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ABSTRACT: Acacia gum (AG) is a branched-polysaccharide gummy exudate that consists of
arabinose and galactose. The traditional practice in African-Middle Eastern countries uses this gum
as medicine. Traditional use of AG is to treat stomach disease, which can be a potential functional
food. In this research, commercially available AG from Acacia senegal and Acacia seyal was
investigated as the prebiotic. The experiment employed a pH-controlled in vitro colon model
inoculated with human fecal microbiota to mimic the human colon. Fermentation samples at 0, 6,
12, and 24 h were brought for short-chain fatty acid (SCFA) analysis using high-performance liquid
chromatography and bacterial enumeration via fluorescent in situ hybridization. Results showed
that AG significantly promotes Bif idobacteria proliferation similar to fructo-oligosaccharides (FOS)
while inhibiting the Clostridium histolyticum group, commonly associated with gut dysbiosis.
Acetate, propionate, and butyrate showed a similar trend to FOS (p > 0.05). The AG shows
potential against gut dysbiosis, as it promotes gut-probiotics, through modulation of microbial
population and SCFA production, especially butyrate.

1. INTRODUCTION

Acacia gum (AG) is a soluble secretion found on the trunks
and branches of Acacia senegal and Acacia seyal trees.1 The
exudate is secreted as a result of subsequent injuries onto the
bark of the trees. AG is among the hydrocolloids that have
been exploited in various food and nonfood applications.
Having exceptionally low viscosity (300 cP maximum in a 1%
solution) made AG the best source of soluble dietary fiber
because it can boost fiber levels in foods or beverages without
modifying the final viscosity of food products.2 It is highly
soluble in water even 30.0% gum arabic solutions have a lower
viscosity than 1.00% xanthan gum and sodium carboxyme-
thylcellulose at low shear rates.3,4 More than three-quarters of
industrial applications of this hydrocolloid are for emulsifica-
tion, encapsulation, coating, and confectionaries.5 It is made up
of 95.0% long-chain complex polysaccharides, mainly from
highly branched galactan polymers, side chains of galactose
and/or arabinose, and rhamnose or glucuronic acid as
termination residues.6 Looking at its carbohydrate-based
structure and functions, AG is an excellent prospect to be
commercialized as the prebiotic.
Prebiotics are a substrate that selectively nourished gut

microbiota and in return bring health benefits to the host.
Some strict criterions needed to be met before any substrates
are known as the prebiotic. Numbers of tests have to be
performed where the proposed substrate should be resistant to
digestive activity from the mouth until the duodenal phase and
fermentable by colonic microbes and selectively promote
growth and metabolism of health beneficial probiotics such as
Bif idobacterium and Lactobacillus.5 These bacteria are known
to ferment established prebiotic compounds, i.e., fructo-

oligosaccharides (FOS), galacto-oligosaccharides, and inulin
to produce beneficial metabolites known as short-chain fatty
acids (SCFAs) mainly acetate, propionate, and butyrate.7

These SCFAs may exert a direct effect on host health by
lowering luminal pH as most enteric pathogens do not grow
well in low pH. Butyrate especially contributes toward the
energy requirement by epithelial cells, thus improving
intestinal motility. There are currently no official dietary
guidelines for prebiotics in healthy individuals describing
″adequate intake″ or ″recommended daily allowance.″ To
provide a boost, most prebiotics for the gut require an oral
dose of 3 grams per day or more. FOS in the daily diet should
be about 5 grams, and this includes plant sources of
prebiotics.8

Probiotics as defined by FDA and WHO (2002) are the “live
microorganisms that when administered in adequate amounts
confer a health benefit to the host”.9 For example, the
mechanism of actions by probiotics includes the modulation of
immune function, association with native gut microbiota, and
interaction with the host epithelial tissue defence integrity and
enzyme synthesis. Lactobacillus spp. and Bif idobacterium spp.
are the most common probiotic bacteria that have been
utilized by the food industry,10 but others such as
Saccharomyces cerevisiae (boulardii), Enterococcus, Bacillus, and
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Escherichia are also applied. They are mainly saccharolytic
metabolism that is capable of carbohydrate utilization.
Therefore, a study on the importance of the species-specific
among particular groups might uncover the health-promoting
conditions.11

Colonic bacteria metabolized a range of carbohydrate-
hydrolyzing enzymes in the production of several products,
such as hydrogen, methane, carbon dioxide, SCFA (predom-
inantly acetate, propionate, and butyrate), and lactate. This gut
flora obtained its energy through the fermentation of food
supplied from the upper gut.12 Several studies have claimed
that dysbiosis, which is the imbalance and unhealthy condition
of colon microbiota diversity, led to disorders such as
obesity,13,14 metabolic complications, immunity dysregula-
tion,15 changes in energy and hormone regulation, and even
an irregular inflammatory mechanism.16 Dysbiosis that
happened in the gut could affect normal host systems, most
often to the metabolic and immune process, thus causing
diseases such as inflammatory bowel disease (IBD),17,18

psoriatic arthritis,19 type 1 and type 2 diabetes,20,21 atopic
eczema,22 coeliac disease,23,24 and arterial stiffness.25

Over the last few decades, investigation on AG for its health-
promoting properties was studied and have shown positive
effect like the regulation of autoimmune disease,15 reduced
duodenal inflammation in mice,16 antiulcerogenicity on gastric
mucosal injury in rats,26 methane gas mitigation in
ruminants,27 and also the topical treatment of skin lesions of
kwashiorkor children.28 This research aims to investigate the
impact of commercially available AG as a prebiotic source
through in vitro colon model study. Through in vitro
approaches, this study investigates the digestibility of AG,
changes in gut microbiota, and SCFA production under the
influence of AG. The experiment includes in vitro digestion
and fermentation of AG in a custom-build colon model, which
mimics the distal colon of the human gastrointestinal system.
This prebiotic study evaluates the potential of AG in a
streamlined process from the in vitro digestion to fermentation
using the colon model. Two species of AG (A. senegal and A.
seyal) were tested and evaluated for their prebiotic potential.
The finding from this research could help to further
understand current food products, since our usual meal may
have been incorporated with AG as a stabilizer ingredient, such
as in candies, chewing gums, ice cream, salad-dressing, bread,
cereals, and cola drinks.

2. RESULTS AND DISCUSSION
2.1. Proximate Analysis of AG. The analysis in this

research includes proximate analysis and digestibility of AG.
The purpose of the proximate analysis of AG expressed the
basic composition of both types of AG samples used. Two AG
types were analyzed for proximate: total crude protein,
moisture, fat, ash, and total carbohydrate content before
advancing into the in vitro digestion to test for the human
digestive resistance properties (Table 1).
From the proximate results, the major nutrient component

of AG is a carbohydrate with a significant portion, 83.0 and
85.2% for AG1 and AG2, respectively. The differences may be
due to the substrate mixture and species difference. AG1
contains gum from Acacia senegal only, while AG2 contains the
mixture of A. senegal and A. seyal. Initially, before the year
2011, production of A. seyal was only contributed to an average
of 10.0% of all gum products in Sudan.29 During that period,
these two species of AG were mixed during harvesting that

made it impossible to justify precisely the exact composition
balance of these two species in the market by the collectors7

because the availability of either species varied during the
season. Nowadays, the staggering amount of coverage land area
increased to more than 60.0% for A. seyal for the last decade.
Therefore, based on the distribution, a corresponding relation
that the composition of the AG2 sample contains presumably
more than 50% of A. seyal species is provided. This explained
the significant differences in the nutritional content of
individual species.
Apart from this, individual species difference also explains

the carbohydrate content. A. seyal contains higher arabinose
and 4-O-methyl glucuronic acid contents that may contribute
to these slight differences. On the other hand, A. senegal
contains a higher protein content than A. seyal (1.86% >
0.850%). As reported in previous studies, A. senegal contains a
higher proportion of nitrogenous material although the amino
acid compositions suggested being similar between the
species.3,30 Both species disperse naturally in the central belt
of the low-rainfall grassland, where they exist in pure or mixed
stands, in the clay plains in the East, and the sandy soils in the
West.31

In addition, the moisture content is at ≈10.0−12.0% where
AG1 is higher than AG2. The range of moisture content for A.
senegal was 8.10−14.7%. According to Ibrahim et al.,32 it is at
13.5%. From the observation, AG2 is darker in color compared
with AG1, which explained the hues of lightness portrayed by
the moisture content of these two AG samples,33 which also
indicates purity. After all, these substrates were deemed as
premium grade, commercialized as healthy fiber substitutes.
The proximate analysis also shows the least significant

nutrient of the fat content of less than 0.0826%. Both gums
have the same composition except that AG1 has significantly
higher protein and moisture contents. The observed
distinction in the protein substance could be from the different
contrasts between both species origin, geographic relativity
where the gum was harvested, the soil profile, climatic
conditions of the area, the age of the trees, any presence of
pathogens, or a mix of all these components.34−36 The findings
of Idris and Haddad (2011) are also confirmed, where A.
senegal gum samples contain two times more protein
substances when compared with the gum of A. seyal.37

Based on the findings, all the results correspond within the
limit specified by Joint FAO/WHO Expert Committee on
Food Additives (JECFA).38,39 The chemical composition of
AG can change with its source, the age and place of the trees
planted, rainfall intensity, and soil conditions.40 For example,
A. senegal is best found grown in sandy soils, whereas A. seyal

Table 1. Proximate Analysis of AG1 and AG2 for the
Content (%) of Total Crude Protein, Fat, Moisture, Ash,
and Carbohydratea

component AG1 AG2

protein 1.86 ± 0.04 a 0.85 ± 0.02 b
moisture 11.95 ± 0.05 a 10.40 ± 0.03 b
fat 0.08 ± 0.02 a 0.06 ± 0.03 a
ash 3.21 ± 0.01 a 3.50 ± 0.02 a
carbohydrate (by difference) 82.92 a 85.22 b

aAll data are shown as mean ± SD, n = 3. Means with a lowercase
letter represent significant nutrient composition in terms of
percentage (%) between AG samples at a confidence level of
95.0%. (n = 3).
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prefers natural clay soils. Therefore, the determination of the
nutritional compounds mentioned could provide a meaningful
idea of how these two substrates may exhibit distinct effects
later in prebiotic evaluation.
2.2. Total Carbohydrate Content. Figure 1 shows the

changes in total carbohydrate content in AG after digestion in

comparison to FOS. Following the digestion, both AG showed
a small reduction of total carbohydrate content especially AG1.
All the samples show losses of carbohydrate after digestion.
Based on the results, FOS with the highest carbohydrate

content among the substrates afflicted the most reduction by
24.34% after digestion, whereas the carbohydrate content in
AG1 and AG2 decreased slightly after the in vitro digestion
process, by 3.63 and 11.59%, respectively. While it is
unexpected to have a significant loss of carbohydrates in
FOS after digestion, both FOS and AG consist of majorly
soluble parts, which made usage of filtration recovery not as
efficient, which explains the loss of carbohydrate portion
during the filtration. The difference is that, in Mandalari et al.
(2008), the research investigated the lipid content of almond
seeds.41 Since almond is insoluble during the digestion process,
the final recovery method using filter paper filtration was
efficient. Thus, for a soluble substrate, the best recovery
method is as described by Brodkorb et al., 2019,42 either using
freeze-drying methods or dialysis membrane filtration.
AG is known to resist digestion in the small intestine (either

by enzymatic hydrolysis or gastric acid) as based on multiple
research studies12,43,44 and can only be degraded by microbial
fermentation in the large intestine.45 As mentioned by Renard
et al. (2014), arabinogalactan fraction, a high molecular weight
gummy residue of AG, is resistant to hydrolysis in any pH
conditions.35 The macromolecule of A. seyal was larger than
that of A. senegal, average at 8.2 × 105 gmol−1 vs 6.8 × 105
gmol−1, respectively. In addition, the structure arrangement of
A. seyal derivatives is believed to be more compact and less
viscous (Rg: 15.2 nm; [η]: 16.5 mLg−1) than that of A. senegal
(Rg: 28 nm; [η]: 22.8 mLg−1).30 In contrast, A. senegal is built
with the highest degree of branching (78.2% vs 59.2%) with
multiple branched galactopyranoses, shorter arabinosyl side
branches, and more rhamnopyranoses located at the end on
the chains. This could explain the better degree of resistance of

AG1 compared to AG2, according to the percent of total
carbohydrate loss (3.63% vs 11.6%).

2.3. Total Reducing Sugar Content. Figure 2 shows the
total reducing sugar content for AG and FOS before and after

digestion. All samples have a similar initial reducing sugar
content and showed an increase in reducing sugar after
digestion. An increment of about 20.7, 10.3, and 9.09% was
shown for FOS, AG1, and AG2, respectively. Although there
are changes in total reducing sugar, the increment for all
samples was not significant. Some of the reducing sugar may
have been released as a result of the acidic condition especially
to the linear structure of FOS. The highest increase in reducing
sugar was observed for FOS followed by AG1 and AG2 (20.7,
10.3, and 9.09%). In comparison to FOS and AG, the solubility
differences among these two samples may affect the recovery
amounts as mentioned above, shown in the phenol sulphuric
assay of digested FOS.
The reducing power of the gum is calculated from arabinose-

free reducing groups. Based on the previous finding, the
reducing sugar content for A. senegal gum ranges between
0.160−0.440%,.1 A. seyal gum has a higher arabinose level than
A. senegal, as has been accounted previously. This may be
because A. seyal possesses more and/or longer branches.34,36

The backbone of arabinogalactan macromolecules present in
AG is made up of β 1,3-linked galactose residues; therefore, it
is believed that a more compact structure of A. seyal
contributes to an increasing arabinose content. On the other
hand, the source of origin may not give any distinct sugar
structures as noted by Gashua (2016) in the study comparing
sugar structures of the A. senegal gums from Nigeria and
Sudan.46

2.4. Degree of Polymerization of AG. Although the
sugar content after digestion showed changes based on
previous analyses, the percentage of hydrolysis of FOS
(2.36%), AG1 (2.31%), and AG2 (2.32%) shows no significant
difference. Hence, the calculated degree of polymerization
(DP) of FOS is 10, while that of both AG samples is DP = 5.
While referring to the high molecular weight of AG, the result
of the DP value stated smaller than that for FOS. This may be
due to the unsuitable experimental determination for the AG
structure that is complex and not accessible for some reagents
like the DNS assay. However, this may lead to the
misinterpretation of results for AG. The value may only

Figure 1. Total carbohydrate content (mg/mL) of fructo-
oligosaccharides and acacia gum. Means with a lowercase letter
shows the significant comparison of samples before and after digestion
at a confidence level of 95.0%. (n = 3) (Note: FOS, fructo-
oligosaccharides; AG1, A. senegal; AG2, mix of A. senegal and A. seyal).

Figure 2. Total reducing sugar content (mg/mL) of fructo-
oligosaccharides and acacia gum. Means with a lowercase letter
shows the significant comparison of samples before and after digestion
at a confidence level of 95.0%. (n = 3) (Note: FOS, fructo-
oligosaccharides; AG1, A. senegal; AG2, mix of A. senegal and A. seyal).
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represent the changes of degraded parts at the free reducing
side chain on the branch structure of AG during in vitro
digestion.47

In addition, according to the work carried out by Anderson
and Stoddart (1966a) and Anderson and McDougall (1987),
AG that was subjected to prolonged (48 h) mild acid and low
pH and from the sequential Smith-degradation could degrade
the gum into several fractions.48,49 The sugars eliminated from
the original gum macromolecules appear in either the insoluble
or diffusate fractions. This, however, was only achieved at
boiling temperature.
Therefore, based on the in vitro digestion, AG samples were

resistant to human gut hydrolysis as no quantitative significant
changes were present. The resistance indicates the unique and
complex structure of AG to the absence of the human enzyme
available to facilitate AG hydrolysis in the stomach. The

undigested large molecules remained intact structurally until
they reached the colon for fermentation to take place. In the
present work, prebiotic evaluation was studied in a continuous
flow, i.e., the combination of in vitro digestion and
fermentation. This two-step continuous flow is a more accurate
approach to determine the prebiotic potential, which mimics
our gastrointestinal tract.

2.5. Prebiotic Evaluation. Previously the results stated
that AG is not digested in the upper part of the human
digestive system and therefore is transited to the large colon
where microbial fermentation mostly takes place.50 As such,
pH-controlled batch cultures were conducted using the in vitro
colon model and FOS as a positive control. The experiment
was conducted in four replicates. The changes in the
population of gut bacteria against the time of fermentation
(0, 6, 12, and 24 h) were evaluated so that a proper

Table 2. Mean Values of the Bacterial Population (log10 Cells/mL) in the Batch Culture Colon Model Fermentation at 0, 6, 12,
and 24 h by Human Faecal Microbiotaa

probec time (h)

mean ± SD

AG1 AG2 FOS control

Bif164 0 7.94 ± 0.12 7.94 ± 0.12 7.94 ± 0.12 7.94 ± 0.12
6 8.28 ± 0.16 ab 8.25 ± 0.21 ab 8.47 ± 0.14 ab 8.19 ± 0.09 bb

12 8.51 ± 0.04 ab 8.54 ± 0.11 ab 8.47 ± 0.12 ab 8.41 ± 0.08 ab

24 8.59 ± 0.04 ab 8.78 ± 0.10 ab 8.67 ± 0.08 ab 8.41 ± 0.06 bb

Lab158 0 7.88 ± 0.23 7.88 ± 0.23 7.88 ± 0.23 7.88 ± 0.23
6 8.01 ± 0.36 a 8.19 ± 0.23 ab 8.14 ± 0.07 a 7.96 ± 0.15 a
12 8.11 ± 0.24 abb 8.14 ± 0.21 abb 8.09 ± 0.21 a 8.18 ± 0.20 b
24 8.08 ± 0.12 a 8.13 ± 0.25 ab 7.99 ± 0.27 a 8.12 ± 0.28 a

Chis150 0 7.22 ± 0.14 7.22 ± 0.14 7.22 ± 0.14 7.22 ± 0.14
6 7.46 ± 0.14 ab 7.67 ± 0.21 bb 7.34 ± 0.17 cb 7.28 ± 0.17 d
12 7.36 ± 0.03 a 7.39 ± 0.07 a 7.15 ± 0.08 b 7.24 ± 0.11 ab
24 7.18 ± 0.08 a 7.20 ± 0.14 ab 7.29 ± 0.15 ab 7.32 ± 0.09 b

Ato291 0 7.93 ± 0.14 7.93 ± 0.14 7.93 ± 0.14 7.93 ± 0.14
6 8.14 ± 0.25 a 8.15 ± 0.25 a 8.17 ± 0.15 ab 8.07 ± 0.07 a
12 8.32 ± 0.14 ab 8.35 ± 0.11 ab 8.36 ± 0.02 abb 8.00 ± 0.18 b
24 8.34 ± 0.06 abb 8.38 ± 0.10 abb 8.35 ± 0.14 ab 8.16 ± 0.20 bb

Erec482 0 7.81 ± 0.09 7.81 ± 0.09 7.81 ± 0.09 7.81 ± 0.09
6 7.51 ± 0.04 ab 7.59 ± 0.03 bb 7.55 ± 0.17 ab 7.57 ± 0.05 abb

12 7.58 ± 0.10 a 7.58 ± 0.13 a 7.56 ± 0.03 ab 7.53 ± 0.03 ab

24 7.55 ± 0.04 ab 7.52 ± 0.10 ab 7.54 ± 0.09 ab 7.56 ± 0.05 ab

Prop853 0 7.40 ± 0.15 7.40 ± 0.15 7.40 ± 0.15 7.40 ± 0.15
6 7.37 ± 0.06 a 7.37 ± 0.16 a 7.33 ± 0.19 a 7.36 ± 0.17 a
12 7.31 ± 0.09 a 7.36 ± 0.09 a 7.32 ± 0.10 a 7.48 ± 0.10 b
24 7.30 ± 0.13 abb 7.27 ± 0.21 ab 7.23 ± 0.11 ab 7.40 ± 0.18 b

Fpra655 0 7.61 ± 0.08 7.61 ± 0.08 7.61 ± 0.08 7.61 ± 0.08
6 7.63 ± 0.23 a 7.59 ± 0.44 a 7.65 ± 0.24 a 7.69 ± 0.13 a
12 7.64 ± 0.30 a 7.67 ± 0.13 a 7.69 ± 0.23 a 7.64 ± 0.05 a
24 7.67 ± 0.14 a 7.69 ± 0.17 a 7.64 ± 0.20 a 7.50 ± 0.05 a

Bac303 0 8.22 ± 0.19 8.22 ± 0.19 8.22 ± 0.19 8.22 ± 0.19
6 8.29 ± 0.07 a 8.30 ± 0.03 a 8.26 ± 0.14 a 8.25 ± 0.11 a
12 8.36 ± 0.37 ab 8.45 ± 0.21 abb 8.51 ± 0.02 a 8.35 ± 0.08 b
24 8.56 ± 0.02 ab 8.56 ± 0.14 bb 8.63 ± 0.06 bb 8.30 ± 0.13 a

Bac338 0 8.53 ± 0.21 8.53 ± 0.21 8.53 ± 0.21 8.53 ± 0.21
6 8.57 ± 0.09 a 8.56 ± 0.16 a 8.73 ± 0.15 ab 8.56 ± 0.08 a
12 8.60 ± 0.12 a 8.64 ± 0.09 ab 8.76 ± 0.10 b 8.52 ± 0.17 a
24 8.71 ± 0.09 ab 8.70 ± 0.20 ab 8.73 ± 0.10 ab 8.50 ± 0.18 b

aAll data are shown as mean ± SD, n = 4. Means with a lowercase letter represent significant differences between substrates within the same
sampling hour (p < 0.05). bMean value represents significant differences from the 0 h value within the same treatment (p < 0.05). cBif164,
Bif idobacterium spp.; Lab158, Lactobacillus/Enterococcus; Chis150, Clostridium histolyticum; Ato291, Atopobium spp.; Erec482, Eubacterium rectale-
Clostridium coccoides; Prop853, Clostridium cluster XI; Fpra655, Faecalibacterium prausnitzii; Bac303, most Bacteroidaceae and Prevotellaceae, some
Porphyromonadaceae: Bac338, total bacteria.
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interpretation can be withdrawn to determine the promotion
or inhibition of the particular species in healthy human gut
microbiota. By evaluating colonic bacteria, we could study the
effects of the AG to promote human health to exhibit its
prebiotic potential.
2.6. Colonic Bacterial Enumeration. Table 2 shows the

bacterial population growth according to its bacterial group.
The fermentation of AG1 and AG2 shows an increase of
Bif idobacterium spp. after 12 and 24 h compared with the
numbers at 0 h. However, this is different from FOS where a
significant increase of Bif idobacterium spp. was shown from 6 h
until the end of fermentation. Although FOS shows higher
Bif idobacterium spp. at 6 h compared with AG1 and AG2, the
opposite was observed at 12 h of fermentation where
Bif idobacterium spp. in FOS was outnumbered by the counts
in AG2 and AG1 accordingly. Altogether, AG1, AG2, and FOS
have significantly higher Bif idobacterium spp. at 24 h compared
with the negative control.
Bif idobacterium spp. is considered an important reference to

see the impact of tested prebiotics since immense work has
been involving the use of species that belongs to the genera of
this group and suggested a favorable impact in the large
intestine.51,52 Lactobacillus spp. population growth increased
after 12 h compared with the numbers at 0 h, for AG1 and
AG2, whereas counts of Lactobacillus spp. in FOS were not
significant until the end of fermentation. Bif idobacterium spp.
and Lactobacillus spp. have long been considered a positive
microbial group producing antimicrobial metabolites, which
might inhibit certain pathogen growth.53,54 The delay of
bacterial growth and population could indicate slower
fermentation of complex AG polysaccharides,12 while the
simpler FOS chain is immediately fermented as early as 6 h.
Their study assessment was done by comparing microbial
change on agar plate culture between samples from different
AG dosages and sucrose feed to volunteers.
Short chain molecules, such as FOS, are generally fermented

faster than larger, longer chain molecules such as AG and
partially hydrolyzed guar gum.55 The previous study on the
consumption of FOS explained that ingestion of this prebiotic
causes bloating and increased frequency of flatulence in the
tested subjects,56 even so, Bruggencate et al. (2006)57 also
speculated the adverse effects on the intestinal barrier
functions based on their animal studies due to rapid
fermentation. Gut fermentation that occurred slowly could
reduce gastrointestinal discomfort, such as flatulence and
bloating.11 Rapid response of fermentation would increase the
rate of gas released and trapped inside the lumen.55 As
reported in the work of Calame et al. (2008), all subjects
tolerated the given high dose of AG up to 40 g/d for 4 weeks
with no significant adverse symptoms.11 In the United States
and European countries, AG has been recognized as safe
(GRAS) and categorized as “acceptable daily intake” food with
an approval food additive code, E414.58 Although FOS shows
higher Bif idobacterium spp. at 6 h compared with AG1 and
AG2, the opposite was observed at 12 h of fermentation where
Bif idobacterium spp. in FOS was outnumbered by the counts in
AG2 and AG1 accordingly. In this context, slower fermentation
of AG would be a good relief for people who are easily feeling
discomfort from the consumption of prebiotic FOS. Most of
the dietary fibers including short-chain FOS were fermented in
the proximal colon by the bacteria, while the exception to the
long-chain FOS (inulin) is fermented in the distal colon.59 The

relationship of FOS chain length and bowel transit time may
suggest the outcome stated.
Furthermore, after 12 and 24 h, the counts for the

Clostridium histolyticum group decreased in FOS and AG
substrates when compared with 0 h, which confirmed the
results of in vitro and in vivo feeding.11,12,60 This bacterial
group is known to have an association in the inflammatory
response and colon disease.61 Crohn’s disease and ulcerative
colitis are known as chronic inflammatory disorders of the
intestines.62 For negative control, there are no significant
changes of C. histolyticum population. Although IBD may occur
in any parts of the gastrointestinal tract, it most commonly
happens in the distal part of the ileum and colon.63 Many
researchers hypothesized that one of the causal contributions
of IBD that trigger the immune response to the antigen over
the mucosal wall was from this microbial pathogen.64

Based on Macfarlane et al.,65 along the proximal, transverse,
and distal colon, the calculated pH values (taken from sudden
death victims) of colonic contents are at 5.5, 6.2, and 6.8,
respectively. The luminal pH in the distal colon is increased
close to neutral pH, which suits and is preferable for
pathogenic proliferation. The causal gradual increase of
luminal pH was based on this theory. As food components
travelled into the first part of the large colon (proximal), it may
have undigested components, i.e., resistant starch, oligosac-
charides, and arabinogalactan. High rates of fermentation take
places and will subsequently reduce as the fecal transits into
the transverse colon. By the time the fecal reached the distal
part of the colon, low amounts of fermentable carbohydrates
remained for vigorous microbial fermentation to occur.
Consequently, it is known that a large number of protein

residues were fermented in the distal gut where saccharolytic
fermentation is not as much due to the depletion of
carbohydrate fermentation being further away from the
stomach. High proteolytic fermentation produced several
kinds of byproducts, such as ammonia, branched chain fatty
acids, phenolic compounds, hydrogen sulfide and methane-
thiol, and nitrosamines and other biogenic amines, which are
all putrefactive metabolites that may negatively affect the
host.52,66−68 This is the important reason for the AG prebiotic
to be slowly fermented so that a sufficient quantity of prebiotic
reached the colon end; thus, it could inhibit the growth of
pathogenic bacteria. By specifically promoting beneficial
bacteria, the luminal pH of the colon can be lowered as a
result making an undesired environment for pathogenic
microbiota. Based on the present study, the fermentation of
AG selectively promotes beneficial bacteria and inhibits the
growth of harmful bacteria, which indirectly may ameliorate
the diseases.
The counts of Bacteroides spp. were enhanced in

fermentation for AG2 and FOS, all of which are significantly
higher than the number in negative control at 24 h. In
addition, it is worth noting that FOS has the highest number of
Bacteroides spp. at 12 h. Bacteroides spp. is one of the largest
groups residing in the healthy adult gut that involved in several
metabolisms inside the colon.69−71 Bacteroides consist of
beneficial and nonbeneficial members. Past articles have
expressed the beneficial impact of members of this group
toward gut health.72,73 Onderdonk and Garrett (2015)
reviewed that some bowel infections and diseases like
diarrhoea and cancer are contributed by these gram-negative
bacteria.74
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However, it is reported that the members of the subfamily in
Bacteroides genera particularly species of Prevotella and
Porphyromonas are symbiotic in the colon, which may boost
immunity.74 The counts of Faecalibacterium prausnitzii were
not significant in all substrates at all-time points. Apart from
this, the total bacterial growth was statistically significant at 6 h
for FOS and 24 h for AG2 compared with their respective
baseline (0 h). In addition, a decreasing trend of total bacteria
was observed in negative control after 12 h, however not
statistically meaningful.
Bacterial counts for Atopobium spp. were increased from 6 h

but only significantly intensified after 12 and 24 h fermentation
for AG1 and AG2, whereas, Atopobium spp. was increased from
6 h until the end for FOS. The C. coccoides-Eubacterium rectale
group was decreased in all substrates at 24 h of fermentation.
In addition, significant decreases are also observed in
Clostridium cluster XI population for AG1 and FOS substrates
at the end of fermentation. Overall, the fermentation of both
AG substrates happened to have a similar bacterial profile to
FOS. While FOS had been profoundly studied as the prebiotic
to regulate and selectively stimulate bacterial population in the
colon,75−78 AG could have been exploited as the potential
prebiotic as good as FOS. Moreover, the property of AG as
high dietary fiber enables it to be a good additive ingredient.
As previously mentioned, there is a delay or some offset of

time when fermentation of AG started. There are a couple of
possible reasons that can be speculated: some of the bacteria
were in their log phase long enough before the appropriate
gene expression was done to an unfamiliar gum molecule and
triggered the fermentation at 12 h compared to a shorter chain
of FOS that took place sooner. Also, there are four distinct
groups of Bif idobacteria in respect to their metabolism of the
length of the prebiotic chain. Some strains are capable of
utilizing fructose only, while others utilized both FOS and
fructose but reducing their favor for the longer FOS. Some
strains favor FOS but are not capable of metabolizing inulin or
fructose, whereas the rest of them may metabolize any available
substrates; FOS, inulin, or fructose.79

Different bacterial strains possess essential requirement in
energy, carbon and nitrogen for their growth and metabolism.
Ummadi and Curic-Bawden (2008)80 reviewed that the
complex requirement of Lactobacillus depends on strain and
species due to its properties of multiple auxotrophies. Similar
to Bif idobacterium, carbohydrate sources are one of the growth
requirements for Lactobacillus. Various studies reported that
oligosaccharides are essential for Lactobacillus metabolism in
the intestinal ecosystem.81−83

Furthermore, the oligosaccharide from the glycoprotein
parts of AG may contribute to the prebiotic effect by the
metabolism of Lactobacillus. Thus, it comes to a controversial
proposition of another reason why fermentation is slower in
AG. First, the likelihood of any Bif idobacterium and
Lactobacillus to prefer metabolizing the complex branched
chain of AG is questionable, thus suggesting that the delay was
due to the cross-feeding, which only occurred after the first
gum degradation by the primary degrader. Growth promotion
of Bif idobacterium spp. was at 12 h because there are plenty of
intermediate products resulting from the AG hydrolysis by
other bacterial groups. This also explained that several bacteria
were significantly proliferated earlier than Bif idobacterium spp.
in AG fermentation, suggesting that those bacteria were the
primary degraders to metabolize AG.

2.7. SCFA Production. The batch culture colon model
fermentation allows for rapid analysis of the effects of AG as a
substrate to the colonic microbes. As a result, SCFA
production from the fermentation of AG can be monitored.
Thus, batch culture systems enable an evaluation of how
bacteria ferment a substrate in correspondence to the
metabolites produced.84 The results from the current study
indicated that AG substrates have selectively promoting effects
similar to the known prebiotic FOS, as shown by the
microbiota population and production of acetate, butyrate,
and propionate. In practice, the in vitro method is very
straightforward and reliable to predict what could not be
achieved in vivo due to the inherent complexity of the
process.85

The organic acids evaluated for this study are lactate, acetate,
propionate, and butyrate. The total SCFA in AG1 (Figure 3)

and negative control (Figure 6) achieved its highest
concentration at 6 h, respectively, whereas AG2 (Figure 5)
and FOS (Figure 4) have the highest total SCFA at 12 h. FOS
was observed to possess the highest total SCFA concentration
after 24 h of fermentation compared to other treatments. It
was previously suggested that consumption of arabinogalactan
fraction (≈200 kDa) obtained from AG has greater SCFA

Figure 3. Concentration of short-chain fatty acids against time for
AG1. Means with a lowercase letter shows the significant comparison
between hours of each acids at a confidence level of 95.0%. (n = 4).

Figure 4. Concentration of short-chain fatty acids against time for
FOS. Means with a lowercase letter shows the significant comparison
between hours of each acids at a confidence level of 95.0%. (n = 4).
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production at least when it is administered in a longer period.86

Lactate and SCFA function to downregulated proinflammatory
response in intestinal epithelial cells and myeloid cells and thus
might contribute to colon health.87

From Figures 3 and 5, fermentation of AG1 and AG2
showed the highest concentration at 6 h before it started to

reduce in 12 and 24 h of fermentation, whereas for FOS
(Figure 4), both butyrate and acetate started at a lower
concentration in the early part of fermentation and gradually
increased until 24 h. There is no significant change occur at
any time point for lactate content in AG1 and AG2 compared
with 0 h. According to Riós-Coviań et al.,88 lactate, which is
not an SCFA, is also produced during gut fermentation. In the
current study, there is no significant change occuring at any
time point for lactate content in AG1 and AG2 compared with
0 h. Lactate was immediately converted into other acids, which
is the reason why it is rarely accumulated in the fermentation
vessels. Lactate served as the precursor for cross-feeding by
mixed culture of colonic bacteria, which transformed into
particularly butyrate apart from acetate and propionate,89 while
for the negative control, a significant lactate increment was
observed at 12 h compared with 0 h, which signifies less
microbial metabolism activity.
The fermentation resulted in acetate concentration as the

most abundant SCFAs after 24 h of fermentation, which
agreed to the study by Louis et al.90 Acetate production for
both AG treatments showed a significant increase from 6 h and
further down until the end of fermentation compared to the
baseline. All substrates on the other hand showed a
significantly higher acetate concentration than the negative
control throughout the fermentation period. The fermentation
exhibits an increasing trend for acetate production in AG1 and
AG2, while FOS has a sudden drop at 24 h after the initial
elevation until 12 h. Some Bif idobacteria strains have been
characterized in terms of acetate and lactate production.91−93

Bif idobacteria may produce acetate and lactate when
carbohydrates are available in excess.94

The FOS achieved its significant peak at 12 h with the
highest amount of acetate compared to other treatments
(Figure 4). The fermentation of FOS exhibits a sudden drop at
24 h after the initial elevation until 12 h. Acetate is produced
by Bif idobacteria via the process of the fructose-6-phosphate
phosphoketolase pathway and high acetate production

commonly relating to the increased population of this
group.95 Acetate is known for anti-inflammatory properties
and combat against pathogens.96 Other than Bif idobacteria,
approximately one-third of the total colonic bacteria, which
includes some proteobacteria, are acetogenic, which synthesize
through the Wood−Ljungdahl pathway.88,97−99 Additionally,
Garrett and Onderdonk (2015) also reported that Bacter-
oidaceae spp., Prevotellaceae spp., and Porphyromonadaceae spp.
produce acetate from the fermentation of carbohydrate.100

The quantity of propionate exhibits an increasing trend at 6,
12, and 24 h of fermentation compared to 0 h except for
negative control with significant elevation at 6 h before it
drastically drops further having the least amount of propionate
at 24 h. As proposed by Hosseini et al., (2011), Clostridium
cluster XI may able to produce propionate.101 However, in the
present work, no significant change in Clostridium cluster XI
population was observed for the tested substrates. Propionate
may contribute directly to central appetite regulation;
increasing satiety and regulating food intake by the
host.102−105 According to studies, the producers of propionate
are mainly the Bacteroides-Prevotella group as well as
Clostridium within the colonic bacteria.106−110 Their metabo-
lism pathway and SCFA production in the bacteria are largely
unknown.
Two genome sequences belonging to methanogens have

been described; however, their physiological importance is yet
to be discovered. Generally, the relation would be involving
microbial relationship common interaction known as competi-
tion and cross-feeding. This may be related to the significant
increment of the Bacteroides group in fermentation for all
substrates at 6, 12, and 24 h, which is significantly higher than
the number in negative control at 24 h. The fermentation of
AG provides sufficient nutrients for Bacteroides growth due to
their capability in utilizing carbohydrate sources.88,99,100,111

Butyrate production shows a decreasing trend from 6 h of
fermentation period for AG1 (Figure 3) and AG2 (Figure 5).
It is reported that lactate and acetate are also being utilized by
colonic bacteria and contribute to butyrate production as
well.112 Based on previous studies, the main butyrogenic
bacteria belong to the Firmicutes phylum, specifically in the
Clostridial group of bacteria.113−115 Both AGs showed a similar
butyrate trend with initial elevation at 6 h, which then reduced
further down the fermentation period.
Meanwhile, butyrate concentration in FOS increased

steadily with significant elevation at 12 h. While most of the
butyrate (70.0%) ended up as the energy source by the
epithelial cells, the host could have benefited from the butyrate
abundance in the lumen. This commensal producer includes
Clostridium spp., Eubacterium spp., Roseburia spp., and
firmicutes such as Ruminococcus and Faecalibacterium.116 At
the same time, other bacteria will also take advantage of the
available butyrate in the lumen, which may explain that it is not
accumulated (the rate of butyrate produced is similar to the
rate of butyrate utilized, reaching equilibrium). Negative
control was observed with the highest amount of butyrate
compared to other substrates at 6 and 12 h (Figure 6). The
accumulation of the butyrate might indicate an imbalance or
higher numbers of butyrate producers rather than the rate of
where it is being utilized.
The acetate to propionate ratio was observed the highest, for

negative control at 6 and 12 h compared with other substrates
at the respective time points, while FOS has the highest ratio at
24 h of fermentation. AG is observed with a low acetate/

Figure 5. Concentration of short-chain fatty acids against time for
AG2. Means with a lowercase letter shows the significant comparison
between hours of each acids at a confidence level of 95.0%. (n = 4).
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propionate ratio. According to the studies by Sarbini et al.,117 a
combination of acetate and propionate is reported to be
involved in regulating cholesterol levels. Acetate plays an
important role as the precursor of synthesizing cholesterol,
whereas propionate inhibits it.118 Hence, it is proposed that a
low ratio of acetate/propionate contributes to cholesterol
management, thus decreasing the risk of obesity, hypertension,
and even coronary disorders. Even so, some research emerged
with the evidence of AG having these antiobesity proper-
ties.119,120

Studies on arabinogalactan fraction were suggested to confer
a potential effect at the distal part of the colon, whereas FOS
fermentation was vigorous while in the proximal colon.86

Furthermore, an increase in the total bacteria may be
associated with the increase of Bacteroides and the Bif idobac-
teria, together with an increase in F. prausnitzii and also an
increase in lactate, butyrate, and propionate at the same time a
reduction of ammonia in the distal colon. The saccharolytic
bacteria then underwent carbohydrate fermentation to produce
SCFAs, which can confer positive effects to the host. Overall,
the SCFA decreases the pH in the colon, which hampers
pathogenic bacterial colonization and growth and activates the
immune response of the host.
According to this study, several bacterial groups responded

to AG fermentation either positively supported or negatively
inhibited by the fermentation outcomes. The nondigestible AG
was fermented by mixed fecal bacteria in anaerobic conditions
to yield SCFAs and use for their proliferation.121 In the human
body, most of these SCFAs produced usually were immediately
absorbed from the lumen into the host peripheral for its
energy, whereas in colon model fermentation, available SCFA
will be transformed or utilized by the commensal bacteria. In
this regard, these commensal bacteria suggested having a
potential role in long-chain arabinoxylan fermentation toward
the production of butyrate while also showing that B. longum
grows well with known butyrate producers (Roseburia
intestinalis, Eubacterium rectale, and Anaerostipes caccae).114

Together with the commensal bacteria, B. longum is a
significant producer of intracellular thiamine and exopolysac-
charides, which is also beneficial to other gut bacteria.122,123

Thus, this cooperation was very much beneficial for both
parties in one way or the other.

Previous research aiming to identify the primary degraders
of AG found several different bacterial species and has not
been consistent. A study using porcine fecal inoculum with
2.00% of AG managed to isolate Bif idobacterium longum and
Bacteroides ovatus, Bacteroides oris, and Bacteroides buccae.124

Although the researchers concluded those results in human
fecal, it turns out that presumptive measures led to their
conclusions based only on the culture plating techniques but
not molecular-based DNA sequencing. Therefore, the tradi-
tional identification of many uncultured species assigned to
this genus may reflect current taxonomic limitations rather
than a biological signal. Kishimoto et al. in 2006 have found
that the predominant microbes responsible for AG fermenta-
tion contribute to the production of propionate, which is the
Prevotella ruminicola-like bacterium.125 The study investigated
pooled cecal inoculum of pig, showing that the isolated
bacteria were the predominant species. This study also
highlighted that the isolated bacteria were producing
propionate, which is largely produced from the lactate
conversion.126−128 However, this outcome was the work
from the bacterial isolation from the enrichment culture of
pig cecal slurry, where the anatomical and physiological
differences of humans limit the comparison.
Degradation of energy-abundant complex carbohydrates

provides opportunities not just for competition but also for
mutualistic and cooperation by metabolic cross-feeding and by
one or more bacterial species providing substrates to support
the growth of other populations.129 Nondigestible carbohy-
drates, such as prebiotics, emerged with findings that their
properties counteract diseases linked to obesity, including
hyperglycemia, inflammation, and hepatic steatosis. While
most of the discoveries were from animal studies, the effect was
observed by the alterations in microbial compositions, which
appear more complex than just by the single increase in
Bif idobacterium numbers as most studies described. After all
the healthy gut functions was the reflection of the whole
composition of gut bacteria instead of one particular species.130

3. CONCLUSIONS

Current research increases the clarity for AG polysaccharides
that could have been exploited as potential prebiotics as good
as FOS. The fermentation shows selectivity of AG in
promoting particular bacteria, which indirectly induce the
luminal pH changes to inhibit pathogenic bacteria. Further-
more, slow fermentation of AG signifies suitability and good
relief for people who suffer bloating on ingestion of FOS. In
addition, AG2 (contained A. seyal) showed superior prebiotic
effects to some extent compared to AG1. To better understand
the implications of these results, however, more studies are
needed to yield high consistency and accuracy of data using
larger sample sizes especially in the study of pure A. seyal
species. The property of AG as high dietary fiber enables it to
be a good additive ingredient. This on the other hand raised
arguments for researchers and food manufacturers to revisit
food products that could take advantage of this knowledge on
the food additive plus prebiotic potential sides of AG.
However, it also raises the question of the possibility to isolate
and identify first degrader or gum fermenting bacteria as
mentioned in the discussion above. Further research would be
appropriate to determine the causes or relationship between
gut microbiota in prebiotic metabolism.

Figure 6. Concentration of short-chain fatty acids against time for
control. Means with a lowercase letter shows the significant
comparison between hours of each acids at a confidence level of
95.0%. (n = 4).
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4. MATERIALS AND METHODS

In this study, the substrate used was premium grade AG
(Natural Prebiotic Sdn. Bhd., Malaysia), which is a water-
soluble, free-flowing powder form. Two commercially available
AG samples from the species of Acacia senegal (AG1) and the
mixture of Acacia senegal and Acacia seyal (AG2) were
investigated. This commercial product is available in the
market, sold as dietary fiber drink. The control substrate used
was FOS, Orafti HP derived from inulin (Beneo, Belgium).
4.1. Proximate Analysis of AG. Proximate analysis of

crude protein content, fat content, ash content, moisture
content, and carbohydrate content was carried out according
to the 21st Edition AOAC methods.131 The protocol described
from here onward was based on the AOAC methods.
4.2. Crude Protein Content. The Kjeldahl method was

used to determine the total crude protein content in the AG.
An amount of 0.5 g of AG was weighed into a digestion flask.
An amount of 5 g of catalyst (with K2SO4 and CuSO4 at a ratio
of 10:1) was added followed by 12 mL of concentrated
sulphuric acid (H2SO4) and mixed by gently swirling the flask.
The flask then heated with the digestion unit until a
transparent slight blue solution developed. An amount of 75
mL of distilled water and 50 mL of 40.0% (w/v) sodium
hydroxide (NaOH) were added afterward. Boric acid and the
Kjeldahl flask were placed into a distiller (Kjeltec TM 211,
Protein Analyser), and the distillation process was carried out
until a greenish-blue solution was formed. Next, the boric acid
was titrated with 0.1 N hydrochloric acid (HCl) until the
solution turns red and the titration volume was recorded. The
nitrogen content (%) in the sample was calculated, and the
protein content (%) was obtained with the equation below:

Nitrogen (%)
0.1 (Titration Vol. of HCl (Sample Blank)

Sample Weight 100

100

=
× −

×

× (1)

Protein (%) %Nitrogen 6.25= × (2)

4.3. Fat Content. The Soxhlet method was used in the
determination of fat content in the sample. An amount of 2 g
of AG sample was weighed and wrapped in filter paper prior to
placing into an extraction thimble, which consists of pores that
allowed the flow of hexane (C6H14) for the fat extraction
process. The initial weight of the empty extraction cup was
recorded, and 200 mL of hexane was placed into the extraction
cup and fit into the Soxhlet extraction system (Soxtex system
HT). The extraction process was carried out for 2 to 2.5 h. The
final weight of the extraction cup that contains fat was then
weighed and recorded. The fat content (%) was calculated by
the equation as follow:

Fat Content (%)
Weight of extraction cup (Final Initial)

Sample weight
100=

−
×

(3)

4.4. Ash Content. Ash content was determined by the
method of “dry ashing”. An amount of 5 g of sample was
weighed into a crucible with a lid prior to the overnight
combustion process in the furnace (Nabertherm Model

205311) at 450 to 550 °C. The ash content (%) was
calculated as below:

Ash Content (%)
Weight of crucible and lid (Final Initial)

Sample Weight
100=

−
×

(4)

4.5. Moisture Content. The moisture content of AG was
determined by the process of oven drying. An amount of 5 g of
AG sample was weighed and spread in an aluminium container
with a lid and dried in a drying oven (SM400, Memmert) at
105 °C for at least 16 h until a constant weight is obtained.
The initial weight of the sample together with the aluminium
container was recorded as well as the final weight after the
drying process.

W W
W

Moisture Content (%)
1 2

1
100= − ×

(5)

whereby W1 = Weight of the sample and container before oven
drying; W2 = Weight of the sample and container after oven
drying.

4.6. Total Carbohydrate Content. The total carbohy-
drate content was obtained by the different method of
subtracting with the total protein content, fat content, moisture
content, fiber content, and ash content. The carbohydrate
content was obtained from the equation below:

Total Carbohydrate (%)

100 %(protein fat ash moisture)= − + + + (6)

4.7. In Vitro Digestion. In vitro digestion was performed
as described in Mandalari et al. (2008) to simulate the upper
gastrointestinal environment.41 Substrates (1.5 g) were
suspended in 0.1 M NaCl solution (12.4 mL) at pH 7.0.
The predigestion in the oral phase was initiated by adding
heat-stable α-amylase into the suspension and incubating at 37
°C for 5 min. The amylase was prepared by adding 500 U/500
μL of the stock solution in NaH2PO4 buffer (20 mM).
The suspension was then further carried on in simulated

gastric phase digestion. Generally, the suspension was added
with 150 mM NaCl (12.4 mL) under the acidic condition at
pH 2.5 readjusted using HCl. Pepsin and gastric lipase were
then added with a final concentration of 146 U/mL and 0.56
mg/mL, respectively. This afforded a ratio of substrate to
aqueous of 0.12 g/mL. Incubation was carried out in an orbital
shaking incubator at 170 rpm, 37 °C for 2 h. Controls used
were substrates in the saline solution (150 mmol/L) at pH 2.5
without the addition of any enzymes.
In vitro duodenal digestion was further applied to the digesta

of gastric digestion. The duodenal digestion was performed at
37 °C, pH 6.5, and a shaking rate of 170 rpm for 1 h
incubation. Based on the weight of the substrate used at the
beginning of gastric digestion, the addition of NaOH, Bis-Tris
solution, CaCl2, bile salts, and enzymes (150 mmol/L) brings
the final ratio of substrate to aqueous at 0.11 g/mL. These
include addition of sodium glycodeoxycholate (4.0 mmol/L),
Bis-Tris buffer (0.73 mmol/L, pH 6.5), calcium chloride (11.7
mmol/L), pancreatic lipase (54 U/mL), trypsin (104 U/mL),
colipase (3.2 mg/mL), and α-chymotrypsin (5.9 U/mL). The
digesta from the duodenal digestion was then freeze-dried for
further analyses.
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4.8. Determination of Digestibility. The percentage of
digestibility (hydrolysis) of AG was calculated based on the
reducing sugar that liberated and the total sugar content of
AG132 as follows:

Hydrolysis (%)
Reducing sugar released

(Total sugar Initial reducing sugar content)
100=

−
×

(7)

where the reducing sugar released is the difference between the
final reducing sugar and the initial reducing sugar content.
4.9. Carbohydrate Assay. Digestibility of AG samples was

determined following the in vitro human α-amylase, gastric,
and duodenal digestion compared with FOS, as control. The
changes of total carbohydrate and total reducing sugar were
analyzed for samples before digestion and after digestion.
The phenol-sulphuric acid assay was used in total

carbohydrate determination, whereas the 3,5-dinitrosalicylic
acid (DNS) assay was used for total reducing sugar
quantification. The former was extensively used in the large
range from measuring mono-, di-, oligo-, and polysaccharides
due to its reliability and a straightforward operation.133,134 The
concept employed the absorbance value (490 nm) of hydroxyl
methyl furfural in hot acid. This dehydrated glucose develops
different intensities of yellowish-brown color, which corre-
spond to the carbohydrate content in the quantified
sample,135,136 while in the DNS assay, it acted differently
where this method tests for the presence of free carbonyl
groups to specifically oxidized available reducing sugar in the
samples, thus reduced the DNS reagent from yellow to orange-
red intensity (3-amino,5-nitrosalicylic acid), and was measured
at 540 nm absorbance wavelength.137

4.9.1. Determination of Reducing Sugar Content.
Reducing sugar content in AG was determined by using the
DNS method138 in which the DNS reacted with reducing
sugars of AG broken down by the amylase. An amount of 1 mL
of sample was added with 1 mL of DNS solution and 1 mL of
water. The mixture was brought to a boil for 15 min and
cooled in an ice water bath for 2 min followed by the addition
of 9 mL of water. The absorbance value of the mixture was
read at 540 nm (Epoch Microplate Spectrophotometer) and
was compared to a glucose solution (1−10 mg/mL) standard
curve to calculate the concentration of reducing sugar in the
sample.
4.9.2. Determination of Total Sugar Content. The total

sugar content was determined using a phenol−sulphuric acid
method.135 The sample (2 mL) was mixed with 1 mL of
phenol solution (5.00%) followed by the addition of
concentrated sulphuric acid (5 mL).133 The mixture was
well-mixed and incubated for 30 min at 30 °C. The absorbance
was then measured at 490 nm.139

4.9.3. Determination of Carbohydrate Size. Determination
of oligosaccharide size available in the tested samples was
based on the DP. The DP of FOS and AG was calculated based
on the amounts of total sugar and reducing sugar obtained
from the previous assays. The following equation was used to
calculate the DP:140

Degree of polymerization (DP)
Amount of total sugar

(Amount of reducing sugar)
=

(8)

4.10. In vitro Fermentation. 4.10.1. Fecal Sample
Preparation. Fecal sample preparation used was as described
in the study of Sarbini et al.129 Fresh fecal samples were
obtained from four healthy male human volunteers added
between 22−30 years old with a BMI of 19−23 kg/m2. All
subjects gave their informed consent for inclusion before they
participated in the study. The study was conducted following
the Declaration of Helsinki, and the protocol was approved by
the Ethics Committee for Research involving Human Subjects
of Universiti Putra Malaysia (JKEUPM-2020-117). The
volunteers also required to have no history of gastrointestinal
disorder, no intake of pro- or prebiotics for at least 1 month
before the study and were not prescribed any antibiotics for 6
months. The fresh fecal samples were collected on-site and
immediately used for fermentation within 15 min. The fecal
samples were then diluted and homogenized with sterile
phosphate-buffered saline (pH 7.3) at a ratio of 1:10 (w/v)
using a stomacher (Seward) set at 120 rpm for 2 min.

4.10.2. Colon Model Fermentation. The following in vitro
fermentation was conducted in the colon model as described
by Sarbini et al.129 and Bajury et al.141 The colon model
fermentation system was set up by using stirred batch culture
vessels. Four independent batch culture fermentation was
carried out using feces from four different donors. Each sterile
vessel was then aseptically filled with 45 mL of sterile basal
nutrient medium (BNM). The BNM was prepared with 2.0 g/
L of peptone water, 2.0 g/L of yeast extract, 0.1 g/L of sodium
chloride, 0.04 g/L of potassium dihydrogen phosphate, 0.01 g/
L of magnesium sulphate heptahydrate, 0.01 g/L of calcium
chloride hexahydrate, 2.0 g/L of sodium bicarbonate, 2.0 mL
of tween 80, 0.05 g/L of hemin, 10 μL/L of vitamin K, 0.5 g/L
of L-cysteine HCl, and 0.5 g/L of bile salts. The BNM was
adjusted to pH 7.0 before the addition of 4 mL/L of 0.025%
(w/v) resazurin solution before autoclaving. The BNM-
containing vessels were then gassed overnight with oxygen-
free nitrogen at a flow rate of 15 mL/min to obtain an
anaerobic condition.
The next day, AG as the substrate (1.00%) was added into

the vessels accordingly just before the addition of the fecal
slurry. The vessels were then maintained at 37 °C and pH 6.8,
using a circulating water bath (CW-05G, Lab Companion) and
pH controllers (Fermac 260, Electrolab). Adjustment of pH
was achieved by using 0.5 M NaOH and/or 0.5 M HCl. The
vessels were stirred continuously using magnetic stirrers
(UC151, 573,341 Stuart). Each vessel was further inoculated
with 5 mL of a fresh fecal slurry prepared as described
previously. Anaerobic conditions were maintained throughout
the fermentation by sparging the vessels with oxygen-free
nitrogen gas (15 mL/min). The fermentation vessels were left
running for 24 h, and the samples were taken at 0, 6, 12, and
24 h. The samples were centrifuged in preparation for high-
performance liquid chromatography (HPLC) analysis or
prepared for bacterial enumeration by fluorescent in situ
hybridization (FISH).

4.11. Prebiotic Evaluation. 4.11.1. Microbial Analysis.
The bacterial population in each sampling period was assessed
by using the FISH method as described by Daims et al.142

Synthetic oligonucleotide probes targeting specific regions of
the 16S rRNA molecule labeled with a fluorescent dye Cy3
were utilized for the enumeration of different bacterial groups
(Bif164 for Bif idobacterium spp. (BIF), Lab158 for Lactoba-
cillus/Enterococcus (LAB), Ato291 for Atopobium cluster
(Atopobium, Coriobacterium, and Collinsella spp.) (ATO),
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Chis150 for Clostridium histolyticum group (CHIS), Fpra655
for Faecalibacterium prausnitzii (FPRA), Prop853 for Clostri-
dium cluster XI (PROP), Erec482 for Eubacterium rectale −
Clostridium coccoides group (EREC), Bac303 for Bacteroides-
Prevotella group (BAC), and the EUB338 mixture consisting of
EUB338I, EUB338II, and EUB338III for domain bacteria
(Total)) (Table 3).
A sample (375 μL) obtained from each vessel at sampling

time underwent fixation for 4 h in 1125 μL of 4% (w/v)
paraformaldehyde at 4 °C. Samples were then centrifuged at
13000 × g for 5 min and then washed with 1 mL of filter-
sterilized 1XPBS two times. The washed cells were re-
suspended in 150 μL of filtered 1 × PBS; then, 150 μL of
ethanol (99.9%) was added and stored at −20 °C before
further analysis. Samples (10 μL) were appropriately diluted
with 1 × PBS to obtain 30 to 100 fluorescent cell counts in
each field of view. Then, 20 μL of the diluted sample was
placed onto wells of Teflon poly-L-lysine-coated slide (Tekdon
Inc., Florida, US). The slide was then dried using a slide dryer
for 15 min at 46 °C.
After this, the dried slide was dehydrated in an alcohol series

(50.0, 80.0, and 96.0% [v/v] ethanol) for 3 min each. Slides
were returned to the slide dryer to let excess ethanol evaporate
before the hybridization mixture was added. The hybridization
mixture (50 μL, consisting of 5 μL probe and 45 μL of
hybridization buffer) was added to each well, and slides were
incubated in a hybridization oven (Grant-Boekel, Cambridge,
UK) for 4 h. After hybridization, slides were soaked in 50 mL
of washing buffer and warmed at the appropriate temperature
for each probe for 15 min, in which the washing buffer was
made up with 0.9 M NaCl, 0.02 M Tris/HCl (pH 8.0), and
0.005 M ethylenediaminetetraacetic acid solution (pH 8.0).
Slides were then briefly dipped (2−3 s) in cold water and dried
under a stream of compressed air. The polyvinyl alcohol
mounting medium (5 μL), i.e., 1,4-diazabicyclo[2.2.2]octane
(DABCO), was then added to each well. A coverslip (20 mm;
thickness no. 1; VWR, Lutterworth, UK) was further applied.
Slides were stored in the dark at 4 °C overnight before viewing.
The bacterial cells were then observed and enumerated using

an epifluorescence microscope (CX31; Olympus; Tokyo;
Japan) equipped with a CX-RFL-2 reflected fluorescence
attachment. For each well, 15 random different fields were
viewed.129

4.11.2. Organic Acid Analysis. The fermentation sample
from each sampling period was pipetted into a 2 mL
microcentrifuge tube for centrifugation (Centrifuge-5804,
Eppendorf) at 13,000 rpm for 10 min to obtain a clear
supernatant. The supernatant was filtered through a 0.22 μm
syringe filter unit (Millipore) into an HPLC vial (Agilent
Technologies, Cheshire, UK).
A Prominence Series liquid chromatography instrument

(Shimadzu Corp., Japan) with a reverse-phase ion-exclusion
C12 column (Rezex ROA, Phenomenex) was used for the
analysis of SCFAs. The analytes were read with a UV detector
at 210 nm wavelength. The isocratic mobile phase used was
0.25 mM sulphuric acid (H2SO4). An amount of 15 μL of
sample was injected into the heated column (40 °C)
programmed to run in isocratic elution at a flow rate of 0.5
mL/min for 40 min. The peaks and response factor within the
sample were calibrated and calculated using LC Solutions
software (Shimadzu). The standard solution contained acetate,
butyrate, propionate, and also lactate at a series concentration
of 12.5, 25, 50, 75, 100, 125, 150, 175, and 200 mM.

4.12. Statistical Analysis. Data on nutritional content
from the proximate analysis were presented as the mean value
based on triplicate analyses, whereas mean values from the in
vitro digestion of each sample were analyzed using the paired
T-test comparing the difference between before and after
digestion. All data of bacterial enumeration and quantification
of organic acids were statistically analyzed according to
repeated-measures ANOVA. Based on Tukey’s test, p ≤ 0.05
was considered statistically significant. The software used was
Statistical Analysis System (SAS) version 9.4.
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EUB338IIIa GCTGCCACCCGTAGGTGT
aThese probes are used together in equimolar concentrations (all at 50 ng μL−1).
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