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Abstract

The prevalence of obesity and related complications is continuously increasing while the gut
microbiota might have a significant role to address this challenge. In this context, the food industry
generates large amounts of residues that could be likely revalorised as functional ingredients. Hence,
we evaluated the fermentability of food skins, husks, shells, trimming residues, mosses and
mushrooms, which were subjected to in vitro fermentation with faecal microbiota from lean and
obese adults. We demonstrated for the first time that pumpkin skin is highly fermented by human
faecal microbiota showing pH-lowering effects and promoting gas and SCFA production. Furthermore,
brewers’ spent grain generated an inulin-like SCFA profile after microbial fermentation, whereas Irish
moss, plum skin, quinoa husk and mushrooms, including Armillaria mellea and Boletus edulis,
showed high fermentation rates. Remarkably, although propionate production was significantly higher
in obese individuals, the fermentability of the ingredients was similar between lean and obese
conditions.
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Introduction

The microbial communities living to mammals’ gastrointestinal tract provide a wide range of essential
metabolites that hosts are not able to synthetise on their own (Cani et al. 2019). Our microbiome takes
advantage of the dietary components that reach the large intestine, such as indigestible plant
polysaccharides, which are primarily transformed into short chain fatty acids (SCFA) (Henningsson
et al. 2001; Makki et al. 2018). These bacterial products have been related to multiple beneficial
effects on mammalian energy metabolism, mainly through the signalling of satiety and the
enhancement of energy expenditure, whereas a healthy gut microbiota composition is a key
determinant to its balanced production (Freeland et al. 2010; Daud et al. 2014). Of note, apart from
fibre-derived SCFAs, microbiota fermentation leads to the production of a broad range of other
molecules such as polyphenol-derived compounds that, in turn, might impact on the gut microbial
communities and its interaction with the host (Rowland et al. 2018). In this scenario, both microbes
and host co-live in a mutually beneficial symbiosis. However, exogenous events, such as stress, drugs
and diet, can alter the phylogenetic structure and function of gut microbiota (Graf et al. 2015; Karl
et al. 2018), leading to the impairment of host homeostasis.

In recent years, the gut microbiota has been identified as a key element in the aetiology of obesity
(Kobyliak et al. 2016). Accordingly, microbiota actively contributes to host metabolic efficiency by
enhancing energy harvest from the diet (Wichmann et al. 2013). In this sense, the lack of gut
microbiota prevents the development of diet-induced obesity in rodents (Bäckhed et al. 2007),
whereas obesity-resistant germ-free mice become obese after receiving a microbiota transplant
(Turnbaugh et al. 2006). Although human studies have shown controversial results concerning the
contributory role of specific phyla to the obese phenotype, changes in the prevalence of certain species
and the diversity of bacterial communities between lean and obese individuals have been widely
described (Turnbaugh et al. 2009; Million et al. 2012; Ignacio et al. 2016), highlighting the importance
of the intestinal microbiome in obesity

progression. Thus, the dietary modulation of the gut microbiome has become one of the major targets
in the prevention of metabolic diseases (Okubo et al. 2018). In this regard, the prebiotic potential of
some dietary fibres, which are the main substrates for gut microbiota, has been reported by several
researchers (Flint et al., 2012; Rossi et al. 2005). For instance, inulin-type fructans favour the growth
of beneficial bacteria, SCFA production, fat oxidation and reduced food intake during overweight and
obesity (Vandeputte et al. 2017; van der Beek et al. 2018; Hiel et al. 2019).

Every year, the food industry generates large amounts of food wastes or by-products that negatively
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impact the biosphere because of their poor oxidative and biological stability (Thompson and Darwish 2
019), representing one major concern around the world. Currently, the circular economy is emerging
as a new sustainable approach to confront the substantial economic losses for manufacturing industries
related to waste production (Zuin and Ramin 2018). In this model, the demand to optimise the impact
of industrial by-products on society is addressed through the management and revalorisation of food
wastes by benefitting from their nutritional properties. In this sense, some food by-products such as
husks, skins, seeds, shells and trimming residues are mostly composed by highly valuable components,
such as polysaccharides, proteins, fibres, phytochemicals and bioactive compounds.

In vitro methods for screening untapped prebiotic candidates enable a simple and rapid evaluation of
its impact on the ecosystem and the microbial community response. Several publications have
obtained encouraging results in evaluating the potential prebiotic effects of different industrial by-
products, such as coffee wastes (López-Barrera et al. 2016), fruit peels (Tejada-Ortigoza et al. 2019),
soybean Okara (Pérez-López et al. 2016) and Aloe Vera mucilage (Gullón et al. 2015), using in vitro
fermentation procedures. In this study, we aimed to evaluate the fermentability of a wide range of
industrial by-products in both normoweight and obese conditions using an in vitro fermentation
procedure with human faecal samples. To this end, several industrial residues including husks, shells,
skins, grains and branches, as well as other potentially miscellaneous candidates, were tested.

Materials and methods

Sample preparation

The industrial by-products used in this screening study included nutshell (mixed varieties including
Alcalde, Onteniente and Baldo II, Carcagente, Cerdá, Escribá and Villena, Tarragonès, Tarragona,
Spain), rice husk (Montsianell variety, Oryza sativa, El Montsià, Tarragona, Spain), brewers’ spent
grain (BSG) (white IPA-derived residues, Alcover, Tarragona, Spain), pumpkin skin (Curcubita
maxima, La Pobla de Montornès, Tarragona, Spain), olive press cake (OPC) (Arbequina variety, Oleo
europea, Tarragonès, Tarragona, Spain), stevia branches (Stevia rebaudiana bertoni, Balaguer,
Lleida, Spain), quinoa husk (Quenopodium quinoa, Almenar, Lleida, Spain), and plum skin (Prunus
domestica, Lleida, Spain). We also tested the fermentability of some miscellaneous ingredients
including fungus (Boletus edulis, Ripollès, Girona, Spain; Armillaria mellea, Solsonès, Lleida, Spain)
and Irish moss (Chondrus crispus; A Coruña, Galicia, Spain). All products were accurately selected
according to these criteria: (1) presenting a valuable nutrient composition, essentially pointing up the
fibre content shown in the literature; (2) limited previous scientific evidences of the potential
fermentability of the selected products by gut microbiota; (3) currently unexploited residues from the
food industry; (4) high or moderate generation during industrial processes, thus ensuring a sustainable
and worthwhile revalorisation; and (5) market availability of the products, essentially obtained from
local manufacturers as detailed above. Inulin (Orafti® HP, BENEO GmbH, Germany) and cellulose

Article: In vitro fermentability of a broad range of natural ingredients by fecal ...

IST: 2021-07-14: 6:45:26 PM This track pdf was created from the KGL online application for reference purposes only. Page 3 of 29



(C6288, Merck, Spain) were used as positive and negative controls, respectively. All samples were
stored at −80  °C upon arrival until they were manually grounded, crushed with a grinder and
lyophilised. Dry samples were stored at room temperature, properly protected from light and
preserved from moisture in a desiccator.

In vitro digestion

Prior to the fermentation procedure, an in vitro gastrointestinal digestion was conducted to simulate
the mammalian conditions after food intake, which was performed as previously described (Minekus
et al. 2014) with slight modifications. Briefly, lyophilised samples were diluted with pH 7.0-controlled
1X phosphate buffer saline (PBS) at a 3:50 (weight-to-volume) ratio and subsequently heated to 37 °C
for 10  min. During the entire procedure, samples were maintained under magnetic stirring and
temperature-controlled conditions (37  °C). The oral phase was simulated by adding 50  µL of α-
amylase from human saliva (A1031, Merck, Spain) and incubating for 15  min. To reproduce the
gastric phase, the pH was set to 2.0  ±  0.1

with HCl, 250 µL of 1 mg/mL pepsin from porcine gastric mucosa (P7012, Merck, Spain) was added
and the solution was incubated for 30 min. During the intestinal phase, pH was readjusted to 6.9 ± 0.1
with NaOH before adding 1  mL of 50  mg/mL pancreatin from porcine pancreas (P7545, Merck,
Spain) and incubated for 3 h. Samples were transferred into dialysis membranes with a 1000 Da cut
off (Spectra/Por 1000  Da MWCO Dialysis Tubing, Spectrum Laboratories Inc., UK) as previously
described (Noack et al. 2013). The dialysis procedure was performed to reflect the absorption of low-
molecular-weight compounds before reaching the large intestine during digestion. After 24  h under
constant water circulation, the digestion residues were lyophilised and kept into a desiccator at room
temperature until they were used for in vitro fermentation.

Donors and fecal sample collection

Faecal samples from male adult volunteers between 30 and 50  years-old were collected for in vitro
fermentation. In order to ensure that microbial communities obtained from both normoweight and
obese volunteers were representative of both lean and obese conditions, respectively, the subjects
were excluded if they met any of the following criteria: smoking, recent use of antibiotics or
nutraceutics, chronic alcohol intake, presence of gastrointestinal pathologies, presence of obesity-
related disorders such as chronic inflammation or diabetes, and presence of recent and sudden body
weight changes (>2 kg change in the last three months). All procedures were approved by the Ethics
Committee on Clinic Investigation from the Hospital Sant Joan, Reus, Spain (CEIM 035/2018). All the
volunteers provided a signed informed consent. Six adult volunteers were included in the study,
including three normoweight (BMI = 20–25 kg/m2) and three obese (BMI = 30–35 kg/m2) individuals.
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Donors were previously instructed to defaecate directly into a sterile recipient and quickly placed into
an anaerobic bag system (Bio-Bag type C, BD, Germany) including an anaerobic sachet to ensure the
maintenance of a CO2 atmosphere. The samples were immediately refrigerated and brought to the
laboratory within the next 12  h. Once obtained, faecal samples were pooled according to groups
(normoweight or obese) as previously reported (Nordlund et al. 2012), and the inoculum was freshly
prepared for in vitro fermentation as described below.

In vitro fermentation

T he in vitro fermentation experiment was performed under strict sterile conditions at 37  °C and
mostly maintained an anaerobic atmosphere during the entire procedure. The in vitro fermentation
protocol was performed as previously described (Sánchez-Moya et al. 2017) with slight modifications.
Briefly, the fermentation media was composed of 2  g peptone water (CM0009, Oxoid, United
Kingdom), 2 g yeast extract (Y4250, Merck, Spain), 100 mg sodium chloride (S5886, Merck, Spain),
40  mg potassium phosphate dibasic (121,512, PanReac AppliChem, Germany), 40  mg potassium
phosphate monobasic (131,509, PanReac AppliChem, Germany), 10  mg magnesium sulphate
heptahydrate (230,391, Merck, Spain), 10  mg calcium chloride dehydrate, 2  g sodium bicarbonate
(S5761, Merck, Spain), 2 mL Tween 80 (P4780, Merck, Spain), 0.5 g bile salt (B8631, Merck, Spain)
and 50  mg haemin (H9039, Merck, Spain). The pH was set to 7.0  ±  0.1 before adding 4  mL of
0.025% resazurin (R7017, Merck, Spain), which acts as an indicator of anaerobic conditions through
colour change. The fermentation media was autoclaved, and 10  µL of vitamin K1 (v3501, Merck,
Spain) was added prior to starting the experimental procedure. Fifty milligrams of each digestion-
derived product were placed into sterile Hungate tubes (2047-16125, Bellco Glass Inc., USA) with
rubber and screw caps. Then, 4  mL of media along with 100  µL of oxyrase (30620059-1,
bioWORLD, USA), which removes the oxygen from the environment, was added at each
fermentation tube and kept in an anaerobic atmosphere for 30 min at 37 °C for its hydration.

To prepare the inoculums, pooled faecal samples from each group (obese or normoweight) were
separately diluted into PBS 0.1  M at 10% (w/v), maintained at 37  °C under a flux of CO2 gas to
ensure anaerobic conditions, and finally filtered through a sterile 1 mm nylon mesh (FMNY 250, Filter
Lab, Spain). Once the residues were properly hydrated, 1 mL of faecal inoculum from normoweight
or obese individuals was added their corresponding tubes using a syringe, going through its rubber cap.
Intra-day triplicates for each condition were maintained in a shaking water bath at 37 °C for 0 h, 4 h or
24  h until 200  µL of copper sulphate (209,198, Merck, Spain) at 2.75  mg/mL was added to inhibit
further fermentation. Of note, triplicates for the in vitro fermentation of our positive and negative
controls (inulin and cellulose, respectively), were performed intra- and inter-day for each condition.
Early (4  h) and late (24  h) fermentation time points were selected to discriminate the capacity
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of microbial communities to utilise the selected ingredients in a short or long-term basis, respectively,
while the basal point (0 h) corresponded to the initial composition of the samples.

In situ determinations

Total gas volume was measured by inserting an empty graduated syringe through the rubber cap and
measuring the plunger displacement after 24  h of fermentation. At the corresponding time point, all
reactions were inhibited as described above and 400  µL per tube were aliquoted into 1.5  mL sterile
tubes and frozen at −80  °C for further metabolomic analysis. Finally, pH was measured with a pH
Metre (PHS-3D, Shanghai San-Xin Instrumentation, Inc., China) previously calibrated.

After in vitro fermentation, the supernatants obtained were subjected to metabolomic analysis using
nuclear magnetic resonance 1H (1H NMR). Three hundred µL of the fermented solution was
centrifuged to eliminate particulates (21,000 g, 25 min, 4 °C). Then, 400 µL of 0.05 M PBS buffer in
D2O (pH 7.2, TSP 0.7 mM) was added, vigorously vortexed, sonicated until complete homogenisation
and centrifuged (14,000  g, 5  min, 25  °C). For NMR measurement, 600  µL of the upper phase was
placed into a 5 mm O.D. NMR tube. 1H NMR spectra were recorded at 300 K on an Avance III 600
spectrometer (Bruker, Germany) operating at a proton frequency of 600.20 MHz using a 5 mm PBBO
gradient probe. One-dimensional (1  D) 1H pulse experiments were carried out using the nuclear
Overhauser effect spectroscopy (NOESY- Noesypr1d pulse programme in Bruker). Solvent
presaturation with an irradiation power of 160 uW was applied during recycling delay (5 s) and mixing
time (100 ms). The 90° pulse length was calibrated for each sample and varied from 10.31 to 11.12 
ms. The spectral width was 9.6 kHz (16 ppm), and a total of 256 transients were collected into 64 k
data points for each 1H spectrum. The exponential line broadening applied before Fourier
transformation was 0.3  Hz. The frequency domain spectra were manually phased and baseline-
corrected using Topspin software (v. 3.2, Bruker). Metabolite identification and quantification were
performed using HMDB, AMIX 3.9 (Bruker) and Chenomx ® software spectra databases.

Data analysis

All results are expressed as the mean ± standard error of the mean (SEM). Because the fermentation
procedure was not performed on all samples at the same time, the negative control was properly used
to correct the pH measurements and SCFA results, which were expressed as the relative variation
within each time point. To assess significant differences regarding the relative variation of the
measurements between ingredients and our positive control (inulin), statistical analyses were based on
repeated measures ANOVA within each condition (normoweight or obese individuals). In the case of a
significant ingredient ×  time interaction, the main effects within each time point were studied through
one-way ANOVA followed by Sidak post hoc test. A probability of p  <  .05 was considered to be
statistically significant. Statistical analyses were performed using SPSS 22 software (SPSS, Inc.,
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Chicago, IL, USA). Principal component analysis (PCA) was performed through the multivariate
modelling of metabolomics data in MATLAB (MathWorks) using in-house scripts as previously
described (Massot-Cladera et al. 2017).

Results

pH changes and total gas production

Overall, the pH changes were closely related to those observed in gas production. Repeated measures
ANOVA revealed a significant ingredient × time interaction (p < .01) explaining the pH variation within
both normoweight and obese conditions (Figure 1). After 4  h of fermentation and focussing on
normoweight samples, pumpkin skin induced the highest pH decrease (18%), followed by quinoa
husk, plum skin and BSG (16%, 15% and 11%, respectively). In this instance, other substrates such
as Armillaria mellea and Boletus edulis caused a slight drop in pH that was significantly higher than
that promoted by nutshell, rice husk and Irish moss, which showed the largest pH values. However,
these values were all significantly different from those obtained with inulin, which induced a decrease
in pH of 29%. Importantly, pumpkin skin triggered the highest pH decrease (17%) in obese faecal
samples after 4  hours of fermentation, showing no significant differences when compared to inulin
(23%). In addition, substantial pH-lowering effects were also attributed to BSG (12%), plum skin
(10%) and quinoa husk (9%).
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After 24  h of fermentation, the pH decreased up to 32% and 29% when inulin was included as a
fermentable substrate in normoweight and obese conditions, respectively (Figure 1). Overall, the pH-
lowering effects observed in normoweight faecal samples at 4  h were maintained after 24  h by

Figure 1. Normalised pH values of the faecal slurries after 0  h, 4  h and 24  h of in vitro
fermentation using faecal inoculums from lean (A) and obese (B) individuals. The pH
measurements obtained from ingredient fermentation were properly corrected by negative
controls within the same time point and expressed as the relative pH variation. Data are
expressed as the mean  ±  SEM (n  =  3). Ingredient  ×  time interactions were assessed using
repeated measures ANOVA. The main effects were evaluated and different letters represent
significant differences among ingredients within each time point (one-way ANOVA followed by
Sidak post hoc test). AM: Armillaria mellea; BE: Boletus edulis; BSG: brewers’ spent grain; IM:
Irish moss (Chondrus crispus); NS: nutshell, OPC: olive press cake; PluS: plum skin; PS:
pumpkin skin; QH: quinoa husk; RH: rice husk; SB: stevia branches.
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pumpkin skin, plum

skin and BSG ingredients. In addition, other ingredients showing marginal pH-lowering effects at 4 h
drove an important decrease in pH at the end time point, such as Armillaria mellea, Boletus edulis
and Irish moss, within both normoweight and obese conditions. However, nutshell, rice husk, OPC
and stevia branches did not induce changes in pH during the entire fermentation period within either
normoweight or obese individuals.

In vitro fermentation of faecal samples from both normoweight and obese individuals induced gas
production at the end of the incubation period (24  h), which acted as an indicator of particular
fermentation rates depending on the tested substrates, as shown in Figure 2. Prominently, Armillaria
mellea and pumpkin skin showed the highest fermentation rate within normoweight conditions,
reaching 42.2% and 34.7% of the total amount of gas produced by the positive control and
significantly differing from the rest of the ingredients. Moreover, quinoa husk, Boletus edulis and BSG
produced 18.6%, 16.7% and 13.4% of the total gas volume generated by inulin, respectively, showing
no significant differences between them. In contrast, nutshell generated significantly lower amounts of
gas than the other substrates, whereas rice husk, OPC, stevia branches and Irish moss did not promote
gas production after 24  h of fermentation. Similarly, the highest gas production within the obese
condition was observed for pumpkin skin (33.1%), Armillaria mellea (27.9%), Boletus edulis
(25.3%), BSG (23.9%), plum skin (17.3%) and quinoa husk (13.6%) after 24 h (Figure 2). Finally,
Irish moss and nutshell were identified as the ingredients inducing the lowest gas production, while no
gas generation was detected when rice husk, OPC or stevia branches were used as fermentable
substrates, as previously described within normoweight conditions.

Page 5

Page 6

Article: In vitro fermentability of a broad range of natural ingredients by fecal ...

IST: 2021-07-14: 6:45:26 PM This track pdf was created from the KGL online application for reference purposes only. Page 9 of 29



SCFA production

The relative amounts of SCFAs produced after 0 h, 4 h and 24 h are presented in Table 1. Overall, we
found ingredient-dependent significant variations in the SCFA butyrate, propionate and acetate
production over time in both normoweight and obese conditions (p  <  .001, repeated measures
ANOVA).

Figure 2. Absolute gas production measured after 24  h of in vitro fermentation using faecal
inoculums from lean (A) and obese (B) individuals. Data are expressed as the mean ± SEM (n = 
3). Different letters represent significant differences among ingredients (one-way ANOVA
followed by Sidak post hoc test). AM: Armillaria mellea; BE: Boletus edulis; BSG: brewers’
spent grain; IM: Irish moss (Chondrus crispus); NS: nutshell, OPC: olive press cake; PluS: plum
skin; PS: pumpkin skin; QH: quinoa husk; RH: rice husk; SB: stevia branches.
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Table 1. SCFAs production after 0 h, 4 h and 24 h of in vitro fermentation with the faecal
microbiota from normoweight individuals.

 Inulin Nutshell Rice
husk BSG Pumpkin

skin OPC Stevia
branches

Quinoa
husk

Armillaria
Mellea

Boletus
Edulis

Plum
skin

Irish
moss

Butyrate             

 0h 1.0 ± 
0.0

0.9 ± 
0.0

1.0 ± 
0.0

1.3 ± 
0.0*

0.9 ± 
0.1

1.2 ± 
0.0

1.0 ± 
0.0

1.1 ± 
0.0

1.0 ± 
0.0

1.0 ± 
0.0

0.7 ± 
0.0*

1.0 ± 
0.0

 4 h 2.1 ± 
0.1

1.1 ± 
0.0*

1.1 ± 
0.0*

2.9 ± 
0.1*

3.3 ± 
0.1*

1.1 ± 
0.2*

1.7 ± 
0.0

1.3 ± 
0.1*

1.2 ± 
0.0*

1.1 ± 
0.1*

1.2 ± 
0.1*

1.4 ± 
0.1*

 24 h 3.5 ± 
0.2

1.1 ± 
0.0*

1.0 ± 
0.0*

2.5 ± 
0.1*

3.2 ± 
0.1

1.1 ± 
0.1*

1.4 ± 
0.1*

1.6 ± 
0.0*

1.6 ± 
0.0*

1.3 ± 
0.0*

1.3 ± 
0.0*

1.2 ± 
0.0*

Propionate            

 0h 1.0 ± 
0.0

1.0 ± 
0.0

1.0 ± 
0.0

1.1 ± 
0.0

0.9 ± 
0.1

1.0 ± 
0.0

0.9 ± 
0.0

1.0 ± 
0.0

1.1 ± 
0.0

1.5 ± 
0.0*

1.0 ± 
0.0

1.1 ± 
0.0

 4 h 0.8 ± 
0.0

1.1 ± 
0.0

1.1 ± 
0.1

1.2 ± 
0.0*

1.2 ± 
0.0*

1.1 ± 
0.2

1.3 ± 
0.0*

0.8 ± 
0.0

1.0 ± 
0.1

1.3 ± 
0.1*

0.9 ± 
0.1

1.3 ± 
0.1*

 24 h 0.8 ± 
0.0

1.0 ± 
0.0

1.1 ± 
0.0*

1.0 ± 
0.0*

0.9 ± 
0.0

1.1 ± 
0.1*

1.0 ± 
0.0

1.1 ± 
0.0*

1.5 ± 
0.0*

1.5 ± 
0.0*

1.1 ± 
0.0*

1.6 ± 
0.0*

Acetate             

 0h 1.1 ± 
0.0

1.1 ± 
0.0

1.0 ± 
0.0

1.1 ± 
0.0

1.0 ± 
0.1

1.1 ± 
0.0

1.0 ± 
0.0

1.0 ± 
0.0

1.0 ± 
0.1

1.1 ± 
0.0

1.0 ± 
0.0

1.0 ± 
0.0

 4 h 3.3 ± 
0.1

1.2 ± 
0.1*

1.1 ± 
0.1*

2.2 ± 
0.0*

2.8 ± 
0.0

1.2 ± 
0.2*

1.6 ± 
0.1*

1.5 ± 
0.1*

1.2 ± 
0.1*

1.3 ± 
0.1*

1.5 ± 
0.1*

1.3 ± 
0.1*

 24 h 2.5 ± 
0.0

1.1 ± 
0.0*

1.0 ± 
0.0*

1.5 ± 
0.0*

1.6 ± 
0.1*

1.0 ± 
0.0*

1.2 ± 
0.1*

1.6 ± 
0.0*

1.6 ± 
0.1*

1.6 ± 
0.0*

1.6 ± 
0.0*

1.6 ± 
0.1*

Total
SCFA

            

 0h 1.0 ± 
0.0

0.9 ± 
0.0

1.0 ± 
0.0

1.2 ± 
0.0

0.9 ± 
0.1

1.1 ± 
0.0

1.0 ± 
0.0

1.0 ± 
0.0

1.0 ± 
0.1

1.1 ± 
0.0

1.0 ± 
0.0

1.0 ± 
0.0

 4 h 1.8 ± 
0.0

1.1 ± 
0.0*

1.1 ± 
0.1*

1.8 ± 
0.0

2.0 ± 
0.0

1.2 ± 
0.2*

1.4 ± 
0.0

1.2 ± 
0.1*

1.2 ± 
0.1*

1.2 ± 
0.1*

1.3 ± 
0.1*

1.3 ± 
0.1*

 24 h 1.9 ± 
0.0

1.0 ± 
0.0*

1.1 ± 
0.0*

1.5 ± 
0.0*

1.5 ± 
0.1*

1.0 ± 
0.0*

1.1 ± 
0.1*

1.4 ± 
0.0*

1.5 ± 
0.0*

1.4 ± 
0.0*

1.3 ± 
0.0*

1.5 ± 
0.0*

Data is presented as the mean ± SEM, and normalised by the negative control (cellulose) at the same time point (n = 3 per
group). Repeated Measures ANOVA revealed ingredient × time interaction in all cases. Main effects within each time were
examined using one-way ANOVA followed by Sidak post-hoc test. *Significant differences compared to inulin at each
time point (p < .05). BSG: brewers’ spent grain; OPC: olive press cake.

Focussing on normoweight samples (Table 1) AQ2, pairwise comparisons revealed that pumpkin skin,
BSG and stevia branches promoted a similar generation of total SCFAs than inulin at 4 h, although it
was not maintained at the end time point (24  h). Surprisingly, pumpkin skin and BSG induced a
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greater increase in butyrate production than inulin after 4  h, denoting significant differences. In
addition, while BSG fermentation resulted in a lower butyrate concentration after 24 h, pumpkin skin
maintained an elevated butyrate formation emerging as the only ingredient showing no significant
differences when compared to inulin. On the other hand, stevia branches were the unique ingredient
presenting an increment of butyrate similar to that induced by our positive control after 4  h of
fermentation.

Inulin fermentation did not yield propionate production after 4 or 24 h. Most of the ingredients also
showed a lack of propionate formation during the first 4  h of fermentation, whereas nutshell, stevia
branches and pumpkin skin did not differ from inulin at the end of the study. Other ingredients
including Armillaria mellea, Boletus edulis and Irish moss, significantly differed from the inulin
control because of an increase in propionate generation at 24  h. Furthermore, the concentration of
acetate followed an inulin-like pattern only when pumpkin skin was used as a fermentable substrate,
showing acetate overproduction within the first 4  h of fermentation. However, this effect was not
maintained after 24  h,

where acetate production induced by all of the ingredients significantly differed from that promoted by
inulin.

In obese faecal samples, BSG, pumpkin and plum skins, quinoa husk and mushrooms increased the
total SCFA production after 4  h of fermentation, following an inulin-like pattern. After 24  h,
Armillaria mellea, Boletus edulis and Irish moss maintained an elevated generation of SCFAs,
showing no significant differences with respect to inulin, as presented in Table 2. At 4  h, five
ingredients, including BSG, pumpkin skin, Irish moss, rice husk and stevia branches followed an
inulin-like butyrate generation. Although the rise of butyrate levels after 24 h in the inulin group was
not reproduced by any ingredient, a numerically greater butyrate production was observed with
pumpkin skin, BSG, Armillaria mellea, Boletus edulis and plum skin compared to less effective
ingredients such as nutshell, rice husk, OPC and stevia branches at 24 h.

Table 2. SCFAs production after 0 h, 4 h and 24 h of in vitro fermentation with the faecal
microbiota from obese individuals.

 Inulin Nutshell Rice
husk BSG Pumpkin

skin OPC Stevia
branches

Quinoa
husk

Armillaria
Mellea

Boletus
Edulis

Plum
skin

Irish
moss

Butyrate             

 0h 1.0 ± 
0.0

0.9 ± 
0.0

1.0 ± 
0.1

1.2 ± 
0.0*

1.1 ± 
0.0

1.0 ± 
0.0

1.0 ± 
0.0

1.1 ± 
0.0

1.1 ± 
0.0

1.0 ± 
0.0

0.8 ± 
0.0*

1.0 ± 
0.0
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 4 h 1.2 ± 
0.2

1.0 ± 
0.1*

1.1 ± 
0.1

1.4 ± 
0.2

1.4 ± 
0.2

1.0 ± 
0.2*

1.1 ± 
0.1

1.8 ± 
0.0*

1.5 ± 
0.0*

1.5 ± 
0.0*

1.7 ± 
0.0*

1.4 ± 
0.0

 24 h 2.3 ± 
0.0

1.0 ± 
0.1*

1.1 ± 
0.0*

1.6 ± 
0.0*

1.8 ± 
0.0*

1.2 ± 
0.0*

1.2 ± 
0.0*

1.7 ± 
0.1*

1.7 ± 
0.0*

1.6 ± 
0.0*

1.5 ± 
0.0*

1.4 ± 
0.0*

Propionate            

 0h 1.0 ± 
0.0

1.0 ± 
0.0

1.1 ± 
0.0

1.1 ± 
0.0

1.1 ± 
0.0

1.1 ± 
0.0

1.0 ± 
0.0

1.1 ± 
0.0

1.1 ± 
0.0

1.4 ± 
0.1*

1.1 ± 
0.0

1.1 ± 
0.1

 4 h 1.4 ± 
0.0

1.0 ± 
0.0*

1.1 ± 
0.0*

1.2 ± 
0.0*

1.1 ± 
0.0*

1.1 ± 
0.0*

1.1 ± 
0.0*

1.2 ± 
0.0

1.2 ± 
0.0*

1.3 ± 
0.1

1.3 ± 
0.0

1.1 ± 
0.1*

 24 h 1.5 ± 
0.1

1.0 ± 
0.1*

1.1 ± 
0.0*

1.3 ± 
0.0

1.3 ± 
0.0

1.1 ± 
0.0*

1.2 ± 
0.0*

1.3 ± 
0.1

1.8 ± 
0.0*

1.8 ± 
0.0*

1.4 ± 
0.0

1.9 ± 
0.0*

Acetate             

 0h 1.0 ± 
0.0

1.0 ± 
0.0

1.0 ± 
0.0

1.1 ± 
0.0*

1.1 ± 
0.0

1.1 ± 
0.0

1.0 ± 
0.0

1.0 ± 
0.0

1.0 ± 
0.0

1.1 ± 
0.0*

1.0 ± 
0.0

1.0 ± 
0.0

 4 h 1.4 ± 
0.0

1.0 ± 
0.0*

1.1 ± 
0.0*

1.4 ± 
0.0

1.4 ± 
0.1

1.1 ± 
0.0*

1.1 ± 
0.0*

1.4 ± 
0.0

1.1 ± 
0.0*

1.2 ± 
0.0*

1.4 ± 
0.0

1.0 ± 
0.0*

 24 h 1.4 ± 
0.1

1.1 ± 
0.0*

1.1 ± 
0.0*

1.3 ± 
0.0

1.3 ± 
0.0

1.1 ± 
0.0*

1.3 ± 
0.0

1.5 ± 
0.1

1.7 ± 
0.0*

1.7 ± 
0.0*

1.6 ± 
0.1

1.6 ± 
0.0

Total
SCFA

            

 0h 1.0 ± 
0.0

1.0 ± 
0.0

1.0 ± 
0.0

1.1 ± 
0.0*

1.1 ± 
0.0

1.1 ± 
0.0

1.0 ± 
0.0

1.0 ± 
0.0

1.0 ± 
0.0

1.1 ± 
0.0

1.0 ± 
0.0

1.0 ± 
0.0

 4 h 1.4 ± 
0.0

1.0 ± 
0.0*

1.1 ± 
0.0*

1.3 ± 
0.0

1.3 ± 
0.0

1.1 ± 
0.0*

1.1 ± 
0.0*

1.4 ± 
0.0

1.2 ± 
0.0

1.3 ± 
0.0

1.4 ± 
0.0

1.1 ± 
0.0*

 24 h 1.7 ± 
0.1

1.0 ± 
0.1*

1.1 ± 
0.0*

1.4 ± 
0.0*

1.5 ± 
0.0*

1.1 ± 
0.0*

1.2 ± 
0.0*

1.5 ± 
0.1*

1.7 ± 
0.0

1.6 ± 
0.0

1.5 ± 
0.0*

1.6 ± 
0.0

 Inulin Nutshell Rice
husk BSG Pumpkin

skin OPC Stevia
branches

Quinoa
husk

Armillaria
Mellea

Boletus
Edulis

Plum
skin

Irish
moss

Data is presented as the mean ± SEM, and normalised by the negative control (cellulose) at the same time point (n = 3 per
group). Repeated Measures ANOVA revealed ingredient × time interaction in all cases. Main effects within each time were
examined using one-way ANOVA followed by Sidak post-hoc test. *Significant differences compared to inulin at each
time point (p < .05). BSG: brewers’ spent grain; OPC: olive press cake.

In contrast to that observed in faecal samples from normoweight individuals, inulin fermentation led to
a raised production of propionate in obese conditions. Moreover, BSG, pumpkin skin, quinoa husk
and plum skin promoted the generation of propionate paralleled to inulin after 24  h. The same
ingredients also induced the production of acetate after 4 and 24  h, presenting no differences with
inulin.

Clustering analysis

Metabolomic techniques allowed for the wide-range identification and quantification of metabolites
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resulting from in vitro fermentation in a comprehensive approach, thereby revealing particular
metabolomic profiles. PCAs constructed from metabolomic profiles were useful to identify clusters
within each condition after 4 and 24 hours of in vitro fermentation (Figure 3). These analyses revealed
that inulin generated the most dissimilar metabolic pattern at every time point within both conditions.
Concerning normoweight faecal samples, PCA explained up to 59% of the overall variation (PC1:
32.5%; PC2: 26.5%) after 4 hours of fermentation as shown in Figure 3(A). Among all the ingredients
tested, quinoa husk, plum and pumpkin skins, Armillaria mellea and BSG shaped the closest clusters
to positive control samples. Consistently, ingredients showing no relevant impact on pH or gas
production such as nutshell, rice husk, OPC and stevia branches were clustered together nearby to
cellulose. Indeed, the clustering patterns after 24 h of fermentation, where 43.8% and 20.8% of the
total variation were explained by PC1 and PC2, respectively, revealed that pumpkin skin exhibited the
most inulin-like displacement along the PC2 axis (Figure 3(B)).
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Fermentation of obese faecal samples revealed several clusters after 4 h, as presented in Figure 3(C),
where PC1 and PC2 explained up to 38.7% and 29.7% of the overall dissimilarities, respectively.
According to the clustering obtained within the normoweight individuals, pumpkin skin and inulin
closely clustered at this time point, revealing a highly similar metabolic pattern after fermentation.
Moreover, BSG was also associated with both pumpkin skin and inulin along the PC1, while Boletus
edulis clustered separately throughout the PC2. As also observed within normoweight samples, such

Figure 3. Principal component analysis constructed from the faecal slurries metabolic profiles.
Clustering analyses included all the ingredients tested and both positive (inulin) and negative
(cellulose) controls. In vitro fermentations with faecal inoculum from lean individuals at 4 h (A)
and at 24 h (B), as well as from obese individuals at 4 h (C) and at 24 h (D) are included. AM:
Armillaria mellea; BE: Boletus edulis; BSG: brewers’ spent grain; IM: Irish moss (Chondrus
crispus); NS: nutshell, OPC: olive press cake; PluS: plum skin; PC: principal component (axis);
PumS: pumpkin skin; QH: quinoa husk; RH: rice husk; SB: stevia branches.
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ingredients as nutshell, stevia branches, rice husk and OPC, which showed no

significant variation in fermentation rates compared to cellulose, clustered alongside the negative
control. After 24  h of fermentation, the positive control clearly differed from the rest of the
ingredients, showing only close distances with the metabolic profiles generated after using the pumpkin
skin as a fermentable source (Figure 3(D)). In this case, 34.5% of the overall variation explained by
PC1 defined substantial differences regarding the fermentable susceptibility of ingredients, where the
presence of mostly non-fermentable substrates was intensified on the left side. Finally, 28.8% of the
total dissimilarities explained by PC2 elucidated that the metabolic profiles generated by Boletus edulis
strongly differed from the positive control.

Discussion

Using a validated procedure for the in vitro fermentation of human faecal samples, we investigated the
pH changes, gas production and metabolomic profiles generated by distinct ingredients. Gut microbial
fermentation of indigestible plant polysaccharides produces a wide range of acidic end metabolites,
such as SCFAs and lactate. Then, changes in pH can provide relevant information regarding the
fermentation rate occurring in a system, while gas production is concomitant with fermentative
processes acting as the main marker of complex carbohydrate utilisation by gut microbiota. Moreover,
metabolomic techniques revealed the specific contributory role of each ingredient on the resulting
metabolic profiles after being exposed to faecal microbiota. Despite that several compounds contained
in our ingredients could be interacting with microbial communities during faecal fermentation, we have
paid special attention on the microbial capacity to utilise plant indigestible polysaccharides.

According to the literature (Holscher 2017), inulin induced an important drop in pH and a high gas
production after being fermented with microbiota from both normoweight and obese individuals,
whereas cellulose is known to be poorly fermented by the gut microbiota. In humans, a lower colonic
pH has been suggested to play a determinant influence on the microbiota composition and function by
favouring the occurrence of butyrate-producing bacteria such as Roseburia spp. (Walker et al. 2005).
In fact, this genus was found to be increased in subjects consuming high amounts of indigestible
polysaccharides (Duncan et al. 2007). Otherwise, an increment in the populations of Bacteroides spp.,
which is robustly adapted to low-fibre diets (Koropatkin et al. 2012) and previously found increased in
diet-induced obese rodents (Gual-Grau et al. 2019), was reported when the pH increased from 5.5 to
6.5, highly correlating with a an increment of propionate production (Musso et al. 2011). Thus, the
pH-lowering effect, which is linked to the SCFA production as a result of microbial fermentation of
dietary compounds, contributes to the overall microbiota composition and, in turn, is prevents the
overgrowth of pathogenic bacteria, such as Enterobacteriaceae and Clostridia (den Besten et al.
2013). In this regard, pumpkin skin, which caused the largest drop in pH and promoted butyrate
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production, is suggested to be preferably utilised by the favoured butyrogenic bacteria. Concerning this
ingredient, high mucilage content was previously assessed in pumpkin skin peel extract (Bahramsoltani
et al. 2017). In parallel, mucilage-containing plants have been shown to improve the glycaemic and
lipid control in diabetic

patients (Ziai et al. 2004). The prebiotic properties of different mucilage sources have been elucidated
in bacterial cultures by favouring the growth of beneficial bacteria and promoting SCFA production
(Guevara-Arauza et al. 2012; Gullón et al. 2015; Mueller et al. 2017).

On the other hand, we hypothesised that insoluble fibres, which are highly present in pumpkin skin
(Butke et al. 2018), could partially mediate the fermentability and SCFA production described for this
ingredient. For many years, insoluble fibres have been considered inert bulking compounds unable to
be utilised by gut microorganisms (Wong et al. 2006). However, it has been stated that insoluble fibres
should not be considered to be non-fermentable carbohydrates (Brotherton 2015), whereas a current

revision concluded that “insoluble” and “soluble” fibre classification may not be sufficient to explain
fermentation performances (Wang et al. 2019). In this sense, insoluble fibres more effectively
suppressed high-fat diet-induced obesity than soluble fibres in mice, which was accompanied by an
active modulation of gut microbiota (Li et al. 2016), thereby supporting our hypothesis. Furthermore,
although pumpkin oils have been widely studied, showing beneficial effects on dyslipemia in mice
(Morrison et al. 2015), and pumpkin seed mixtures showed anti-atherogenic, hypolipidaemic and
immunomodulatory effects in rats (Barakat and Mahmoud 2011), the potential benefits of pumpkin
skin has not been previously evaluated. In this sense, the demonstrated acetogenic effect of pumpkin
skin, together with a significant rise in butyrate and propionate production in normoweight and obese
conditions, respectively, reveals for the first time its potential health outcomes in both lean and obese
subjects.

Among the rest of the ingredients, the mushrooms Armillaria mellea and Boletus edulis showed
noticeable pH lowering effects together with high gas and propionate production under lean and obese
conditions, which are suggested to be promising ingredients with health benefits. In this sense, many
species of mushrooms have been previously reported to be a potential source of dietary fibre with high
beta-glucan content (Sari et al. 2017), which were linked to several metabolic and physiological
benefits, such as cholesterol lowering effects (Bai et al. 2019). The resulting SCFA production from
the fermentation of beta-glucans in the large intestine, particularly propionate, was suggested to
directly mediate its described hypocholesterolaemic effects (Hughes et al. 2008). Interestingly, BSG, a
source of beta-glucans, and pumpkin skin fermentation also led to the generation of propionate within
obese conditions. Propionate production is postulated to be a microbiota-derived response due to its
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anti-obesity properties (Ruijschop et al. 2008; Al-Lahham et al. 2010). In this sense, propionate can
induce intestinal gluconeogenesis, which is related to the suppression of the appetite through signalling
pathways (De Vadder et al. 2014), conferring protection to the host from diet-induced obesity as
previously shown (Chambers et al. 2015). Moreover, BSG also contains noteworthy amounts of
arabinoxylans (Lynch et al. 2016), which have been shown to impact the gut microbial ecosystems
and stimulate the production of SCFAs (Neyrinck et al. 2011). In this instance, the fermentability of
BSG was also explained by a high butyric acid production, although it was lower than inulin.
Consistently, previous studies have shown an association between the consumption of arabinoxylans
and the stimulation of butyrate-producing bacteria (Teixeira et al. 2018). Clinical interventions have
demonstrated that the dietary intake of fermentable carbohydrates is linked to changes in gut microbial
ecosystems, thus enhancing the production of butyrate and reporting beneficial consequences to the
host (Majid et al. 2011; Venkataraman et al. 2016; Baxter et al. 2019). For instance, butyrate has been
widely shown to combat distal inflammatory bowel diseases by the inhibition of proinflammatory
cytokines (Ogawa et al. 2004) and to promote the apoptosis of colon carcinogenic cells (Yu et al.
2010). In this sense, recent literature has attributed prebiotic properties to BSG, such as an increased
caecal and faecal bacterial diversity (Maukonen et al. 2017) and an active modulation of microbiota
composition towards a higher butyric acid formation (Teixeira et al. 2018). Altogether, our
observations were validated by the clustering obtained from metabolomic profiles, which are in line
with recent studies attributing prebiotic capacities to BSG (Sajib et al. 2018; Teixeira et al. 2018) and
introducing pumpkin skin as a promising candidate.

On the other hand, the diminution of pH induced by Irish moss (Chondrus crispus) in the obese
condition, which was accompanied by gas and SCFA production, suggests a significant fermentability
of this ingredient. In this regard, chronic supplementation with C. crispus triggered an increase in the
beneficial bacteria Bifidobacterium accompanied by high concentrations of faecal SCFAs in
normoweight rats (Liu et al. 2015). Likewise, the C. crispus-enriched diet also increased the
production of SCFAs in layer hens (Kulshreshtha et al. 2014). Overall, whereas previous studies
support our results, we demonstrated that C. crispus was able to mediate SCFA production in
microbiota samples from obese individuals. In contrast, the absence of pH or gas production during
the fermentation period observed in nutshell, rice husk, OPC and stevia branches incubations
suggested either a depressed bioavailability or a low concentration of fermentable compounds
contained in these ingredients. Other ingredients tested in this study, such as quinoa husk and plum
skin, slightly modulated the production of the main SCFAs, despite the significant differences found
when compared to inulin. These observations were accompanied by a moderate decrease in pH and a
favoured gas production within both obese and normoweight conditions. Thus, although no clear
evidence was found concerning the

fermentability of these ingredients, further research on these substrates would be optimal to validate
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our results.

The gut microbiota from lean and obese subjects have been previously shown to differentially
contribute to the fermentation of certain fibres (Aguirre et al. 2016), suggesting that the utilisation rate
of dietary fibres strongly depends on the phylogenetic structure of the microbiome. Our study revealed
that the highest gas production was observed within normoweight conditions, suggesting that
microbiota from lean individuals predominantly favoured the fermentation of our tested substrates. In
this respect, microbiota from obese subjects has been associated with enhanced energy extraction from
the diet (Bäckhed et al. 2004; Turnbaugh et al. 2006), whereas a previous study showed no
differences in gas production induced by inulin between lean and obese human subjects (Sarbini et al. 
2013). Additionally, the pH-lowering effects induced by inulin under both normoweight and obese
conditions suggested that fermentation was similarly occurring. Therefore, caution must be taken when
interpreting total gas production as an absolute indicator of fermentation in this study. The ingredients
promoted a similar pattern of gas production and pH-lowering effects within both lean and obese
conditions, indicating that fermentation is mostly substrate-dependent.

Inulin, BSG and pumpkin skin induced an early increase in total SCFA levels, especially within
normoweight faecal samples. Noticeably, relative butyrate amounts induced by these ingredients were
higher in lean than obese individuals, which is in accordance with enhanced butyrate production after
inulin fermentation by microbiota from lean individuals (Aguirre et al. 2016). Thus, it is suggested that
the intrinsic microbiota composition of lean subjects could favour the beneficial effects of highly
fermentable substrates. Moreover, although butyrate was the main end-product of inulin fermentation,
differential patterns concerning the generation of acetate and propionate were also observed between
both lean and obese subjects. Hence, the increase in propionate production found after early inulin
fermentation under obese conditions contrasted with the predominant formation of acetate in faecal
samples from lean individuals. This finding is in accordance with a favoured propionate production
previously described in obese humans (Schwiertz et al. 2010; Aguirre et al. 2016). Furthermore, an
increased generation of propionate in obese compared to normoweight faecal inoculums was also
previously observed after in vitro fermentation of fibres (Yang et al. 2013). While Firmicutes are
considered butyrate-producers, propionate is the main product of microbial species belonging to
Bacteroidetes (Walker et al. 2005). Moreover, as discussed above, the growth of propiogenic bacteria
is favoured by less acidic pH, which is mainly found in the distal parts of the large intestine, where
non-digestible substrates are limited. Taken together, the results of this study suggest that an increased
propionate production in obese fermentation is associated with a predominant propiogenic bacterial
ecosystem, which, in turn, could be explained by different reasons: a lower consumption of non-
digestible dietary compounds, upper pH conditions, and a microbiota-derived response to obesity.
Accordingly, increased propionate production was mainly detected in microbial fermentation from
obese but not from normoweight individuals. Therefore, while fermentation rates have been proposed
to be substrate-dependent, we also suggest that SCFA profiles generated by inulin highly rely on the
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intrinsic microbiota composition and function. However, further studies are needed to elucidate the
critical role of the microbiota from lean or obese individuals in the fermentation of non-digestible
compounds.

Overall, the present in vitro fermentation study evaluated a wide range of ingredients that could be
potentially utilised by both lean and obese human microbiota. Pumpkin skin revealed an inulin-like
fermentation by microbiota from both lean and obese individuals, showing that this by-product could
be considered one of the most promising ingredients to be revaluated. Furthermore, we reported a
relevant fermentability of BSG mainly based on inulin-like SCFA production by faecal microbiota
from obese and normoweight individuals. Other ingredients, such as Armillaria mellea and Boletus
edulis, followed by Irish moss, plum skin and quinoa husk, revealing substantial increments in the
fermentation rates and changes in SCFA production, are also proposed to exert microbiota-mediated
health benefits. The comparison between fermentations with microbiota from obese and lean
individuals suggested that fermentation rates were substrate-dependent, while SCFA profiles strongly
relied on microbial origin and action. In this sense, microbiota from obese subjects preferably
produced propionate in detriment of butyrate, suggesting a higher butyrogenic activity in the
microbiota from lean individuals.

Our in vitro fermentation screening study undergoes some limitations such as the use of single faecal
slurry for each condition and the absence of gut microbiota characterisation. For this reason, our

results should be further validated using broader sample sizes, while addressing their impact in the
microbial communities. Apart from fibre-derived metabolites, gut microbiota also generates a wide
range of microbial products as a result of the biotransformation of other plant compounds such as
polyphenols, which should be further evaluated in detail. The strengths of our study are (1) the
exploration of the potential fermentability of several ingredients in both lean and obese conditions, thus
strengthening their potential benefits in different microbial communities across populations; (2) the
evaluation of fermentation kinetics by selecting short and a long fermentation time points (0 h, 4 h and
24  h); (3) data analysis using metabolomics techniques (1H-NMR) to characterise a wide range of
metabolites after in vitro fermentation. In addition, our findings might contribute to the revalorisation
of some industrial by-products, thereby alleviating the negative impact of food industry wastes on the
ecosystems and countries’ economies.

To conclude, we showed the potential fermentability of a broad range of ingredients and by-products
from the food industry by both lean and obese microbiota, especially raising pumpkin skin as one of
the most promising ingredients to be revaluated. Future in vitro studies should focus on the potential
role of some of these by-products on shifting microbial profiles from obese into lean ones. Overall, the
exploration of the prebiotic capacities and the health benefits linked to these ingredients, especially
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with regard to obesity treatment and prevention, are strongly encouraged by our findings.
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