

¢ Molecular weights: Peak (Mp), Average (Mw), Numerical (Mn), and Dis-
persity (D) of AGCn by Gel Permeation Chromatography.
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Polysaccharides are naturally polydisperse polymers, as they exhibit
an average molecular weight representing a distribution of molecular
species nearly identical in structure but vary in chain length (Pereira
et al., 2021). A characteristic polydispersity of the molecular weight
profile of AGCn by GPC showed a single and partially sharp peak
(Supplementary material; Fig. S1A), indicating that AGCn is a homo-
geneous polysaccharide. According to the calibration curve using pul-
lulan standards (Supplementary material; Fig. S1B), the peak molecular
weight (Mp), average (Mw), and numerical (Mn) of AGCn were
approximately 6.19 x 10% 8.35 x 10% and 6.29 x 10% g/mol, respec-
tively. In addition, the dispersity value (D) of AGCn, calculated by the
Mw/Mn ratio, was 1.33 x 10! g/mol (Table 1). This set of analytical
data clearly demonstrates the purity and homogeneity of AGCn (Soares
et al., 2018), and the molecular weight values are considered compa-
rable to those obtained for the polysaccharide extracted from Anacar-
dium occidentale gum (Melo et al., 2020).

UV-visible spectroscopy is widely used to analyse chromophoric
groups characterized by strong absorption of electronic transitions
(Zhou et al., 2022). In the UV-visible spectrum of AGCn (Supplementary
material; Fig. S2A), the maximum absorption was observed at 220 nm,
corresponding to transitions related to functional groups such as
carboxyl, carbonyl, and ester groups (Trabelsi et al., 2009). Further-
more, no absorbance peak was detected at 260 and 280 nm, indicating
the low presence of proteins and nucleic acid (de Araujo et al., 2021),
which is also consistent with the chemical analysis of AGCn. The ab-
sorption infrared spectra of AGCn (Supplementary material; Fig. S2B)
exhibited characteristic spectra of polysaccharides extracted from plant
gums (Bhushette & Annapure, 2018; Chaudhari & Annapure, 2021;
Eshun Oppong et al., 2021; Sharma et al., 2021).

The monosaccharide composition data of AGCn was determined
based on the analysis of alditol acetates formed after acid hydrolysis
(Hamed et al., 2022). The analysis revealed the presence of arabinose
(38 %) and galactose (31 %) as the main constituent sugars, followed by
a concentration of 19 % uronic acid. In smaller proportions, rhamnose
(7 %), xylose (2 %), glucose (2 %), and mannose (1 %) were also
detected (Table 1). This is in accordance with the fact that the poly-
saccharides of exudate gums from plants have been identified as arabi-
nogalactans, primarily composed of arabinose and galactose as the main
sugars (Sharma et al., 2020).

The glycosidic linkage analysis performed by methylation of AGCn
(Table 2) showed that the Ara residues were Araf-(1— (28.8 %), —3)-

Table 2
Glycosidic linkage composition determined for the arabinogalactan extracted
from Cenostigma nordestinum gum (AGCn).

Residue identified by NMR Glycosidic linkage mol (%)”
G a-Rhap-(1- 1.4
A a-Araf-(1— 28.8
- —2)-Araf-(1- 0.3
B —3)-Araf-(1— 141
C —5)-Araf-(1— 4.7
- —2,5)-Araf-(1— 1.2
- —3,5)-Araf-(1- 0.5
- Xylp-(1— 2.7
- —4)Xylp-(1—> 1.0
- Galp-(1— 1.0
- —3)-Galp-(1— 3.9
- —4)-Galp-(1— 1.1
E —6)-p-Galp-(1— 12.0
D —3,6)-p-Galp-(1— 17.3
- —4,6)-Galp-(1— 0.2
F —3,4,6)-p-Galp-(1— 8.3
—2,3)-Glep-(1— 0.9
- —3,4)-Glep-(1— 0.6

# % mol in relation to the amount of glycosidic linkage residues of AGCn based
on GC-MS analysis of partially methylated alditol acetates. Capital letters
identify the residues assessed by NMR, allowing to assign their anomeric
configuration.
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Araf-(1- (14.1 %), and —5)-Araf-(1— (4.7 %)), and the Gal residues
were mainly —3,6)-Galp-(1- (17.3 %), —6)-Galp-(1— (12.0 %), and
—3,4,6)-Galp-(1— (8.3 %). To a lesser extent, Rhap-(1— terminal bonds
were present (1.4 %).

The glycosidic bonds of AGCn show characteristics of an arabino-
galactan, which is also supported by the literature on arabinogalactans
from plant gums (Ahmadi et al., 2022), such as those from Prunus persica
(Wei et al., 2023), Dorema ammoniacum (Ahmadi et al., 2022), Odina
wodier (De et al., 2020), and Albizia stipulata (Thanzami et al., 2015).
The predominant presence of arabinose and galactose residues and
respective glycosidic linkages reinforce the classification of AGCn as an
arabinogalactan, a polysaccharide widely found in plant exudates, as
also found in species of Prunus persica and Lycium barbarum (Wei et al.,
2023). Furthermore, the presence of branched galactose residues such as
—3,6)-Galp-(1— and —3,4,6)-Galp-(1— suggests a branched structure.

The 'H and '3C NMR assignments obtained from the combination of
TOCSY (*H/'H) and HSQC (*H/'3C) spectra of AGCn are shown in
Table 3 and in Supplementary material; Fig. S3. The signals in the
anomeric region between 6 5.1 to § 5.8 in 'H NMR for Ara and GalA, and
between § 4.79 for terminal Rha strongly indicate the presence of sugar
residues with a configuration, while those characteristic of # configu-
ration, namely Gal, generally appear in & 4.4 to 4.6 '"H NMR (Tan et al.,
2004; Yao et al., 2021). In addition, H6/C6 peaks observed in the § 1.1 to
1.33 region in 'H NMR and 6 16 to 22 in 1>C NMR suggest the presence of
the methyl group of rhamnose (Nunes et al., 2008).

The TOCSY spectrum (Fig. 1A) shows the correlations between
protons that are in a chain of coupled protons and that interrelate
through the propagation of magnetization (spin-lock sequence)
(Speciale et al., 2022), while the HSQC spectrum (Fig. 1B) establishes
the heteronuclear correlation of the frequency of proton and carbon
signals in the molecule (Mauri et al., 2017).

The 1D and 2D NMR spectra analysis showed the chemical shift
signals attributed to the AGCn residues. The signals of the main chain of
AGCn were obtained at 6H/8¢ 4.52/104.23, 3.67/73.10, 3.81/71.10,
3.73/70.70, 3.91/74.54, 3.68/70.90 ppm, respectively, in H-1/C-1 to H-
6/C-6 of residue E. These values correspond to the characteristic proton
and carbon pattern of the —6)-p-Galp-(1— residue attributed to the main
chain in the structural composition of arabinogalactans (Wei et al.,
2023). The downward shift of the C-3 (80.05 ppm) and C-6 (70.76 ppm)
signals refers to the residues of the p-Galp AGCn side chain linked at C-3
and C-6 of the D main chain (Fig. 1A and B) (Ahmadi et al., 2022).

The chemical shift values of the C residue correspond to the signals at

Table 3
13C and 'H NMR data of arabinogalactan extracted from Cenostigma nordestinum
(AGCn) gum.

Residue  Sugar Chemical shifts (ppm)”

linkage H-1 H2 H3 H4 HS5 H6
c1 c2 ¢3 Cc4 C5 Cé
A wAraf(1» 510 412 381 404 367 -
108.05 8230 79.46 83.84 61.53
B ~3)-Araf- 5.10 411 391 381 367 -
a- 107.80 8321 8394 83.00 63.41
C _5)-Araf- 5.25 423 391 368 382 -
a- 109.43 8324 7653 83.84 70.71
D ~3,6)- 4.42 355 373 413 391 381
p-Galp-(1— 10350 7450 80.05 69.00 7461 70.76
E —6)-p-Galp- 452 367 381 373 391  3.68
(- 10423 7310 7110 7070 7454  70.90
F ~3,4,6)- 4.46 373 390 399 365  4.06
p-Galp-(1— 10501 73.40 8500 8670 757  72.4
G @-Rhap-(1— 477 392 375 343 404 126
101.64 7092 7118 7351 69.34 1670
H —4)- 5.44 410 400 Nd nd nd
o-GalpA-(1—  101.90 70.67  70.20

2 The data were obtained from 1D 'H NMR spectra and the combination of
TOCSY (*H/'H) and HSQC (*H/*3C) spectra at 500 MHz. The chemical shifts are
based on Tetramethylsilane - TMS. nd — not detected.
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Fig. 1. NMR spectra of the arabinogalactan extracted from Cenostigma nordestinum gum (AGCn) recorded at 25 °C on a Varian VNMRS-500 spectrometer at 500 MHz.
(A) Strip from the 1H—'H TOCSY spectra of AGCn. (B) H—13¢ HSQC spectra of AGCn.

5.25/109.43, 4.23/83.24, 3.91/76.53, 3.68/83.84, and 3.82/70.71
ppm, assigned respectively to H-1/C-1 to H-5/C-5 (Table 3). The C-5
signals at 70.71 ppm indicated that the C residue was a-Araf (1 — 5)-
linked (Fig. 1A and B) (Hamed et al., 2022; Li et al., 2020). The & signals
at101.90/70.67/70.20 ppm refer to the galacturonic acid residue bound
to carbon 4 (G) (Fig. 1B), while the 8y signals of these residues are ob-
tained at 5.26/4.10/4.00 ppm (Fig. 1A) (Coelho et al., 2020; Hamed
et al., 2022). This is in accordance with the reported structures for the
polysaccharides of gums from the Astragalus genus, which have a high
proportion of C-4-linked galacturonic acid (Gavlighi et al., 2013).

Branched arabinogalactans were confirmed by the residues —3,6)-
B-Galp-(1 — (D) and —3,4,6)-B-Galp-(1 — (F), according to the intense
and high H/C correlations of typical p-pyranose at 6 4.42/103.50 (D), &
4.52/104.23 (E) and a weak one at & 4.46/105.01 (F) in the TOCSY
(Fig. 1A) and HSQC (Fig. 1B) (Fu et al., 2022).

The terminal residues such as a-Araf-(1— showed strong signals at
5.10/108.05 ppm attributed to protons and anomeric carbons (H-1 and
C-1), while the signals at 3.67/61.53 related to H-5 and C-5 are strongly
attributed to the terminal a-Araf-(1— (Li et al., 2022). The other ter-
minal residue a-Rhap-(1— obtained characteristic 8H/5¢ signals at 4.77/
101.64, 3.92/70.92, 3.75/71.18, 3.43/73.51 and 4.04/69.34 ppm
assigned to H-1/C-1 to H-5/C-5 of the residue. The signals detected at
1.26 ppm and 16.70 ppm are assigned to the H-6/C-6 methyl group of
a-Rhap-(1— (Table 3; Fig. 1B) (Ahmadi et al., 2022; Wu et al., 2020). In
addition, the terminally linked a-Rhap-(1— residues may represent the
non-reducing ends of the side chains and may be linked to arabinose
residues, as reported by Hamed et al. (2022). Therefore, according to the
structural characteristics, signals of the glycosidic residues obtained by
methylation and NMR analysis, and a comprehensive literature review,
it was possible to establish that AGCn is a polysaccharide of the acid
arabinogalactan type with a main chain —6)-f-Galp-(1— branched at
—3,6)-p-Galp-(1— and —3,4,6)-p-Galp-(1— with branches of terminally-
linked a-Araf, and side chains of residues of 3-a-Araf and 5-a-Araf. Also,
—4)-a-GalpA-(1— was assigned, probably linked to the arabinogalactan
in a rhamnogalacturonan type I region via a rhamnose residue. A
terminally-linked residue of a-Rhap was assigned.

Taking into account that based on the TOCSY and HSQC spectra and
supported by methylation analysis, the glycosidic residues assigned for
a-Araf-(1- (A), —3)-a-Araf-(1— (B), —5)-a-Araf-(1- (C), —3,6)-
B-Galp-(1- (D), —6)-p-Galp-(1— (E), —3,4,6)-p-Galp-(1— (F), a-Rhap-

(1- (G), and —4)-a-GalpA-(1— (H), the AGCn gum analyzed seem to be
an arabinogalactan together with a small portion of a pectic poly-
saccharide. Based on the results presented, the proposed structure of
AGCn is shown in Fig. 2, comprising a main chain of —6)-p-Galp-(1—
(Zhang et al., 2020).

3.2. Grow of probiotic bacteria in AGCn

The results of the growth of Lactobacillus strains (L. rhamnosus,
L. brevis, L. plantarum and L. casei) in medium containing no carbon
source (NC), glucose, inulin or AGCn are shown in Fig. 3. As expected, all
microorganisms grew in the medium containing glucose and inulin as
carbon sources (positive controls), showing increased cell density from
12 to 48 h. Furthermore, none of the Lactobacillus strains was able to
grow without carbohydrate supplementation, as observed in the nega-
tive control (Fig. 3). In the studies by Nobre et al. (2018) and Wang, Pan,
et al. (2020), the controls groups (negative and positive) also exerted the
same effects on the growth of Lactobacillus strains. Nobre et al. (2019)
also demonstrated that the strains of Lactobacillus tested in this study
could grow using glucose as the preferred carbon source without

A Rhamnose

O Galactose * Arabinose

Fig. 2. Schematic tentative structure of the arabinogalactan extracted from
Cenostigma nordestinum gum based on glycosidic linkage analysis and the esti-
mated molecular weight, obtained from the structure editor of the Carbohy-
drate Structure Database using the Symbol Nomenclature for Glycans - CSDB/
SNFG (Cheng et al., 2017).
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Fig. 3. Growth of strains (A) Lactobacillus rhamnosus, (B) Lactobacillus brevis, (C) Lactobacillus plantarum and (D) Lactobacillus casei in MRS broth without glucose:
distilled water, Negative control - NC (blue), Glucose - GLC (purple), Inulin — INU (red) and arabinogalactan extracted from Cenostigma nordestinum gum — AGCn
(green) as carbon sources. Statistical data were considered significant with p < 0.05, where distinct letters indicate significant differences.

showing bacterial growth in the negative control group.

The degree of carbohydrate polymerisation correlates with their
suitability as a carbon source for different probiotic strains (Lu et al.,
2021). Using AGCn as a carbon source, the growth rate of L. brevis and
L. casei deviated from the NC group after 24 h of fermentation. On the
other hand, L. plantarum exhibited this difference after 12 h of growth
compared to the NC group (Fig. 3).

Prebiotics can facilitate the promotion of beneficial bacterial growth.
In addition, the rate at which probiotic microorganisms grow on a
specific carbon source will influence their ability to compete with other
intestinal bacteria in the colon. Thus, the degree of prebiotic activity of a
specific carbohydrate is related to the extent to which the carbohydrate
is converted into biomass (Nobre et al., 2018). This may justify that
AGCn favored the growth of L. brevis, L. plantarum and L. casei, while
L. rhamnosus did not utilize AGCn. This provides valuable information to
predict the modulation of an appropriate gut microbiota composition
(Park et al., 2022). In this study, it was observed that L. rhamnosus was
unable to utilize AGCn as a carbon source and did not achieve bacterial
growth, showing optical density values that were statistically similar to
those of the NC group (Fig. 3A). Data on the structural complexity of this
polymer, attributed to the monosaccharide composition, type of glyco-
sidic bond and degree of branching, may suggest that L. rhamnosus does
not possess an enzymatic mechanism capable of hydrolyzing AGCn in
vitro (Silva et al., 2023). Also, certain oligosaccharides and poly-
saccharides require prior enzymatic hydrolysis to facilitate their
metabolization by the bacterial strains (Wang, Xiao, et al., 2020).

Overall, it was observed that AGCn can be used as a carbon source for
L. brevis, L. plantarum, and L. casei, except for L. rhamnosus. This finding
highlights the species-specific nature of enzymatic machinery among
Lactobacillus strains. However, when co-cultured with other bacteria, as
in the gut microbiota, cross-feeding interactions can occur between the
different Lactobacillus and their respective substrates (Roupar et al.,
2023). This suggests that the metabolic potential of AGCn may be more
fully realized in a complex microbial ecosystem, where cooperative
degradation pathways contribute to its utilization.

3.3. Fermentability of AGCn by probiotic bacteria

Typically, gut bacteria metabolize polysaccharides to generate
SCFAs, leading to a reduction in colonic pH (Chen et al., 2023). Thus,
total carbohydrate consumption and pH variation may be good in-
dicators of the AGCn fermentation process. Fig. 4 shows the changes in
total carbohydrate levels and pH observed during microbiota fermen-
tations conducted with all tested carbon sources.

The amount of AGCn significantly diminished during the fermenta-
tion process. In the initial 12 h of fermentation, its concentration
markedly decreased from 935 mg/g to 351 mg/g, accounting for a
consumption of 62.45 % of AGCn. Subsequently, at 24 h, the total car-
bohydrates reached 338 mg/g, while the total AGCn at 48 h amounted to
302 mg/g, reflecting consumptions of 3.70 % and 10.65 %, respectively.
These findings suggest that although AGCn was mainly digested in the
first fermentation hours, it underwent continuous degradation by the
gut microbiota up to 48 h. Previous research has shown that the gut
microbiota’s ability to metabolize polysaccharides during the first 12 h
of fermentation may be influenced by the environmental conditions that
favor increased bacterial enzymatic activity. However, after this initial
period, the availability of nutrients and substrates tends to decrease,
leading to a slowdown in the rate of polysaccharide degradation
(Holscher, 2017; Nobre et al., 2019).

The gut microbiota does not fully degrade polysaccharides due to the
structural complexity of these molecules, which include a diverse
composition of monosaccharides, high molecular weight, branching,
and variety of glycosidic bonds (Huang et al., 2019; Liu, Liu, et al.,
2023). These factors hinder the ability of intestinal bacterial enzymes to
access the glycosidic bonds within polysaccharides, thereby prolonging
the degradation process. In addition, some intestinal bacteria may
partially store polysaccharides as an energy source rather than
completely degrading them. This behavior contributes to the incomplete
fermentation of these carbohydrates in the gut and may explain the
residual concentration of non-degraded AGCn observed following
microbiota fermentation (Silva et al., 2023; Zhang et al., 2018).

Regarding the pH assessment during fermentation, the pH values of
the INU and AGCn fermentations were not statistically different between
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Fig. 4. (A) Profile of the consumption of arabinogalactan extracted from Cenostigma nordestinum (AGCn) during the fermentation, and (B) pH values obtained during
the fermentation of water as Negative control - NC (blue), inulin — INU (red) and AGCn (green) as carbon sources. Statistical data was considered significant at p <
0.05, different letters indicate significant differences between experimental groups across fermentation times (capital letters), and differences between experimental

groups at the same time point (lowercase letters).

the two carbohydrates. However, they were statistically different from
the NC group. The pH values of the INU and AGCn fermentations
gradually decreased over the course of the fermentation, whereas the NC
group showed no significant changes throughout the fermentation
period.

Nonethless, the results showed that for the same time point, the pH of
AGCn decreased less than INU, with a statistically significant difference
between the experimental groups (Fig. 4B, lowercase letters). This
suggests that AGCn was fermented more slowly than INU. The structure
of inulin may explain this slower fermentation rate; as a linear fructose
polymer linked by —1)-p-Fruf-(2— bonds, inulin is more readily acces-
sible to bacteria. In contrast, AGCn is fermented more slowly due to its
high average molecular weight (8.35 x 10* g/mol) and a more complex
monosaccharide composition. On the other hand, this slower

fermentation rate might make it available for fermentation in the distal
colon, where it could potentially exert beneficial health effects (Liu,
Zhao, et al., 2023).

It is also known that lowering the pH in the gut microenvironment
can limit or inhibit the growth of pathogenic bacteria and benefit the
growth of some beneficial species (Andrade et al., 2020). The AGCn and
INU groups induced significant changes in pH values throughout the
faecal fermentation process. These changes are possibly related to bac-
terial diversity, with a reduction in pathogenic bacteria that cannot
thrive in relatively acidic pH environments. In addition, these changes
may be associated with the production of SCFAs and exert important
effects on regulating the intestinal microenvironment (Liu et al., 2024).

During prebiotic metabolism, organic acids such as lactate and short-
chain fatty acids (SCFAs) represent the main bacterial end products
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Fig. 5. Concentrations of organic acids, (A) lactic acid, (B) acetic acid, (C) propionic acid, (D) iso-butyric acid, (E) formic acid, and (F) total SCFAs (short-chain fatty
acids), produced during the fermentation of arabinogalactan extracted from Cenostigma nordestinum — AGCn (green), inulin — INU (red), or water as Negative control -
NC (blue). Statistical data were considered significant with p < 0.05, where distinct letters indicate significant differences.
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(Chen et al., 2020). As observed, the human gut microbiota’s fermen-
tation of INU and AGCn resulted in significant levels of lactate, acetate,
propionate, iso-butyrate, and formic acid (Fig. 5A-F).

Notably, AGCn promoted the production of acetate, propionate, iso-
butyrate, and formic acid at high concentrations, which can be attrib-
uted to the bacterial diversity present in the microbiota of the donors. In
addition, the INU group exhibited high levels of lactate, which is
explained by the ability of lactic acid bacteria to efficiently convert
inulin into lactic acid (Sevim et al., 2019). Moreover, the total SCFAs
content in the AGCn group increased significantly from 0.40 g/L (0 h) to
2.09 g/L at 48 h. In comparison, the INU group showed lower total
SCFAs levels, reaching 1.32 g/L at 48 h, while the NC group presented
even lower levels, with 0.87 g/L after 48 h fermentation (Fig. 5F).

Organic acids were produced in all fermentations. The production of
organic acids in the NC group could be attributed to protein utilization
by proteolytic bacteria (Chen et al., 2023). The results showed that
AGCn supplementation produced a diversity of organic acids that
decreased pH value, potentially maintaining intestinal homeostasis
(Chen et al., 2020). Levels of acetate, butyrate, and propionate were also
produced by fermentation of the polysaccharides from gum arabic,
tragacanth, and peach (Modrackova et al., 2019; Wei et al., 2022).

At 12 h fermentation, AGCn showed a better effect on the production
and richness of acetic acid, propionic acid, iso-butyric acid and total
SCFAs than INU, which may be related to the more diverse composition
of monosaccharides in AGCn (Liu, Zhao, et al., 2023). The production of
formic acid levels in the AGCn group was statistically similar to INU,
while lactic acid was produced in highly amount in the INU group.

In the present study, the effect of AGCn on the modulation of gut
microbial composition was evaluated by 16S rRNA gene sequencing
analysis. Bacterial diversity reflects the abundance of various bacterial
species present in the experimental groups (Xiong et al., 2023). The
microbial compositions of the initial fermentation time (basal) and after
fermentation of inulin (INU) or AGCn were first analyzed at the phylum
level, as shown in Fig. 6A. The dominant compositions in the AGCn
group were Actinobacteria > Firmicutes > Bacteroidetes while the INU
group showed dominance of the Firmicutes > Bacteroidetes > Actino-
bacteria phyla. The dominant compositions in the basal group showed
less bacterial diversity, with Firmicutes > Bacteroidetes > Actinobacteria
dominating.

Actinobacteria
Bacteroidetes
Firmicutes
Fusobacteria
Proteobacteria
Verrucomicrobia
Outhers
Unclassified

Phylum level
relative abundance (%)
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The relative abundance of Actinobacteria and Bacteroidetes increased
by 39.99 + 11.06 % and 10.28 + 6.40 %, respectively, after 24 h of
fermentation of AGCn. It has been reported that the phyla Actinobacteria,
Firmicutes and Bacteroidetes are active in reducing systemic inflamma-
tion, improving the recovery rate of tissue structures, increasing the
content of SCFAs and restoring the gut microbiota (Liu, Zhao, et al.,
2023). The predominance of the phylum Actinobacteria in the AGCn
group is related to the abundance of Bifidobacterium. This indicates the
prebiotic potential of AGCn, as Bifidobacterium is a very well-known
probiotic bacterium (Binda et al., 2018). Firmicutes act mainly in the
production of acetate during the degradation of carbohydrates, while
Bacteroidetes use dietary fibers and starch as a source of energy and can
act as an important source in the production of propionate (Liu, Zhao,
etal., 2023; Wei et al., 2022). In addition, the presence of a large number
of carbohydrate-active enzymes (CAZymes) in the phylum Bacteroidetes
may be responsible for the significant increase in their relative abun-
dance during the AGCn fermentation, as these enzymes play a crucial
role in the degradation of highly complex polysaccharides into simpler
substrates (Liu et al., 2021; Silva et al., 2023; Wei et al., 2022; Wu et al.,
2022).

The distributions of intestinal bacteria at the genus level in the
experimental INU and AGCn groups are shown in Fig. 6B. The results
showed an elevated relative abundance of Bifidobacterium and Bacter-
oides in the AGCn group compared to the initial microbiota (basal). The
INU group, on the other hand, exhibited a predominance of Lactobacillus
and Bacteroides at the phylum level. In contrast, the basal group showed
an abundance of Blautia, Bacteroides, and Ruminococcus genera.
Compared to the basal group, the relative abundance of bacterial genera
that are associated with beneficial effects on the host, such as Bifido-
bacterium and Bacteroides, increased considerably by 43.81 + 17.32 %
and 7.11 + 0.40 %, respectively, in the AGCn group. Generally, the
genus Bifidobacterium is identified as one of the most important pro-
biotics in the human intestine, which can protect against enteropatho-
genic infections in the host by producing acetate (Wu et al., 2022). As
already mentioned, the carbohydrate-degrading enzymes encoded by
Bacteroides outnumber those encoded by Firmicutes, which explains the
increase in Bacteroides and the low predominance of Firmicutes in the
AGCn group. A notable example is glycoside hydrolase, which plays a
key role in the hydrolysis of non-digestible polysaccharides and
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stimulates the high production of SCFAs (Liu et al., 2021).

The analysis of bacterial species conducted through 16S rRNA gene
sequencing revealed that the AGCn group induced changes in the
composition of the gut microbiota (Fig. 6C). AGCn showed an excellent
ability to stimulate the growth of B. longum and Bacteroides sp., which
accounted for 48.82 + 13.36 % and 21.87 + 12.57 %, respectively, of
the total bacterial population (Supplementary material; Table S1). The
percentage relative abundance of the most prevalent bacterial species
among the experimental groups is shown in Fig. S4 (Supplementary
material). It was observed that the high growth of B. longum and Bac-
teroides sp in the AGCn group was statistically different from the basal
and INU groups. In addition, the INU group significantly favored the
growth of Lactobacillus ruminis.

The growth of these bacterial species in the AGCn may explain the
high production of SCFAs, since B. longum and Bacteroides sp. are
recognized for their ability to use different carbohydrates as an energy
source for intestinal epithelial cells, generating the production of ace-
tate, butyrate, and propionate (Rios-Covian et al., 2013; Wang et al.,
2021). With an increase in the relative abundance of bacterial species
associated with beneficial effects on the host, such as B. longum and
Bacteroides sp. in the AGCn group, a reduction in the relative abundance
of Proteobacteria species, commonly associated with intestinal diseases,
was observed (Gautério et al., 2022). In addition, the high levels of
SCFAs in the INU group can be explained by the growth of L. ruminis and
Bacteroides sp., species with the presence of enzymes capable of fer-
menting different oligosaccharides (Cheng et al., 2022; Fan et al., 2021).
Overall, the AGCn group exerted a prebiotic effect in vitro, favoring the
growth of beneficial bacteria in the gut microbiota.

4. Conclusion

The structural characterization of the polysaccharide from
C. nordestinum gum demonstrated that it is an arabinogalactan, struc-
turally constituted by a main chain of the residue —6)-p-Galp-(1— with
branched residues of —3,6)-p-Galp-(1—, —3,4,6)-p-Galp-(1 —, and side
chains of residues of 3-a-Araf and 5-a-Araf, with a-Araf and a-Rhap as
terminally linked residues. The arabinogalactan also contained —4)-
a-GalpA-(1—, a moiety of pectic polysaccharide. Among these structural
characteristics, the —3,4,6)-p-Galp-(1— residue stands out, which, to
date, has not been reported in plant exudates. Its fermentation by
healthy microbiota reduced faecal pH and high production of endoge-
nous levels of organic acids (lactate and SCFAs). Furthermore, there was
a significant increase in the abundance of bacteria beneficial to the
host’s health, such as Bifidobacterium longum and Bacteroides sp. This
demonstrates that AGCn has prebiotic potential, capable of altering the
composition of the gut microbiota and promoting the production of
beneficial metabolites that can improve intestinal health. Therefore,
AGCn may represent a potential application in the food industry as a
natural functional component and in therapies for reversing dysbiosis.
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