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A B S T R A C T

The aim of this work was to obtain a deeper knowledge of the volatile organic metabolites (VOMs) from mango
bagasse (MB) and a MB (20%)-based confection (MBC). The time-trend (0–24 h) production of short-chain fatty
acids (SCFA) and metabolites from the non-digestible fraction of MB and MBC, was analyzed by untargeted
metabolomics under simulated colonic fermentation. MB and MBC had a particular soluble/insoluble dietary
fiber ratio (0.71 and 0.53). Butyrate and acetate were more abundant (MB > MBC) after 0–12 h, than pro-
pionate (MB=MBC) after 12–24 h. Different VOMs were identified by HS-SPME-GC–MS in MB (n= 131) and in
MBC (n= 73). PLS-DA/OPLS-DA allowed to detect the most contributing VOMs to the fermentation pattern;
different metabolomic signatures were obtained for MB (SCFA and their esters) and MBC (phenol and complex
fatty acids), in a substrate-dependent manner. The untargeted approach revealed that the VOMs profile is de-
pendent of the food matrix.

1. Introduction

Mango bagasse (MB) is a fibrous residue from the pulp refining
process and is a rich source of non-digestible oligo/polysaccharides,
monomeric and polymeric phenolics (Blancas-Benitez et al., 2015) and
carotenoids (Mercado-Mercado, Montalvo-González, González-Aguilar,
Alvarez-Parrilla, & Sáyago-Ayerdi, 2018); all these phytochemicals are
major components of the non-digestible fraction (NDF) of MB and other
mango by-products (Velderrain-Rodríguez et al., 2018). The NDF is the
portion of food that resists the action of gastrointestinal enzymes,
reaching the colon, where it is subjected to fermentation by the resident
microbiota (Campos-Vega, Reynoso-Camacho, Pedraza-Aboytes,
Acosta-Gallegos, Guzman-Maldonado, Paredes-Lopez, & Loarca-Piña,
2009, 2015). The major microbial metabolites are short-chain fatty
acids (SCFA) such as acetate, propionate and butyrate but other volatile
organic metabolites (VOMs) (Koh, De Vadder, Kovatcheva-Datchary, &

Bäckhed, 2016) and phenolic metabolites are also produced (Sáyago-
Ayerdi, Zamora-Gasga, & Venema, 2017).

Recently, it was reported that MB and a confection made with it
(MBC; 20% MB) has a similar bioaccessibility (in vitro digestion), first-
pass bioavailability (everted gut sac technique) and fermentative be-
havior (Herrera-Cazares et al., 2017). Given the important content of
NDF in MB and MBC and the particular insoluble to soluble fiber ratio
(1.44:1 and 1.22:1, respectively), this two food materials may enhance
the production of SCFA and other metabolites due to a presumed pre-
biotic effect, a fact that has been reported for mango pulp (Low,
Williams, D’Arcy, Flanagan, & Gidley, 2015; Ojo et al., 2016) and peel
(Sáyago-Ayerdi et al., 2017) or their free phenolics (Pacheco-Ordaz
et al., 2018) but not for MB or MBC.

Several methods have been used to study the fate of NDF during the
gastrointestinal digestion and colonic fermentation of food, particu-
larly, in vitro models are common for the simulation of in vivo
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conditions. Previous publications reported a combination of in vivo, in
vitro and ex-vivo methods to evaluate the fate of NDF (Campos-Vega
et al., 2009, 2015; Herrera-Cazares et al., 2017). With this procedure
the oral phase takes place under biological conditions; where healthy
subjects chew the food material under controlled conditions. Then the
gastric phase is performed in vitro under similar conditions than the
INFOGEST method (Lotti Egger et al., 2016), a harmonized metho-
dology that has been used as consensus by a portion of the scientific
community. Finally, the intestinal phase is carried out by the everted
gut sac technique, using a segment of the proximal rat jejunum
(Campos-Vega et al., 2009; Herrera-Cazares et al., 2017). Some ad-
vantages of our method versus the harmonized INFOGEST method, is
that our model is not static, it mimics real conditions in the oral phase,
and simulates (at least partially) the transport dynamics that occur in
the small intestine. Yet, the NDF can be separated easily for its further
fermentation and VOMs profiling.

Traditionally, targeted approaches have been used to study the
metabolite profile from NDF after colonic fermentation, however, an
untargeted approach would provide a deeper knowledge of certain
VOMs that may exert health effects, as compared to classical targeted
metabolomics (Rocchetti, Chiodelli, Giuberti, & Lucini, 2018). To our
knowledge, this is the first publication assessing the production of
VOMs from mango ‘Ataulfo’ bagasse under a simulated colonic fer-
mentation system.

In this study, we evaluated the SCFA and volatile metabolites profile
after the in vitro colonic fermentation of MB and MBC using an un-
targeted approach. The resulting fermentation products were subjected
to a bioinformatic analysis to identify the most important metabolites
produced after fermentation of both materials.

2. Methods

2.1. Chemical reagents

The chemicals NaCl (3624-01), KCl (3040-01), MgSO4 (2506-01),
KH2PO4 (4008-01), NaHCO3 (3506), CaCl2 (1311-01), MgSO4·7H2O
(2500-01) and CaCl2·2H2O (1332-01) were purchased from J.T. Baker.
The enzymes and media components [vitamin K1 (V3501), pepsin
(P7000), glucose (G8270), bovine bile (B3883), pancreatin (P7545),
cysteine (W326305) and hematin (H3281)] and the SFCA standards
[butyric acid (19215), propionic acid (94425) and acetic acid (71251)]
were purchased from Sigma Aldrich. The yeast extract (230900) from
BD Bioxon (Mexico City, Mexico).

2.2. Mango bagasse (MB) and MB-confection (MBC)

MB from “Ataulfo” mango (Mangifera indica L) and MBC were ob-
tained as previously described (Herrera-Cazares et al., 2017). Ripen
mangoes were blanched (95 °C/15min) and seeds/peels were carefully
removed. The pulp was sieved (0.5 mm mesh) and the course material
was dehydrated in a convection oven (Excalibur, CA, USA) at 45 °C/
24 h and milled to reach a particle size of 250 μm. MBC was made from
a boiling mixture of gelatin (11.5%), pectin (1.14%), pre-gelatinized
starch (1%), citric acid, salt and MB (20%). The obtained slurry was
extruded in a single-screw (1-inch diameter) extruder coupled to a
6.0 mm opening cylindrical die under the following conditions: barrel
temperature (72 °C), screw speed (15 rpm), feed rate (50 g·min−1) and
moisture (30%).

2.3. Chemical composition

Moisture (925.10), protein (920.10), ash (942.05), lipid (920.39),
total, soluble and insoluble dietary fiber (991.43) of MB and MBC were
evaluated by standard methods (AOAC, 2002) and the total carbohy-
drate content was obtained by the difference (g·100 g−1). Retrograded
resistant starch was measured as the remaining starch in the NDF

fraction (Goñi, García-Diz, Mañas, & Saura-Calixto, 1996).

2.4. Ethical considerations

The experimental protocol was approved by the Universidad
Autónoma de Queretaro Human Research Internal Committee (CBQ16/
1116-5). All subjects gave their informed consent for inclusion to par-
ticipate in the study, in compliance with Helsinki declaration, the Council
for International Organizations of Medical Sciences (CIOMS) and regional
laws from the Mexican Health Secretariat. All procedures using animals
were conducted according to the National Institutes of Health Guide for
Care and Use of Laboratory Animals.

2.5. Simulated colonic fermentation

The human-inoculum fermentation method (Campos-Vega et al.
2009) was used to evaluate the relative changes of SCFA and VOMs
after in vitro colonic fermentation of MB and MBC.

2.5.1. In vitro/ex vivo gastrointestinal digestion
Prior to the colonic fermentation, MB, MBC and a blank (saliva)

were subjected to an in vitro gastrointestinal digestion previously de-
scribed by (Campos-Vega et al., 2015; Herrera-Cazares et al., 2017).

For the oral phase, four healthy volunteers who had last consumed a
meal at least 90min prior to the test, were recruited; all of them pro-
vided written informed consent in order to participate in the study.
After the participants rinsed their mouths with water, they chewed 1 g
of each sample 15 times for ∼15 s, then, the sample was collected in a
beaker containing 5mL of distilled water. The participants rinsed their
mouth with 5mL of water 15 times; afterwards, this solution was mixed
with the first collected sample. All samples from the four subjects were
pooled and then analyzed by triplicate in the further digestion stages.

For the gastric phase, 10mL of the oral suspension was adjusted to
pH 2 using HCl solution (150mM). Pepsin dissolved in HCl (0.055 g in
0.94mL respectively) was added to each sample and incubated at 3 °C
for 2 h.

For the intestinal phase, a solution to simulate intestinal digestion
was prepared 30min before use by dissolving 3mg of bovine bile and
2.6 mg of pancreatin in 5mL Krebs-Ringer buffer [118mM NaCl,
4.7 mM KCl, 1.2 mM MgSO4, 12mM KH2PO4, 25mM NaHCO3, 11mM
glucose and 2.5 mM CaCl2, pH 6.8, gasify with CO2]. This solution was
added to 11mL of gastric suspension (pH 7.2) and then transferred to
vessels containing a section of everted intestinal sac filled with Krebs-
Ringer buffer and incubated in an oscillating water bath (80 cycles per
min, 37 °C, 2 h) under anaerobic atmosphere.

To obtain the everted intestinal sac, healthy, male Wistar rats were
fasted overnight with water ad libitum; afterwards they were anesthe-
tized with pentobarbital injection (60mg kg−1); the rat intestine was
exposed by a midline abdominal incision and a 20–25 cm segment of
the proximal jejunum was excised, divided into segments of approxi-
mately 4–6 cm length and placed in Krebs-Ringer buffer at 37 °C. The
intestinal segment was washed with the same buffer and gently everted
over a glass rod, filled on the serosal side with 1mL of Krebs-Ringer
buffer and tied to achieve a final length of approximately 4 cm. After
the incubation time, the non-digested residue (NDF) was recovered by
centrifugation (5000 rpm for 10min at 4 °C) from the suspension that
remained outside the everted intestinal sac.

2.5.2. In vitro colonic fermentation
A pooled sample (3 g) of fresh fecal inoculum from two young

healthy subjects stored in anaerobic jars was used for the in vitro fer-
mentation. Donors followed a normal diet, did not have history of
gastrointestinal disease and did not receive antibiotic treatment for at
least 3 months. The fecal inoculum was diluted and homogenized in
27mL of sterile basal culture medium. This inoculum was mixed with
9mL of sterile basal culture medium [2mL peptone water, 2 g yeast
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extract, 0.1 g NaCl, 0.04 g K2HPO4, 0.04 g KH2PO4, 0.01 g MgSO4·7H2O,
0.01 CaCl2·2H2O, 2 g NaHCO3, 0.5 cysteine HCl, 0.5 bile salt, 2 mL
Tween 80 and 0.2 gmL hematin suspended in 5mL of NaOH were di-
luted to one liter of distilled water] maintained under a headspace
containing H2-CO2-N2 (10:10:80) in sterile tubes. One mL of each
sample as indicated in Fig. 1 was added to the mixture and fermented in
a water bath at 37 °C for 24 h. An aliquot of the fermented NDF was
taken at 0, 6, 12 and 24 of fermentation. The fermentation extracts
were centrifuged (3500g, 15min, 4 °C) and supernatants were used for
pH (Orio 3 Star potentiometer, ThermoScientific®), SCFA quantification
and untargeted metabolomics. Samples were immediately stored at
−80 °C to avoid deterioration of VOMs until analysis.

2.6. SCFA and other volatile organic metabolites (VOMs)

SCFA and related metabolites were measured by headspace-solid
phase microextraction (HS-SPME) and gas chromatography-mass
spectrometry (GC–MS), according to the method described by Zamora-
Gasga et al. (2015). Briefly, each sample from the colonic fermentation
was centrifuged at 3500g/15min/4 °C (Hermle Z 323 K; Wehinger,
Germany), afterward 20 µL from supernatants were transferred to
amber glass vials and placed into a Gerstel MPS-autosampler (Zamora-
Gasga et al., 2018). Extractions (by triplicate) were carried out using
2 cm of a 50/30 µm of divinylbenzene/carboxen/polydimethylsiloxane
(DVD/CAR/PDMS; Supelco Co., Bellefonte, PA) in a water bath with
constant stirring (250 rpm) during 120min at 45 °C. Samples were
thermally desorbed from DVD/CAR/PDMS in the GC injection port at
240 °C for 10min.

Metabolite analysis was performed in an Agilent 7890A GC (Agilent
Technologies, Inc., Santa Clara, CA) coupled to an Agilent 597C VL MS
and a multiple auto sample MPS2XL (Gerstel). Sample separation was
done in a capillary column DB-5MS (60m×250 µm×0.25 µm;
Agilent). Oven temperature was set to 40 °C for 5min, increasing
5 °C·min−1 until reach 200 °C, held constant for 2min and raised again
at 2 °C/min rate until 230 °C during 15min. Helium was used as carrier
gas at 1mL/min, injector and ion source temperature were 250 °C and
150 °C, respectively. The splitless mode was used for injection. Standard
calibration curves for major SCFA were constructed (R2≥ 98) and used
to quantify their levels from all samples during fermentation. Tentative
identification of other minor VOMs was performed using the MSD
ChemStation software (Agilent G1701EA, version E.02.00.493) and the
area under the curve (AUC) for each metabolite was recorded.

2.7. Untargeted metabolomics

The global metabolite profile obtained from MB, MBC and BLANK
during simulated colonic fermentation was subjected to an untargeted
metabolomic analysis (Gertsman & Barshop, 2018). Data were then
normalized and analyzed using the MetaboAnalyst 3.0 software. Prin-
cipal Component Analysis (PCA) was used to initially explore the pro-
duction pattern of metabolites (by triplicate) under simulated colonic
conditions using each metabolite’s relative (AUC) production and fer-
mentation time (6, 12 and 24 h). Components (PC1 and PC2) were
calculated without rotation (Zamora-Gasga et al., 2017). Partial Least
Squares-Discriminant Analysis (PLS-DA) was used to generate projecting
models for MB, MBC and BLANK (Gertsman & Barshop, 2018), whereas
Orthogonal-Orthogonal Projections to Latent Structures Discriminant Ana-
lysis (OPLS-DA) was used to compare metabolites from MB vs MBC.
Leave-one-out cross-validation (LOOCV) was used to determine the
optimal number of PLS components. Outliers detected by the PCA were
removed prior to data normalization. Model cross-validation was per-
formed for PLS-DA and OPLS-DA, using R2 and Q2 values to assess the
quality and reliability of the model.

Metabolites were identified by batch precursor ion-based searching
using the Human Metabolome Database 4.0 (http://www.hmdb.ca/;
Wishart et al., 2018) and Variable Importance in Projection (VIP) scores
were used to rank each one for its degree of discrimination within (by
time of fermentation) and between substrate (negative control
[BLANK], MB and MBC); a metabolite was considered important when
VIP≥ 2 (RoyChoudhury et al., 2017).

2.8. Statistical analysis

All measurements were carried out as independent experiments at
least by triplicate. Data were expressed as mean ± standard error (SE).
For chemical analysis and SCFA quantification, one-way-ANOVA with a
post hoc Tukey’s test was used to determine significant differences
(p < 0.05) when comparing multiple variables and Student “t” test for
pairwise comparisons. All statistical analyses were performed using
JMP 9.0 (SAS Institute, Cary, NC).

3. Results and discussion

3.1. Chemical composition of MB and MBC

Although the NDF of MB and MBC showed the same amount of total
carbohydrates (Table 1), MB had more total, insoluble and soluble
dietary fiber than MBC, their insoluble/soluble ratio was 0.71 and 0.53,

Oral phase

Gastric phase

Intestinal phase

Colonic fermentation
Fecal inoculum (from 2 subjects)/ in vitro 
fermentation under anaerobiosis (H2-CO2-N2), 
6, 12, 24 h, 37 °C

Mango bagasse Mango bagasse confection

MB MBC

Four subjects chewed 1g of each sample for 15 s
Samples were pooled and analyzed by triplicate

Everted gut sac model (rat intestine)
Bovine bile + pancreatin/ anaerobiosis, pH 7.2, 2 h, 37 °C 

In vitro hydrolysis with pepsin:  pH 
2.0, 37 °C

NDF

Nine mL of sterile basal culture medium
Anaerobic conditions: H2-CO2-N2 (10:10:80) /  37 °C

3 g of pooled fecal inoculum 
(1.5g from subject A and 1.5 g from subject B)

+ 27 mL  sterile basal culture medium
Anaerobic conditions: H2-CO2-N2 (10:10:80)/ 37 °C

500 µL 
liquid*

+
500 mg 
of NDF

500 µL 
liquid*

+
500 mg 
of NDF

900 µL 
liquid*

+
100 mg 

RAF 

Without 
substrate

MB MBC
Raffinose

++
BLANK

- -

SCFA and VOMs 
quantification

+

+

Chemometrics and untargeted metabolomics

Fig. 1. Experimental diagram for the simulated digestion and in vitro colonic fermentation. Footnote: 1Each sample was fermented by triplicate. 2Non-digestible
fraction (NDF), short-chain fatty acids (SCFA), volatile organic metabolites (VOMs), positive control of raffinose (RAF).
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and their carbohydrate/total dietary fiber ratio was 1 and 4.9, respec-
tively. The insoluble/soluble dietary fiber ratio of MB was higher than
that observed for native & high-performance Agave fructans (Zamora-
Gasga et al., 2015), similar to that observed for MB derived from three
mango varieties (Gourgue & Champ, 1992) but lower than the mango
‘Ataulfo’ paste (Blancas-Benitez et al., 2015), corn tortilla and derived
products (Zamora-Gasga et al., 2018) and kidney beans (Campos-Vega
et al., 2009). It is widely known that dietary non-digestible oligo- and
polysaccharides are major substrates for colonic fermentation, showing
a positive correlation with the amount of total specific SCFA produced
(Campos-Vega et al., 2015; Henningsson, Björck, & Nyman, 2001) al-
though their fermentability depends on their chemical nature and mi-
crostructure (Low et al., 2015).

MBC was richer in resistant starch (derived from the thermic
treatment and extrusion process) and protein (from gelatin addition)
than MB. Extrusion-cooking involve high-temperature, shear-force and
short-time processes which physically transform digestible starch into
retrograded resistant starch (Zamora-Gasga et al., 2018); in turn,
human colonic bacteria may produce SCFA (mainly butyrate) from re-
sistant starch, improving colonic physiology to a greater extent than
with other non-starchy polysaccharides (Campos-Vega et al., 2009).
Also, the gelatin-to-pectin ratio used to prepare MBC not only seems to
protect labile phytochemicals (e.g. phenolic compounds) bound to
MBC’s NDF (Herrera-Cazares et al., 2017; Velderrain-Rodríguez et al.,
2018) but they indeed can act as prebiotic agents (Lele et al., 2018)
stimulating even more the overall production of SCFA (Lele et al., 2018;
Sáyago-Ayerdi et al., 2017). Lastly, other metabolites can also be pro-
duced from gelatin (peptides) and pectin (non-digestible oligosacchar-
ides) with many health promoting properties including prebiotic action
and gut immunomodulation (Lin et al., 2012; Ríos-Covián et al., 2016).

3.2. Major SCFA production and pH

Fig. 2 shows the time-trend production of major SCFA as well as pH
changes during the simulated colonic fermentation of MB, MBC and
raffinose. The largest SCFA production and media acidification within
the first six hours were found for raffinose, a fact previously reported by
Zamora-Gasga et al. (2015, 2017, 2018) and Campos-Vega et al. (2009).
Also, mango ‘Ataulfo’-based samples produced more butyrate [954mM
(MB), 356mM (MBC)] and acetate [748mM (MB), 502mM (MBC) from
0 to 12 h] than propionate (MB=MBC, ∼320mM; from 12 to 24 h)
with an apparently steady-state pH (6–7) throughout fermentation.
Aligned with our results, Ojo et al. (2016) identified acetate and bu-
tyrate but not propionate in the cecal content from rats fed ‘Tommy
Atkins’ mango pulp while Low et al. (2015) showed a pH∼ 6.5 after
48 h of in vitro fermentation of ‘Kensington Pride’ mango.

Human feces contain millions of small-to-large molecules derived
from nutrient and xenobiotic metabolism by both gut bacteria and
gastrointestinal cells (Karu et al., 2018; De Preter et al., 2015). In this

study, at 24 h of simulated colonic fermentation, the average con-
tribution (%) of each SCFA (acetate/butyrate/propionate; Fig. 2) was
almost the same between MB (32%/43%/25%) and MBC (36%/34%/
30%) but different to raffinose (71%/22%/7%). This may possibly due
to the particular insoluble to soluble fiber for MB and MBC. Acetate and
butyrate production from MB and MBC was higher than that observed
for corn-based products (Zamora-Gasga et al., 2018), school breakfast
menus (Zamora-Gasga et al., 2017) or spent coffee (Campos-Vega et al.,
2015) because these matrices have more insoluble than soluble dietary
fiber and is widely accepted that soluble dietary fibers are fermented
faster than insoluble ones (Williams, Grant, Gidley, & Mikkelsen, 2017).

However, MB’s and MBC’s fermentability was substantially lower
than that of other plant sources. Many authors suggest that the pro-
duction rate and molar ratios of acetate, butyrate and propionate by
resident bacteria under simulated colonic fermentations are influenced
by the substrate carbohydrate nature (Koh et al., 2016; Zamora-Gasga
et al., 2015). In support of this, Sáyago-Ayerdi et al. (2017) followed
the time-trend (0–72 h) metabolite production from the NDF of mango
“Ataulfo” peel (which comprises soluble & insoluble dietary fiber, ex-
tractable & non-extractable phenolic compounds, resistant starch and
protein) as compared to a standard ileal effluent medium (SIEM; pectin,
xylan, arabinogalactan, amylopectin, casein and starch) in a validated
in vitro model of colonic fermentation (TIM-2) and using human fecal
microbiota as inoculum. The authors demonstrated that NDF and SIEM
produced>84% of all SCFA as acetate > butyrate > propionate but
butyrate production from NDF was lower to that of SIEM.

SCFA are produced in the hindgut as acetate > propionate >
butyrate (Karu et al., 2018; Verbeke, Boobis, Chiodini, Edwards,
Franck, Kleerebezem, & Tuohy, 2018; Ríos-Covián et al., 2016) and
under simulated (in vitro) colonic fermentation it seems to be
acetate > propionate/butyrate in a substrate-specific manner
(Zamora-Gasga et al., 2017, 2018; Campos-Vega et al., 2009). In our
study SCFA production was acetate > butyrate > propionate (Fig. 2).
One possible explanation relies on the fact that different ratios of spe-
cific non-digestible fibers and resistant starch often results in different
patterns of SCFA fermentation (Low et al., 2015). Zamora-Gasga et al.
(2015) reported that partial supplementation of granola bars with na-
tive agave fructans and agave-dietary-fiber modifies favorably the so-
luble-to-insoluble dietary fiber ratio and the molar proportion of SCFA,
without altering pH under simulated colonic conditions. Also,
Henningsson et al. (2001) showed that rats fed a pectin-based diet
produced more acetate in the cecum, those fed with guar gum produced
more propionate and those fed with a pectin/guar gum- based diet
resulted in an even more acetate production.

Two other explanations are microbial cross-feeding and the sy-
nergy/antagonism of SCFA with other phytochemicals. It has been
widely demonstrated that acetate produced from one bacterial species
is metabolized by another one that produces butyrate (den Besten et al.,
2013) while other (e.g. Negativicutes) produce butyrate or propionate
from glucose or lactate, respectively (Reichardt et al., 2014). Since in
our case, production of butyrate production begun from 0 to 24 h for
MB and 6 to 24 for MBC, microbial cross-feeding is possible.

Several antioxidant phytochemicals initially present in food ma-
trices (e.g. phenolics) are also prebiotics (Pacheco-Ordaz et al., 2018;
Espín, González-Sarrías, & Tomás-Barberán, 2017), moreover, their
resulting metabolites can influence VOMs production from fermented
extracts (Zamora-Gasga et al., 2017; Espín et al., 2017; Blancas-Benitez
et al., 2015). Whether flavonoids and condensed tannins bound to MB-
NDF or MBC-NDF (Herrera-Cazares et al., 2017) exert any action on
these subtle SCFA changes, is currently unknown. Some authors have
shown that different phenolic profiles cause a shift in the fermentation
rate of food matrices, slower fermentation may produce health pro-
moting SCFA (Rocchetti et al., 2017).

A different contribution of acetate and butyrate from 6 to 12 h and
their apparent normalization and propionate production from 12 to 24,
was observed for MB and MBC (Fig. 2). Since they differ in soluble/

Table 1
Chemical composition of MB and MBC.

Composition MB MBC

Protein 2.5 ± 1.5b 10.3 ± 1.2a

Lipids 3.0 ± 0.4a 1.1 ± 0.2b

Ash 6.9 ± 0.3a 3.8 ± 0.2b

Total carbohydrates 87.5 ± 2.6 85.6 ± 0.7
Total dietary fiber 83.9 ± 4.1a 17.3 ± 2.6b

Soluble dietary fiber 49.2 ± 3.4a 11.3 ± 1.4b

Insoluble dietary fiber 34.7 ± 0.8a 6.0 ± 2.1b

Resistant starch < 0.01 2.5 ± 0.1a

Data is expressed as mean (g.100 g−1) ± standard error (SE) from at least
three replicates (dry basis). Percentages were calculated on a dry-basis.
Different superscript letters for a same parameter means statistical differences
(Tp < 0.05). Mango bagasse (MB) & MB-based confection (MBC).
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insoluble and carbohydrate/dietary fiber ratio (Table 1), we might
hypothesize a time course adaptation for specific SCFA production. In
this sense, time-trend adaptations of specific SCFA production, has been
reported for by-products of the orange (Manderson et al., 2005) and
mango (Sáyago-Ayerdi et al. (2017) juice industries. Reichardt et al.

(2014) combined metagenomic mining and microbial physiology ana-
lysis to investigate pathways of microbial propionate formation,
showing three pathways: Succinate pathway via methylmalonyl-CoA,
acrylate pathway and propanediol pathway; the authors stated that two
species of Lachnospiraceae (C. catus and R. inulinivorans) are able to

Fig. 2. (A) Time-trend production of major SCFA and media acidification during substrate fermentation under simulated colonic fermentation1,2. Footnote: 1Statistical
differences with a positive control RAF (□; *) or MBC (#) at p < 0.05. Mango bagasse (MB; Δ), MB-based confection (MBC; ○), short-chain fatty acids (SCFA). (B)
SCFA contribution (%) during substrate fermentation under simulated colonic fermentation1. Footnote: 1Mango bagasse (MB), MB-based confection (MBC).
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switch from butyrate to propionate production upon different sub-
strates.

The fact that more propionate was produced from MB and MBC than
raffinose (Fig. 2) deserves a special comment. L-rhamnose is one of the
most abundant monosaccharides in mango ‘Ataulfo’ byproducts
(García-Magaña et al., 2013) and is a well-known propiogenic substrate
(Byrne et al., 2018) that is not present in raffinose (Mussatto &
Mancilha, 2007). In support of this, Low et al. (2015) showed that
total/specific SCFA production overtime not only depends on the che-
mical nature of dietary fibers but also on their microstructure; they
compared Kensington Pride mangoes and Cavendish bananas demon-
strating that both were sources of pectic galacturonans but differing in
another type of dietary fibers (mango= cellulose; banana= starch
granules) and rhamnose content (only observed in mango), the latter
being a propiogenic substrate (Byrne et al., 2018).

Propionate has received more attention recently due to its ability to
regulate gut hormones (PYY and GLP-1) that induce satiety (Koh et al.,
2016; Lin et al., 2012), reduces energy intake in the short-term while
preventing weight gain by reducing abdominal and hepatic fat accre-
tion in the long-term (Chambers et al., 2015). In this sense, given its
chemical composition and fermentability pattern, MBC is a con-
fectionery product that deserves further investigation about its poten-
tial as functional food.

3.3. SCFA esters

Several SCFA esters were identified in a time-trend and substrate-
specific manner. According to Table 2, the relative production (AUC,
1× 106) of ethyl (C2), propyl (C3) and butyl (C4) butyrate was BM >
BMC > raffinose while propionate and acetate esters were produced
by BM but scarcely from MBC and raffinose. As previously stated, major
SCFA production was acetate > butyrate > propionate (Fig. 2) so, a
complex cross-feeding mechanism controlling acetate/butyrate pools
and/or an increment in bacterial subpopulations with presumably SCFA
esterase activity could be possible. However, this phenomenon needs
confirmation with further studies.

In vivo, SCFA represents the major carbon flux in the host-micro-
biome-metabolome axis, playing major regulatory roles in local, inter-
mediary and peripheral metabolism (Karu et al., 2018; Rivière et al.,
2016). den Besten et al. (2013) used 13C isotopes of acetate, propionate
and butyrate perfused into the caecum of mice to demonstrate that
bacterial cross-feeding occurs mostly from acetate-to-butyrate while
butyrate and propionate are assimilated into carbohydrates and
medium-chain fatty acids. Also, under in vivo and ex vivo anaerobic
conditions, acetate-producing bacteria interplay with butyrate-produ-
cing bacteria to maintain the homeostasis of these two SCFA during
fermentation (Rivière et al., 2016; Scott et al., 2014). Since this

apparent cross-feeding mechanism implicates a carbon elongation (C2-
to-C4) between bacterial species, a similar intra-specie metabolic
pathway could also be possible.

Khan et al. (2012) reported that F. prausnitzii has a well-defined
pathway for recycling acetate and butyrate through an orchestrated
production of CoA intermediaries, that may elongate these and other
SCFA and phenolic compounds (Sadeghi Ekbatan et al., 2016). Aligned
with this hypothesis, short-chain [(C2-C4)-butyrate] and medium-chain
[(C2-C4)-hexanoate and (C2)-octanoate] fatty acid esters were pro-
duced by MB > MBC but not from raffinose. Lastly, the lack of pro-
pionic esters derived from MBC as compared to those produced by MB
(Table 2) extract indicates a possible delayed fermentation and late
metabolite production, probably caused by the surrounding matrix
(pectin and gelatin) that exerted a protective effect on the NDF
(Herrera-Cazares et al., 2017). Nonetheless, this statement needs con-
firmation with larger fermentation times.

3.4. Chemometrics & untargeted metabolomics

In the last decade, several analytical and chemometric methods
have been used to identify and quantify specific analytes (targeted
metabolomics) or to perform global profiling of unknown ones (un-
targeted metabolomics) in fecal samples (De Preter et al., 2011, 2015);
untargeted metabolomics is particularly useful when there is no a priori
metabolic hypothesis (Gertsman & Barshop, 2018). In this study, by
combining high through output methods (HS-SPME-GC–MS) and che-
mometrics (PCA, PLS-DA-VIP, OPLS-DA), it was possible to identify and
to rank a small range of VOMs during the simulated colonic fermen-
tation of NDF from MB, MBC and a negative control [BLANK]
(Figs. 3–5). The analysis of the negative control was used to obtain the
VOMs profile of the fecal inoculum without a fermentation substrate. In
our study, the abundance of VOMs produced in the BLANK was sub-
tracted from their corresponding metabolite in MB and MBC.

PCA is usually used as a preliminary approach to evaluate meta-
bolomic data. It reduces data dimensionality by transforming them into
main eigenvectors that explain their intrinsecal variance (Gertsman &
Barshop, 2018) and allows to easily identify outliers. In this study, 76,
131, 73 compounds were detected by HS-SPME-GC–MS during 24 h
fermentation of BLANK, MB and MBC, respectively. PCA evaluates all
possible relationships between variables but is not useful to project
models when most of the variables are not closely related to each other;
in such case, supervised methods (e.g. PLS-DA) are proposed to gen-
erate optimal models based on independent variables (X) that best
discriminate dependent ones (Y) by means of accentuating their co-
variances (Gertsman & Barshop, 2018). After the initial PCA, an PLS-DA
was performed to discriminate the fermentation time for each sample;
this method can render a better group separation. Resolving and

Table 2
Identification and time-trend production of SCFA esters from assayed substrates.1,2,3

Sample t Acetate Butyrate Propionate

Acyl C1 C4 C5 C1 C2 C3 C4 C2 C3 C4 C7

RT 7.2 14.6 18.2 11.4 13.9 17.4 21 10.8 14.3 17.8 21.4

BM 6 6.0 34.7 nd 48.0 246.8 93.8 132.8 10.9 9.6 15.1 nd
12 12.5 35.4 12.8 54.0 305.9 97.3 204.0 24.1 12.6 16.5 7.5
24 6.7 30.9 15.9 20.7 64.5 24.1 37.7 9.9 5.6 10.3 6.1

BMC 6 nd nd nd nd 55.2 7.6 13.1 nd nd nd nd
12 nd nd nd nd 63.3 13.3 18.3 3.4 nd nd nd
24 nd 5.8 4.8 nd 33.4 7.9 nd nd nd nd nd

RAF 6 nd 6.4 nd nd 27.1 nd 7.4 nd nd nd nd
12 nd nd nd nd 13.6 nd nd nd nd nd nd
24 nd 6.2 nd nd 34.4 nd nd nd nd nd nd

1 Relative production (AUC, 1× 106).
2 Acyl groups: Methyl (C1), ethyl (C2), propyl (C3), butyl (C4), pentyl (C5), heptyl (C7).
3 Mango bagasse (MB), MB-based confection (MBC), raffinose (RAF; control), retention time (RT); nd: compound not detected.
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profiling fecal metabolites with diverse chemical properties by che-
mometric methods is challenging. One of the most common problems is
selecting a convenient number of components to explain with the
greatest certainty the variance associated to a particular phenomenon
without complicating the projecting model. In our study, LOOCV cross-
validation was used to determine the optimal number of components
for each analysis: 2 for MBC and 3 for BLANK and MB.

The PLS-DA discriminated the data by fermentation time and
sample type. Fig. 3 shows the first two components that separate
samples by their time-trend production of metabolites for BLANK (3A),
MB (3B) and MBC (3C). As observed, MB and MBC shows a similar
pattern.

The OPLS-DA perfectly separated MB from MBC (Fig. 3D). The RX2
(variance explained by the OPLS-DA model) was 0.266, theR2Y value
was 0.978, whereas the Q2 cumulative (predictive performance of the
model) was 0.61. The predictive component (T score [1], Fig. 3D)

explained 26.6% of total variation and the orthogonal component
(Orthogonal T score [1], Fig. 3D) explained 21.9%. This method has
been used for the discrimination of samples with different character-
istics (Coco, De Pascali, & Fanizzi, 2014) and has allowed to easily
interpret and identify metabolites that significantly contributes to class
differences (Worley & Powers, 2013).

VIP scores describe the extent to which a particular dependent
variable fits within a model, leaving to researchers the final dis-
crimination of analyses (in our case metabolites with VIP≥ 2) that
explain the variation of groups [in our case, individual time-trend
production (Fig. 4A–C) or inter-substrate (Fig. 4D)].

Thirteen (BLANK), fifteen (MB) and nine (MBC) VOMs were
screened by PLS-DA-VIP (Fig. 4A–C). Two of them were detected from
all three substrates in a time-dependent manner: p-cresol [4-methyl-
phenol, at 6 (MB, MBC) and 12–24 h (BLANK)] and cyclomethicone [at
6 (MB, MBC) and 24 h (BLANK). Medium-chain fatty acids (MCFAs),
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Fig. 3. Principal component analysis (PCA) of major metabolites produced from substrate fermentation under simulated colonic fermentation1. Footnote: 1Time-trend
(6, 12, 24 h) production from negative control (A; BLANK), mango bagasse (B), mango-bagasse-based confection (C) and comparison of all substrates (D).
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dimethyl disulfide, p-cresol and phenol were the most important VOMs
in the BLANK that contributed to the PLS model.

Previous studies show that feces from healthy subjects contain a
wide range of medium-chain fatty acids (MCFAs), alcohols, amino
acids, ketones, aldehydes, phenols, polyphenols, indoles, sulfides and a
wide range of bio-transformed metabolites, including glycosides and
sulfate conjugates (Karu et al., 2018; De Preter et al., 2015). When
compared to patients with inflammatory bowel disease (IBD) with the
same dietary pattern, healthy subjects have more MCFA (C5-C9) and p-
cresol (p < 0.0001; De Preter et al., 2015). However, the relative
concentration of fecal metabolites can be modified by the intake of
functional foods, especially by the NDF of food. In this sense, for MB,
butyric and acetic acid appeared within the most contributing vari-
ables, whereas fatty acid esters and end products of protein components
were predominant in MBC (Fig. 4B–D).

Ethyl caproate (C8) was produced by MBC (6 h) and MBC (24 h) but
not from BLANK while there were specific VOMs from BLANK [valerate
(C5)] and MB [Acetate (C2) and butyl caproate (C10) at 6 h, butyrate
(C2) and propionate (C3) at 12 h and ethyl-cyclohexane and β-selinene
at 24 h]. Other studies have shown, that many acylated SCFA (e.g.

propyl-/butyl- acetate, butyrate and propionate) are upregulated while
other are downregulated (e.g. hexyl-cyclohexane) in patients with the
non-alcoholic fatty liver disease when compared to control subjects
(Raman et al., 2013). On the other hand, Vitali et al. (2012) studied the
addition of fructo-oligossaccharides (FOS), probiotics (B. longum, L.
helveticus) and synbiotics (B. longum, L. helveticus and FOS) on the fecal
metabolome (n=3) after 72 h of batch culture fermentation, demon-
strating that butyrate (FOS alone) and 2-methyl butyrate (B. longum)
represented the greatest variation among groups; the authors also
stated that the prebiotic substrate rather than the probiotic bacteria was
the principal factor affecting the fecal metabolomic profiles in their in
vitro model system.

From these studies it can be concluded that MB has a specific pre-
biotic signature that may be useful for the design of functional food.

However, MBC also has a specific fecal metabolome signature
characterized by an upregulated production of hexamethyl cyclohexane
and phenol at 6 h, and oenanthic ether (C9) and ethyl caprylate (C10) at
24 h. Phenol is an aromatic derivative of amino acids (Verbeke et al.,
2018) and is commonly found in feces from healthy subjects but it is
rarely produced from polyphenol degradation. Oenanthic ether exists in

Fig. 4. VIP scores for major metabolites produced from substrate fermentation under simulated colonic fermentation1. Footnote: 1Time-trend (6, 12, 24 h) production
from negative control (A; BLANK), mango bagasse (B), mango-bagasse-based confection (C) and comparison of all substrates (D).
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all eukaryote cells, is biosynthesized from heptanoate and can be found
in certain food items such as pulses, cereals, milk products, and fishes,
which makes it a potential biomarker for the consumption of these food
products (Wishart et al., 2018) and MBC. Ethyl caproate is a MCFA that
has been identified in Mango (Pino et al., 2005), so it is possible that it
has withstood after in vitro digestion and simulated colonic fermenta-
tion. According to Herrera-Cazares et al. (2017), the surrounding ma-
trix in the MBC confers protection to the phytochemicals from the
mango. In this case, it is possible that some metabolites may resist di-
gestion and remains in high abundance after the in vitro fermentation

Lastly, metabolites from all three substrates at any fermentation
time were also evaluated by OPLS-DA-VIP (Figs. 4d and 5). Pentanoic
acid (VIP > 4.5; BLANK), benzaldehyde (BLANK), pent-3-en-2-one
(MBC), dimethyl trisulfide (BLANK > MB > MBC), 1,3-Di-tert-butyl
benzene (BLANK > MB, MBC) and notably, butyrate (MB > MBC)
emerged as the more significant metabolites (VIP≥ 2). Besides SCFA
and MCFA, feces from healthy subjects also contain benzaldehyde,
phenols, polyphenols, sulfides, indoles and many protein-derived VOMs
(Karu et al., 2018; De Preter et al., 2015); also, lower levels of butyrate
and certain sulfur-containing compounds (e.g. dimethyl trisulfide) and
the increase of others (e.g. 2,4-dithiapentane) are commonly seen in
patients with Crohn’s disease when compared to healthy individuals
(De Preter et al., 2015).

4. Conclusions

Our results show that the MB had a particular metabolite profile
after in vitro fermentation, with high abundance of butyric and acetic
acid and its derivatives.

Results indicate that MB and MBC had a particular fermentative
behavior, their unique fecal VOMs signature makes them a potential
functional ingredient (MB) and food (MBC). The abundance and molar
ratio of SCFA was clearly dependent of the DF content and the IDF: SDF
ratio. The particular ratio found in MB might favored a higher butyric
acid production. This fermentation pattern has not been reported for
fruit fibers, not even for mango pulp; in this sense, further analysis is
needed to confirm these observations. To our knowledge, this is the first
publication that assesses the SCFA and metabolites production after
mango bagasse fermentation.

For MBC, the delayed metabolite production suggests that not only
the DF content, but also the surrounding matrix had a significant effect

on fermentability and SCFA production.
The authors acknowledge that this study has certain deficiencies. (i)

Like any other ex vivo colonic simulation system, many undesirable
compounds are accumulated over time in the fermentation media,
which are normally subjected to splanchnic metabolism and renal
elimination in vivo (Verbeke et al., 2018); this in turn may affect the
proper fluctuation of bacterial subpopulations and so, the generation of
other microbial metabolites, (ii) The simulated colonic fermentation
may be performed at longer times since SCFA and particularly their
acyl-derivates were produced after 24 h and, (iii) different long-term
dietary patterns of fecal donors may also modify the rate of oligo-
saccharide degradation and SCFA production (Yang & Rose, 2016) in
such way that intra-study but not inter-studies comparisons can be
made (Manderson et al., 2005). Moreover, a further analysis of the fecal
microbiota from the donors is essential to give a better interpretation of
results. Anyhow, our study contributes with new scientific knowledge
related to the gastrointestinal fate of an agroindustrial mango waste
(MB) and a confectionery product made with it (MBC) with functional
properties for the pediatric population.
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