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Colonic fermentation of resistant starch provides health beneﬁts to the host. However, physical characteristics of
the food matrix could limit the availability of starch and other dietary ﬁbres for microbiota utilization. In this
study, the inﬂuence of food structural aspects was studied by using cotyledon cells from red kidney beans with
diﬀerent levels of cellular integrity. In-vitro colonic fermentation was conducted in the simulator of the human
intestinal microbial ecosystem (SHIME®) where the utilization of starch and other non-starch polysaccharides
was investigated along the three colon regions. Results indicate that plant cell integrity modulates nutrient
utilization by gut microbiota where higher amounts of starch were delivered to distal regions of the colon in
intact samples. Other dietary ﬁbre constituents, such as pectin, were also diﬀerentially fermented depending on
the level of cellular integrity. Moreover, bean supplementation produced changes in microbiota population
favouring the proliferation of Biﬁdobacterium species.

1. Introduction
Colonic fermentation of carbohydrates provides beneﬁcial physiological eﬀects for human health (Sonnenburg & Sonnenburg, 2014).
Non-digestible polysaccharides, commonly known as dietary ﬁbre, are
the primary source of carbon and energy for gut microbiota which favours bacterial diversity (Sonnenburg et al., 2016), production of gas,
organic acids and short chain fatty acids (SCFA) (Hernández-Salazar
et al., 2010; Slavin, 2013). Therefore, changes in the quantity and type
of carbohydrates consumed in the diet will inﬂuence bacterial population and the products formed by their metabolism (Fernando et al.,
2010). It has been found that dietary ﬁbres are not equally fermented
by the gut microbiota and a hierarchic order is followed where simple
sugars, oligosaccharides and starch are preferred over soluble and insoluble non-starch polysaccharides (NSP) (Bach Knudsen, 2015). Differences in solubility, size, chemical structure and types of linkages
within the ﬁbres are the main factors responsible of those preferences
(Sonnenburg & Sonnenburg, 2014).
Due to this, special attention has been payed to resistant starch (RS),
i.e. the portion of starch (or its hydrolysis products) that escapes

digestion and reach the large intestine. Several health beneﬁts are associated with the fermentation of RS, the most relevant being related to
a higher production of butyric acid, which has been associated to the
improvement of bowel health against ulcerative colitis and colon cancer
(Henningsson, Margareta, Nyman, & Björck, 2001; Jonathan et al.,
2013; Nugent, 2005; Umu et al., 2015). In addition, it has been shown
that the presence of RS delays the fermentation of other non-starch
polysaccharides towards distal parts of the colon (Jonathan et al., 2013)
thereby decreasing protein fermentation which has been shown to
produce toxic compounds such as ammonia, phenols, amines, thiols and
branched chain fatty acids. The resistance of starch to small intestinal
digestion is caused by barriers or structural properties of the granule
itself that slow down or prevent α-amylase action (Dhital, Warren,
Butterworth, Ellis, & Gidley, 2017). Therefore, the amount of RS in the
diet will vary depending on food composition, structure and the
cooking methods applied.
Beans, and legumes in general, possess structural and compositional
characteristics that has deserved the attention of many scientists in the
last years. Legumes are mainly composed of carbohydrates
(500–700 g.kg−1 dry basis) a fraction of which is undigested in the
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the treatment was employed. During this time, bacteria were fed three
times per day with the SHIME® basal medium [1.2 g L–1 arabinogalactan, 2.0 g L–1 pectin, 0.5 g L–1 xylan, 0.4 g L–1 glucose, 3.0 g L–1 yeast
extract, 1.0 g L–1 special peptone, 3.0 g L–1 mucin, 0.5 g L–1 l-cysteineHCl, and 4.0 g L–1 starch (Koper et al., 2019)] enabling the microbial
community to adapt to the environmental conditions of the diﬀerent
colon vessels. After the basal period, the system was fed three times per
day for 12 consecutive days with a mixture of the SHIME® basal
medium that contained all the components previously mentioned except for starch that was replaced by the addition of either ICC or MDC.
Since bean cells contained protein and non-starch polysaccharides besides starch, a ratio of 60:40 bean cells to medium respectively was
employed to preserve as consistently as possible the nutrients composition of the SHIME® basal medium. Samples were taken from each
vessel every three days by withdrawing an aliquot that did not exceed
10% of the content in each vessel. These aliquots were always taken at
the same time of the day, i.e. before the start of the second feeding.
Immediately after sampling, aliquots were centrifuged (10 min, 2000g),
the pellet and supernatant were separated and frozen at −20 °C until
further use. The same procedure was followed for each of the two
biological replicates used in this study.

small intestine thereby becoming substrate for colonic fermentation
(Hernández-Salazar et al., 2010). Those fractions include RS, poly- and
oligosaccharides that exert beneﬁcial eﬀects for gut health (Clemente &
Olias, 2017). Colonic fermentation studies conducted with legumes
using human and animal inoculum revealed that their indigestible
fraction increases butyric acid concentration (Henningsson et al., 2001;
Hernández-Salazar et al., 2010) and produces changes in bacterial population (Fernando et al., 2010). However, most of these studies were
performed using bean powders instead of intact plant tissues thereby
neglecting the inﬂuence of the food matrix. In legumes, this is of particular importance since the cell wall matrix (which encapsulates starch
and proteins) has a great inﬂuence in macronutrients digestion
(Rovalino-Córdova, Fogliano, & Capuano, 2018). We believe that the
structural integrity of bean cells could have a great impact on microbial
fermentation of RS and other bean components. To the best of our
knowledge, the fermentation of NSP within a complex cell wall matrix
(CW) and its impact on RS utilization by microbiota has been limitedly
addressed (Warren et al., 2018) and in most of the cases single stage
batch fermentation models were employed.
This study aims at unravelling the eﬀect of structural integrity on
the fate of intact cotyledon cells and mechanically damaged cells from
red kidney beans and RS utilization along the large intestinal tract using
the simulated human intestinal microbial ecosystem (SHIME®).

2.2.3. Total starch analysis
The pellets collected at diﬀerent time points were freeze dried and
the amount of starch present was quantiﬁed by using Total Starch Kit
from Megazyme, Inc. (Bray, Ireland) as described by Rovalino-Córdova
et al. (2018). The results were expressed as grams of starch per 100 g of
unfermented feed.

2. Experimental section
2.1. Materials
Red kidney beans were purchased from the local supermarket
(Wageningen, Netherlands) and stored at room temperature. All other
reagents were of analytical grade and purchased from Sigma Aldrich
(St. Louis MO, USA) unless stated otherwise.

2.2.4. Non-starch polysaccharides (NSP) extraction
Unfermented NSP were extracted following the protocol described
by Jonathan et al. (2013) with minor modiﬁcations. Brieﬂy, ICC (previously broken by shear force) and MDC fermentation pellets were
freeze dried and subsequently enzymatically degraded with α-amylase
(0.5 h) protease (0.5 h) and amyloglucosidase (1.5 h) to hydrolyse
remnant starch and proteins from the matrix. Total NSP were extracted
by precipitation with acidiﬁed absolute ethanol, 85% acidiﬁed ethanol,
absolute ethanol and acetone in a sequential order followed by centrifugation (1500g, 10 min). Excess acetone was removed by placing
samples in a water bath at 75 °C and further overnight drying at 50 °C in
an incubator. Dried samples were analysed for monosaccharide composition. NSP from unfermented ICC was also extracted for comparison.

2.2. Methods
2.2.1. Preparation of intact and mechanically damaged cells
Intact cotyledon cells (ICC) were isolated from red kidney beans
according to the protocol described by Rovalino-Córdova et al. (2018).
In short, cooked beans were mashed with the use of a mortar and pestle.
Bean cells were isolated using a wet sieve shaker; samples retained in a
sieve with a mesh size of 70 µm were collected and used for further
analysis. Mechanically damaged cells (MDC) were obtained by stirring
ICC for 24 h at high speed rate (1500 rpm). Cell disruption was conﬁrmed by the use of a light microscope (Rovalino-Córdova et al., 2018).

2.2.5. Constituent monosaccharide composition
Constituent monosaccharide composition of extracted NSP were
analysed following the procedures of Gouveia et al. (2017) with minor
modiﬁcations. In short, cell wall (CW) material was hydrolysed in 72%
sulphuric acid (w/w) for 1 h at 30 °C and further diluted with water
until a concentration of 1 M of the acid was obtained. This mixture was
incubated further for 3 h at 100 °C and subsequently cooled in ice and
centrifuged (3000g, 15 min). The pH was adjusted with barium carbonate until a clear magenta colour was obtained. The mixture was
ﬁltered in a 0.45 µm PTFE ﬁlter and the monomeric sugar constituents
analysed by high performance anion exchange chromatography
(HPAEC) using a ICS-3000 ion chromatography HPLC system equipped
with a CarboPac PA-1 column (2 × 250 mm) in combination with a
CarboPac PA guard column (2 × 25 mm) and pulsed amperometric
detector (Dionex, Sunnyvale, USA). Monomer detection was possible
after post column addition of 0.5 M NaOH (0.1 mL.min−1). L-Rhamnose, L-fucose, D-mannose, L-arabinose, D-glucose, D-xylose, D-galactose, D-glucuronic and D-galacturonic acid (Sigma–Aldrich) were
used as standards for identiﬁcation. All analyses were performed in
duplicate.

2.2.2. Simulator of the human intestinal microbial ecosystem (SHIME®)
model
SHIME® system (PRODIGEST, Belgium) was employed to mimic
large intestinal fermentation (Fig. 1). This reactor comprise a series of
double jacketed vessels connected in sequence that mimic the human
gastrointestinal tract. The vessels were kept in anaerobiosis by daily
nitrogen ﬂushing of the head space (10 min) (Van De Wiele, Boon,
Possemiers, Jacobs, & Verstraete, 2007). In this study, samples were
only subjected to colonic fermentation; therefore, they were not treated
with simulated gastric or pancreatic juices. Three separate vessels were
used to represent the ascending (AC) (pH 5.60–5.90), transverse (TC)
(pH 6.15–6.40) and descending (TC) (pH 6.60–6.90) colon and the pH
of each vessel was kept constant by the use of automated pH controllers
(Molly, Vande Woestyne, & Verstraete, 1993). The experimental setup
started by the use of a faecal inoculum in each of the three vessels
representing AC, TC and DC colon respectively (Koper et al., 2019).
Two healthy volunteers of Caucasian ethnicity, non-smokers, aged between 25 and 35 years old with no history of antibiotic treatment for at
least 6 months before stool collection were recruited as donors. In this
study, the faecal inoculum was already stabilized for a previous experiment, therefore a basal period of 10 days prior the application of

2.2.6. Microbial analysis
Genomic DNA isolation, bacterial 16 s rRNA gene (V3-V4) PCR
2
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Fig. 1. Schematic representation of the SHIME® system. Feed + sample (ICC, MDC) was pumped to the vessels representing the ascending (AC), transverse (TC) and
descending (DC) colon. Temperature (37 °C), pH and anaerobiosis was automatically controlled.

gas detector (FID), a capillary fatty acid-free Stabil wax-DA column
(1 µm × 0.32 mm × 30 m) (Restek, Bellefonte, PA, USA) and a split
injector. The carrier gas was nitrogen and the temperature of the injector and detector were 100 and 250 °C respectively (Guo et al., 2019).
The ratio between branched and linear fatty acids, indicated as branched-chain ratio (BCR) and the total SCFA production was calculated
according to Warren et al. (2018).

ampliﬁcation and library preparation was performed by BaseClear
(Leiden, The Netherlands). Paired-end sequence reads were collapsed
into pseudo-reads using sequence overlap with USEARCH version 9.2.
Classiﬁcation of these pseudo-reads was performed based on the results
of alignment with SNAP version 1.2.23 against the RDP database for
bacterial organisms, while fungal organisms were classiﬁed using the
UNITE ITS gene database. Further analysis and statistics were performed using the online Microbiome Analyst tool (www.
microbiomeanalys.ca), with ﬁltering steps: minimal count 4, prevalence 10% and removal of 2% standard deviation. Statistical analysis
was performed by comparing MDC, ICC and a control sample in which
microbiota was fed with the SHIME® basal medium.

2.2.8. Statistical analyses
Repeated measures analysis of variance was conducted using the
GLM procedure (SAS 9.4 for Windows, Cary, NC, USA). Signiﬁcant
diﬀerences between treatments and days of fermentation were tested
using Tukey’s studentized range test.

2.2.7. Short chain fatty acids (SCFA)
Fermented supernatants were centrifuged (9000g, 5 min, 4 °C), ﬁltered (15 mm 0.2 µm RC ﬁlter) and combined with an internal standard
(2-ethylbutyric acid in 0.3 M HC and 0.9 M oxalic acid) for SCFA
quantiﬁcation. Solutions of acetic, propionic, butyric, valeric, iso-butyric and iso-valeric acids were prepared for identiﬁcation and quantiﬁcation. The measurement was performed using a Shimadzu GC-2014
gas chromatograph (Kyoto, Japan) equipped with a Flame-ionization

3. Results and discussion
3.1. Changes in starch fermentation due to structural characteristics of the
matrix
Fig. 2 depicts the amount of unfermented starch in each colon
portion after 3, 6, 9 and 12 days of in-vitro colonic fermentation. These
3
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Fig. 2. Unfermented starch content in ICC and MDC in ascending, transverse and descending colon after 3, 6, 9 and 12 days of in-vitro fermentation in the SHIME®
system. Error bars denote standard deviation of two biological donors.

porosity, it is unlikely that this change facilitates the access to bacteria.
Hence, it is possible that starch fermentation in ICC follows a similar
mechanism as observed during small intestinal digestion (RovalinoCórdova, Fogliano, & Capuano, 2019) i.e. microbial enzymes diﬀuse
through the CW matrix to hydrolyse starch and the products formed
exit the cells to be further utilized by the microbiota. Further research is
needed to conﬁrm this hypothesis where microscopy techniques could
be employed to provide information on the colonization of entrapped
starch and the apparent porosity of ICC CW. This is important because
the composition and metabolic activity of bacterial communities colonizing food particles and carbohydrate substrates is diﬀerent from
communities dispersed in a liquid phase environment (Leitch, Walker,
Duncan, Holtrop, & Flint, 2007). One may speculate that bacteria and
its metabolism involved in starch utilization would be diﬀerent according to its accessibility to microbiota.
Moreover, Fig. 2 also shows that there is a portion of starch in ICC
and MDC that remains unfermented despite of the extensive fermentation treatment provided. Further research is needed to understand if a
portion of starch resistant to fermentation exists, due e.g. to structural
aspects of the molecule or if this is an artefact of the in-vitro model
utilized.

time points were selected for sampling since the residence time in the
SHIME® system (i.e. the eﬀective residence time of a sample in the
system) is 72 h (Molly et al., 1993). As seen in the ﬁgure, AC was the
portion with the highest levels of unfermented starch, followed by TC
and DC independently of the treatment considered (ICC, MDC). However, a clear diﬀerence in starch utilization between the two samples
was observed. For ICC samples, large amounts of unfermented starch
were recovered in AC during the ﬁrst 6 days of fermentation, where
nearly 30% of the feed collected was constituted by starch. As fermentation progressed, the amount of starch utilized by the microbiota
increased considerably until 15% of the unfermented pellet was identiﬁed as starch. This pattern was not observed for MDC samples where a
relatively constant amount of unfermented starch (approximately 10%)
was collected throughout the 12 days of fermentation. In general, ICC
always contained higher levels of unfermented starch compared to MDC
in the three colon regions. However, a signiﬁcant diﬀerence between
the treatments (ICC and MDC) was only found in AC during the ﬁrst six
days of colonic fermentation (p < 0.05). Furthermore, in TC and DC
the concentration of unfermented starch remained relatively constant
during the 12 days of fermentation independently of the treatment
studied. It is important to mention that the thermal treatment was
applied to bean cells prior disrupting their cellular integrity, therefore,
both samples had the same degree of gelatinization and nutrient composition. Due to this, the diﬀerences observed in starch utilization are
only related to the structural properties of the bean cells, i.e. their level
of integrity. Similar results were obtained by Rose et al. (2009) when
studying the eﬀect of starch encapsulation in alginate beads. In that
study, the authors found that when starch was entrapped in an alginate
matrix there was a decrease in the rate of starch fermentation compared
to free starch granules.
The mechanism employed by the microbiota to ferment entrapped
starch is not yet clear; however, due to the pore size diameter of the CW
(6 nm on average (Brett & Waldron, 1996)) it is unlikely that micrometre range bacteria could diﬀuse through CW and ferment starch.
Even though the isolation procedure to obtain ICC may increase CW

3.1.1. Fermentation of cell wall constituents is linked to structural integrity
of cotyledon cells
In order to identify if cellular integrity inﬂuences the fermentability
of CW constituents, monosaccharide composition was analysed in the
three colon regions at the beginning and at the end (after 3 and 12 days)
of colonic fermentation (Table 1). During the ﬁrst 3 days of fermentation, the total amount of carbohydrates present was higher in MDC than
ICC in each of the three colon regions (13% higher in AC, 26% in TC
and 60% in DC). This trend could be explained when considering the
results obtained for starch fermentation since the amount of unfermented starch in ICC was 2 times higher than what recovered for
MDC. Therefore, it seems that the lower availability of starch in ICC
directed bacterial metabolism towards CW utilization. After 12 days of
4
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Table 1
Constituent monosaccharide composition (w/w%) of total non-starch polysaccharides present in ICC and MDC after 3 and 12 days of colonic fermentation.
Unfermented sample was also analysed for comparison purposes.
w/w%

Control
ICC

Colon

Day

Fuc

Ara

Rha

Gal

Glc

Xyl

Man

UA

Total

AC

3
12
3
12
3
12

0.98 ± 0.00
0.88 ± 0.21
0.91 ± 0.00
0.12 ± 0.08
0.00 ± 0.00
0.03 ± 0.00
0.00 ± 0.00

12.13 ± 0.30
10.85 ± 4.95
0.18 ± 0.00
3.14 ± 1.86
0.00 ± 0.00
0.54 ± 0.00
0.00 ± 0.00

0.40 ± 0.00
0.11 ± 0.00
0.10 ± 0.00
1.04 ± 0.33
0.07 ± 0.00
0.60 ± 0.01
0.18 ± 0.00

2.44 ± 0.01
3.54 ± 0.17
2.95 ± 0.90
2.96 ± 0.64
2.80 ± 1.10
1.41 ± 0.52
2.93 ± 0.77

21.59 ± 0.38
18.3 ± 1.75
18.45 ± 4.84
9.91 ± 4.83
19.56 ± 3.71
2.57 ± 1.61
25.55 ± 4.38

4.41 ± 0.05
4.13 ± 0.61
2.64 ± 1.90
1.43 ± 0.02
0.65 ± 0.01
0.20 ± 0.08
0.69 ± 0.04

1.04 ± 0.11
0.74 ± 0.04
1.00 ± 0.33
4.13 ± 2.11
1.31 ± 0.15
5.39 ± 0.11
2.05 ± 0.64

1.46 ± 0.01
1.81 ± 0.16
1.49 ± 0.57
0.68 ± 0.08
0.42 ± 0.00
0.43 ± 0.01
0.60 ± 0.08

44.44 ± 0.65
40.35 ± 5.85
27.62 ± 6.07
23.83 ± 5.13
25.06 ± 2.36
11.15 ± 2.77
32.00 ± 4.12

3
12
3
12
3
12

0.49 ± 0.04
0.37 ± 0.09
0.20 ± 0.00
0.20 ± 0.04
0.15 ± 0.02
0.19 ± 0.08

10.75 ± 0.16
4.94 ± 2.26
0.45 ± 0.01
0.20 ± 0.03
0.23 ± 0.04
0.14 ± 0.00

0.33 ± 0.00
0.12 ± 0.05
0.33 ± 0.00
0.26 ± 0.20
0.25 ± 0.00
0.32 ± 0.24

3.15 ± 0.93
2.73 ± 0.71
2.38 ± 0.82
2.82 ± 1.08
2.22 ± 0.74
2.68 ± 1.41

27.26 ± 2.14
28.07 ± 0.41
25.24 ± 8.01
20.37 ± 9.07
19.83 ± 12.04
18.11 ± 10.19

3.27 ± 0.19
2.59 ± 0.18
1.62 ± 0.23
1.54 ± 0.09
1.53 ± 0.06
1.38 ± 0.17

1.00 ± 0.35
1.39 ± 0.48
2.18 ± 0.74
1.76 ± 0.82
4.01 ± 1.16
2.16 ± 0.81

0.20 ± 0.00
0.31 ± 0.18
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00

46.44 ± 1.56
40.48 ± 1.97
32.39 ± 6.70
27.13 ± 8.51
28.20 ± 10.22
24.97 ± 9.10

TC
DC
MDC

AC
TC
DC

ICC: intact cotyledon cells, MDC, mechanically damaged cells, AC: Ascending colon, TC: transverse colon; DC: descending colon, Fuc: fucose, Ara: arabinose, Rha:
rhamnose, Gal, galactose, Glc: glucose, Xyl: xylose, Man: mannose, UA: Uronic acids. Superscripts indicate the standard deviation of two biological replicates.

three colon regions rules out the possibility that the higher concentration of total carbohydrates collected in the distal region of ICC are due
to artefacts of the in-vitro system employed (sample accumulation).
Regarding the utilization of individual CW constituents, structural
characteristics of the samples (ICC, MDC) provided changes in the
fermentability of the molecules present in the CW. The most important
diﬀerences observed were related to the arabinose, uronic acid and
glucose content. During the ﬁrst 3 days of fermentation, arabinose was
degraded in the three colon portions of both ICC and MDC where the
latter showed higher consumption of the monosaccharide. However,
after 12 days of fermentation, most of the arabinose present in ICC was
consumed in the AC colon depleting the system of this molecule. This
was not observed in MDC since even though a decrease in the amount of
arabinose was observed in AC, the presence of this compound could still
be detected in the other two colon regions. As for uronic acid, microbiota was able to degrade this compound completely in MDC while in
ICC this was not achieved despite of the long incubation. Both arabinose and uronic acid are constituents of pectin where arabinose is part
of the building blocks of the so-called hairy regions of rhamnogalacturonan (Shiga & Lajolo, 2006) while galacturonic acid is the backbone of homogalacturonan (Voragen, Coenen, Verhoef, & Schols,
2009). Studies conducted in rats have shown that pectin is highly utilized by colonic microbiota, however structural aspects of the molecule
such as its degree of methylation could aﬀect the rate of fermentation
(Dongowski, Lorenz, & Proll, 2002). We are aware that arabinose, xylose and galactose were not only supplied in the diet as ICC or MDC
constituents since they were also part of the SHIME® basal medium.
Therefore, is it possible that some of the NSP collected during sampling
do not belong to bean cells. The experimental design used in this study
could not provide a distinction between both sources. However, it could
still be seen that structural properties of the samples provided diﬀerences in substrate utilization independently of their origin. As for glucose, it could be observed that during the ﬁrst 3 days of fermentation
microbiota present in TC and DC degraded this CW constituent extensively in ICC samples compared to what observed for MDC. Nevertheless, after 12 days of treatment the amount of glucose fermentation
decreased considerably in ICC probably due to higher extent of fermentation of other CW constituents. This was not observed for MDC
since relative constant values were observed throughout the whole
fermentation period. Furthermore, it is important to mention that the
monosaccharides degraded to a higher extent in both ICC and MDC are
the main constituents present in beans CW (Oomen et al., 2003). The
results obtained in our study are in accordance to those found by van
Laar, Tamminga, Williams, and Verstegen (2000), et al which showed

fermentation, this trend was maintained for AC where larger diﬀerences
were observed between the two treatments (32%) and to a minor extent
for TC (7%). However, for DC the opposite was observed since the
amount of CW constituents recovered for ICC were higher than those of
MDC (22%).
Diﬀerences were also observed when comparing the total carbohydrates present in the colon regions within each treatment. In the case of
ICC, the ascending colon had twice as much CW constituents than the
TC and four times more than the DC after 3 days of fermentation.
However, after 12 days of fermentation, no diﬀerences were observed
between the amount of total carbohydrates present in the AC and TC.
While for DC, an opposite trend was found since higher amounts of CW
constituents were collected (14%) at the end of fermentation compared
to what found for the ascending colon. Based on the data showed in
Table 1, we could infer that proximal bacteria was more eﬃcient in
degrading NSP since there was an increase of 32% in the amount of CW
constituents utilized by the microbiota after 12 days of fermentation.
This was not the case for the other two colon segments since almost no
variation in the total carbohydrates content was observed for TC while
in DC there was an important reduction in the amount of fermented
material (65%). In-vivo studies conducted in both, animal and sudden
death victims, indicate that AC is the most active region in the colon
probably due to the large substrate availability (Bauer et al., 2004;
Macfarlane, Gibson, & Cummings, 1992). This was also possible to
observe in our study by the use of the SHIME® model which is able to
provide region speciﬁc bacterial community that has been proven to
represent relevant in-vivo conditions (Van Den Abbeele et al., 2010).
Therefore, we could speculate that as AC colon became more eﬃcient in
utilizing the substrate available, lower amounts of more readily fermentable material were available for the microbiota present in the
distal sections of the colon. This could be the main reason why the
eﬃciency of the aforementioned colon sections is reduced.
In the case of MDC, the AC was the colonic portion with the higher
amounts of total carbohydrates present. The proximal region had 30%
more CW constituents than TC and 40% more than DC. However,
contrary to what occurred in ICC, this trend remained constant in both
time points analysed. Regarding the changes in fermentation in each
colon section, after 12 days of diet exposure the amount of sugar constituents decreased by 13% in AC, 16% TC and 11% in DC. These results
indicate that for MDC, the prolonged fermentation time allowed bacteria to adapt and degrade CW constituents even further in each colon
region especially considering that the extent of starch fermentation in
these samples remained relatively constant throughout the experiment.
Furthermore, the reduction of CW constituents obtained for MDC in the
5
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3.2.1. Changes in microbiota composition due to samples structural
properties
Fig. 4 depicts the relative microbial abundance of ICC, MDC and
control in the three colon portions after 12 days of in-vitro colonic
fermentation. Large diﬀerences were evident between the microbial
distribution of the control compared to the bean treatments in all colon
sections. In the control, the most abundant phylum present was Firmicutes, while after the treatments with bean supplementation the most
abundant phylum was Actinobacteria. Even though microbiota composition varies according to several factors from which the diet is one of
the most important, it is generally accepted that in adults the phyla
Bacteroidetes and Firmicutes usually dominate the microbiome,
whereas Actinobacteria, Proteobacteria and Verrucomicrobia are generally present in minor proportions (Lozupone, Stombaugh, Gordon,
Jansson, & Knight, 2012). Diﬀerences were also found between the two
biological donors especially inAC where the microbiota distribution
was not even similar for the control diets. When comparing the eﬀect of
bean cell structure in changes on microbiota distribution, ICC sample
showed lower abundance of Actinobacteria in AC and TC for donor 1,
while in DC both samples showed similar levels of this phylum. This
trend was not followed in donor 2 where the amount of Actinobacteria
was very similar between both samples and in some cases, ICC showed a
slight increase in its relative abundance.
In order to identify the diﬀerences in microbial composition between samples, Fig. 5 depicts a bar graph indicating microbiota abundance of all samples at family level in all colon regions. A table with a
detail information about the relative abundance in all samples is also
included in the supplementary material (Table S1, S2, S3). Larger differences were observed in the microbiota present in the control compared to that of ICC and MDC. In general, it can be seen that after
treatment with ICC and MDC Biﬁdobacteriaceae was the most abundant
family present while for the control Selenomonadaceae was the most
prevalent one. This was the case for all colon regions and biological
replicates. When looking at the species with higher abundance within
these families it was found that Biﬁdobacterium adolescentis was the
bacterial specie present at higher relative abundance after ICC treatment in all colon regions and biological donors. On the other hand,
after MDC treatment, B. adolescentis was the specie with higher abundance in donor 1 while B. longum was the predominant one in the case
of donor 2. The genus Biﬁdobacterium is long considered the hallmark
probiotic genus and has been found to confer positive health beneﬁts to
the human host and have been used to prevent various gastrointestinal
disorders such as diarrhoea and inﬂammatory bowel disease (Callaghan

that pectin or pectin related sugars (arabinose, uronic acid) were fermented faster than cellulose in isolated CW from peas, faba and soya
beans.
In the present study, we have demonstrated that besides NSP molecular characteristics, structural aspects of the food matrix modulate
the way in which its constituents are fermented. This has also been
described by Guan et al. (2020) who found an association between cell
wall integrity and a lower gas production rate, indicating that the fermentation rate could be modulated by the structural properties of the
sample. Furthermore, it has also been reported that isolated soluble
polysaccharides are fermented faster compared to when they occur in
complex supramolecular assembly as CW (Mikkelsen, Gidley, &
Williams, 2011). Here we hypothesized that by increasing the surface
area after the application of mechanical force, microbiota had more
access to other CW constituents (e.g. pectin) that are normally interlinked in the tight network of undamaged cells. This eﬀect would be
similar to the increase in the fermentation rate observed upon reduction
of NSP particle size, e.g. an increase in the available sites for enzymatic
attack (van Laar et al., 2000).

3.2. Diversity of microbiota communities as a response to ICC and MDC
treatments
Samples from the diﬀerent colon vessels of the SHIME® after ICC
and MDC treatment were analysed in terms of alpha and beta diversity
at OTU level in order to identify if cellular integrity produced changes
in sample richness, evenness (Shannon index) and abundance (beta
diversity index) (Fig. 3). Microbiota taken before the application of
bean treatment was also included in the analysis to assess the eﬀect of
bean supplementation (control). No statistical signiﬁcance was observed in the Shannon index between ICC, MDC and control, indicating
no diﬀerences in terms of the number of species and the uniformity of
the population size of each of them. On the contrary, a signiﬁcant
diﬀerence was observed in the beta diversity when comparing MDC,
ICC and the control (p < 0.001). This showed that diﬀerent microbial
species were present after bean diet supplementation. Legumes ability
to modulate microbial population has already been described in literature. These changes have been found to be favourable for gut health
due to the proliferation of probiotic species probably due to the high
amount of dietary ﬁbre (including RS) present in legumes (Clemente &
Olias, 2017; Fernando et al., 2010). No signiﬁcant diﬀerence in betadiversity between donors was observed.

Fig. 3. Alpha (left) and beta (right) diversity at OTU level, using the Bray-Curtis PCoA index indicating the eﬀects of treatment (control, ICC, MDC) on the overall
microbial composition.
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Fig. 4. Relative abundance of 16 rRNA sequencing at phylum level after 12 days of ICC or MDC supplementation in the ascending, transverse and descending colon
for two biological replicates. Control indicates 16 rRNA sequencing of samples prior the start of the treatments for comparison.

was found as the strain with higher abundance in all colon regions. This
bacterial strain is able to utilize several monosaccharides from which
arabinose, glucose and xylose are the most relevant (Paepe et al., 2017;
Sakon, Nagai, Morotomi, & Tanaka, 2008).
Microbial species diﬀer in their substrate preferences, therefore the
balance of species in the gut could be modulated by the selective consumption of nutrients to trigger the proliferation and persistence of
speciﬁc strains (Koropatkin, Cameron, & Martens, 2012). In the present
study we have observed that bean consumption (independently of its
structural properties) produce changes in the microbial population in

& Sinderen, 2016). The abundance of this genus declines with the age of
the host where changes in the type of dominant species have also been
observed (Turroni et al., 2009). In infants, B. biﬁdum and B. longum are
the dominant species while B. longum and B. adolescentis dominate the
adult gut microbiota (Rivière, Selak, Lantin, Leroy, & Vuyst, 2016). The
high prevalence of Biﬁdobacterium found in our study goes in accordance to an in-vivo research conducted by Fernando et al. (2010)
who demonstrated that chickpea supplementation produced a shift in
faecal microbial population where Biﬁdobacterium species was present
in high concentrations. As for the control sample Megamonas funiformis
7
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Fig. 5. Bar graph of the 16S RNA microbial analysis at family level in the ascending, transverse and descending colon in ICC and MDC for two biological replicates
(D1, D2). A control sample was included where microbiota was fed with SHIME® basal medium that contained isolated starch. Colour code indicates diﬀerence in
microbiota abundance in all samples analysed. Samples were clustered according to their phylogenetic similarities. AC = ascending colon; TC = transverse colon;
DC = descending colon. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

both ICC and MDC are partly responsible for the high amount of butyrate produced. During carbohydrate fermentation, Biﬁdobacterium
produce acetate and lactate which in turn could be converted into butyrate by other bacteria species through cross-feeding interactions
(Rivière et al., 2016).
Moreover, it could also be observed that after 12 days of bean
supplementation, the ratio between branched and linear SCFA showed
a signiﬁcant diﬀerence compared to the basal diet indicating microbiota preference to carbohydrate fermentation since branched fatty
acids have been associated with protein degradation.
Overall, the results presented in this study suggest that bean cells
integrity aﬀect starch and CW fermentation. We are aware that the
experimental design chosen for this study does not represent physiological conditions mainly due to the absence of gastro-intestinal digestion. The choice of omitting such step was done based on the existing evidence that bean cells intactness delays starch and protein
digestion (Berg, Singh, Hardacre, & Boland, 2012; Pallares Pallares
et al., 2018; Rovalino-Córdova et al., 2018). Therefore, not pre-digesting samples prior fermentation allowed us to isolate the eﬀect of
structural organization from those occurring when diﬀerent amounts of
nutrients are delivered to the colon.

the gut. Even though changes in the structural properties of the samples
did not confer larger diﬀerences in the type of microbiota present at
family level, it seems that cell intactness increased the abundance of
bacterial species in proximal portions of the colon that were otherwise
not detectable. That is the case of Bacteroides cellulosilyticus who was
only found in the DC of MDC and control while in ICC its presence was
detected also in TC. This type of bacteria are known for degrading
cellulose present in plant CW (Chassard, Delmas, & Bernalier-donadille,
2010). These results suggest that the presence of the CW may trigger the
proliferation of bacteria that are able to produce CW degrading enzymes. However, further research is needed to conﬁrm these results
using a large data set and samples with diﬀerent structural properties.
3.2.2. SCFA content
The concentration of SCFA produced at diﬀerent days of colonic
fermentation is shown in Table 2. In this table, the concentration of
SCFA present in the basal diet (prior bean cells supplementation) is also
included for comparison. As it can be seen, higher amounts of SCFA
were observed for acetate and butyrate in ICC and MDC while propionate decreased at the later stages of fermentation in all colon regions. In most cases, the concentration of SCFA upon treatment with
MDC showed signiﬁcantly higher levels during the ﬁrst 3 days of fermentation compared to ICC. This could be due to the higher substrate
accessibility where structural damage of bean cells facilitated the access
of colonic microbiota. However, in the later stages of fermentation the
concentration of SCFA in ICC reached the same level than those in MDC
samples.
When comparing the concentration of SCFA after 12 days of fermentation with those of the SHIME® basal medium, it could be seen
that in all cases bean cell supplementation (independently of its structural integrity) showed higher amounts of acetate, propionate and butyrate. Furthermore, it was also observed that during the early stages of
fermentation, ICC samples had lower SCFA concentration comparted to
MDC. These results go in agreement to what found by Guan et al.
(2020) when fermenting pinto beans with diﬀerent levels of cell wall
integrity in a batch model. However, in our study this trend was not
constant throughout the 12 days of fermentation since at the end of the
in-vitro experiment the amount of SCFA in both treatments (ICC, MDC)
was very similar. Furthermore, the concentration of butyrate in ICC and
MDC reached similar values than those obtained for propionate after
12 days of fermentation. This is interesting since in general terms the
concentration of SCFA follows the order acetate > propionate >
butyrate. It is possible that the presence of Biﬁdobacterium strains in

4. Concluding remarks
In the present study, we have studied the inﬂuence of plant cell wall
integrity in the fermentation of resistant starch using a semi-dynamic
in-vitro fermentation model. Higher amounts of starch were delivered to
the distal parts of the colon in bean samples where an intact CW matrix
was present. NSP constituents of the CW were also diﬀerentially fermented in samples depending on their structural properties.
Furthermore, bean cell supplementation produced remarkable changes
in microbial population with a large increase in the abundance of
Biﬁdobacterium species after bean treatments. However, structural
diﬀerences between bean samples did not produce large diﬀerences in
the microbial population. The evolution of SCFA concentration suggests
that the main diﬀerences produced by structural properties are related
to the diﬀerential utilization of the substrates available and those differences disappear upon long-term supplementation. Our results indicate that microstructural properties of food systems may be used as a
strategy to modulate colonic fermentation but the eﬃcacy of such
strategy on the long term needs to be further explored and conﬁrmed
with a larger biological data set.
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Table 2
SCFA concentration (mmol/L) in the ascending, transverse and descending colon at diﬀerent days of treatment with ICC and MDC.
ICC
Ascending

Transverse
a

31.00
18.49
37.75
44.71
39.34
17.15

±
±
±
±
±
±

7.50
4.68a*
2.04bc
7.94c
7.15bc
3.15a

37.38
27.08
32.96
53.75
48.77
22.25

±
±
±
±
±
±

Ascending
b

1.82
3.80a*
4.00ab
3.97c
4.97c
0.74a

18.27
26.88
38.92
40.10
37.85
16.12

±
±
±
±
±
±

Transverse
a

6.70
1.92a*
4.10b*
3.80b
0.88b
2.95a

34.17
33.50
36.03
52.00
33.29
21.78

±
±
±
±
±
±

Descending
a

3.44
5.82a*
2.62a
8.01b
4.29a
2.41a

36.64
33.26
37.86
43.32
52.26
20.90

±
±
±
±
±
±

7.96ab
2.43a*
9.49ab
2.30ab
10.58b
2.91a

17.28
19.27
29.57
36.50
35.53
12.42

Propionate

3rd day
6th day
9th day
12thday
Basal

2.62
2.13
1.62
1.50
1.37

Butyrate

3rd day
6th day
9th day
12thday
Basal

2.74 ± 1.12ab
6.47 ± 2.43bc
8.27 ± 1.99c
8.24 ± 2.09c
31.07 ± 7.02ab

Total

3rd day
6th day
9th day
12thday
Basal

24.63
38.18
46.38
45.26
0.072

±
±
±
±
±

2.96a*
0.01bc*
3.26c
5.80bc
0.022a

26.88
50.95
60.06
53.49
0.055

±
±
±
±
±

6.28b*
3.83a
12.87a
11.45a
0.024a

46.92
45.91
73.45
68.44
0.081

±
±
±
±
±

2.04a*
6.93b*
6.11b
7.64b
0.017a

34.52
47.45
50.02
46.17
0.068

±
±
±
±
±

2.57a*
3.72ab*
4.23b
1.79ab
0.027a

49.67
51.17
71.81
48.12
0.086

±
±
±
±
±

5.61ab*
5.10ab
7.48c
8.00b
0.007a

56.71
57.74
61.96
76.93
0.072

±
±
±
±
±

5.56a*
6.97a*
5.47a
12.37a
0.006a

BCR

3rd day
6th day
9th day
12thday

0.052
0.029
0.023
0.024

±
±
±
±

0.008ab
0.007bc
0.010c
0.008c

0.007
0.007
0.004
0.005

±
±
±
±

0.001b
0.001b
0.001b
0.001b

0.017
0.010
0.005
0.006

±
±
±
±

0.005b
0.003b
0.001b
0.002b

0.064
0.023
0.022
0.022

±
±
±
±

0.030ab
0.009b
0.013b
0.011b

0.007
0.007
0.004
0.005

±
±
±
±

0.001b
0.001b
0.001b
0.001b

0.014
0.010
0.006
0.005

±
±
±
±

0.004b
0.002bc
0.002c
0.002c

±
±
±
±
±

5.50
2.61a*
0.97b*
2.41b
4.75b
1.66a

Descending
ab

Basal
3rd day
6th day
9th day
12th day
Basal

Acetate

±
±
±
±
±
±

MDC

0.85b
1.12b
0.29b
0.34b
0.31a

6.65
6.61
6.03
5.47
2.61

±
±
±
±
±

1.73b*
0.60b
1.23b
1.36b
0.67a

1.74 ± 0.26a*
6.59 ± 2.34ab
9.32 ± 3.82b
8.67 ± 3.25b
50.76 ± 11.28a

15.82 ± 2.19b
7.61 ± 0.62c*
8.88 ± 0.50c
8.79 ± 0.99c
3.55 ± 0.80a

3.62
1.13
1.03
0.87
0.75

4.02 ± 1.62a
5.35 ± 2.48a
10.81 ± 3.17b
10.88 ± 2.85b
63.19 ± 2.93a

4.02 ± 0.15b
7.41 ± 0.65c
8.89 ± 1.50c
7.46 ± 0.59c
35.14 ± 9.68ab

±
±
±
±
±

1.74b
0.57b
0.28b
0.29b
0.47a

12.11 ± 1.23b*
8.41 ± 2.40bc
9.26 ± 0.41bc
6.31 ± 1.15c
1.63 ± 0.13a

18.42 ± 4.88ab
12.27 ± 2.06bc*
8.90 ± 1.92c
11.46 ± 1.96c
2.69 ± 0.93a

4.06 ± 0.33ab*
6.73 ± 1.81bc
10.55 ± 1.33 cd
8.53 ± 2.59d
57.58 ± 5.76ac

5.03 ± 1.38ab
7.61 ± 1.43bc
9.74 ± 3.39 cd
13.22 ± 1.75d
60.23 ± 11.77a

Diﬀerent upper-case letters in the same column indicate statistical diﬀerence to the Tukey test (p < 0.05). Data represent the mean of two donors, ± indicate
standard deviation of the biological replicates. At each time point and colon region, *indicate statistical signiﬁcance between ICC and MDC.
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