
Food &
Function

PAPER

Cite this: Food Funct., 2024, 15,
3680

Received 5th December 2023,
Accepted 13th February 2024

DOI: 10.1039/d3fo05379b

rsc.li/food-function

Tempeh fermentation improves the nutritional and
functional characteristics of Jack beans (Canavalia
ensiformis (L.) DC)†

Fiametta Ayu Purwandari, a,b Vincenzo Fogliano a and Edoardo Capuano *a

The effect of two processing methods of Jack beans (i.e. cooked bean (CB) and cooked tempeh (CT)) on

the in vitro digestibility of protein and starch, as well as the production of short chain fatty acids (SCFAs),

γ-aminobutyric acid (GABA), and tryptophan (Trp) metabolites after in vitro colonic fermentation, was

investigated. CT was obtained by fungal fermentation after cooking under acidic conditions. CT had sig-

nificantly higher protein, lower digestible starch, lower total fiber, higher free phenolic compounds, and

higher ash content compared to CB. CT exhibited better in vitro protein digestibility than CB and less

glucose release during in vitro digestion than CB. A comparable concentration of total SCFAs and GABA

was produced after in vitro fermentation of CB and CT, but CB produced more indole than CT, resulting

in higher amounts of total Trp metabolites. In summary, our findings show that tempeh fermentation

improves the nutritional quality of Jack beans and describe the impact of fermentation on the digestibility

of nutrients and the formation of metabolites during colonic fermentation.

1. Introduction

Underutilized pulses refer to pulses that are not globally con-
sumed. Promoting the consumption of underutilized pulses
can play a significant role in combating hunger while balan-
cing the economy.1 The Jack bean (Canavalia ensiformis (L.)
DC), an underutilized pulse, is high in protein (23–35%) and
complex carbohydrates (46–65%, including fiber), minerals,
and vitamins, while being low in fat (2–12%).2 This favorable
nutritional profile in Jack beans, and pulses in general, is
restricted by the lower protein digestibility compared to other
protein-rich sources. In the pulse matrix, cell walls can phys-
ically hinder protease diffusion to proteins, lowering their
digestibility.3 Moreover, the presence of antinutritional factors
such as protease inhibitors can also impair protein digestion.4

Solid-state fermentation (SSF) with fungal biomass has long
been employed for the production of fermented foods. An
attractive example of an SSF product is tempeh, a fermented
product, originally from Indonesia, which is traditionally pro-

duced from soybeans. Tempeh processing involves the employ-
ment of Rhizopus sp. fungi, mainly R. oligosporus or R. oryzae,
which results in the formation of a dense white mycelium that
binds the soybeans together. Rhizopus mycelia grow on cooked
beans and secrete a wide range of enzymes including
α-amylase, esterase, cellulase, protease, and β-glucosidase.5

These enzymes produce chemical and structural changes in
the beans, resulting in the production of bioactive peptides,6

improvement of flavor,7 decrease of antinutritional factors8

and modification of the cell wall observed as cell wall
damage.9 Cell wall modification in kidney beans after tempeh
fermentation and subsequent mastication has been reported
to produce a significant increase in protein digestibility.9

There has been growing interest in fungal fermentation in
the past decades. Many studies have reported the use of fungal
fermentation for pulses other than soybeans, such as chickpea
(Cicer arietinum), pigeon pea (Cajanus cajan), red kidney beans
(Phaseolus vulgaris), Jack beans (Canavalia ensiformis), faba
beans (Vicia faba), and lentils (Lens culinaris).9–12 The main
focus of these studies was on the nutritional quality and the
production of microbial metabolites during tempeh fermenta-
tion. A few studies have investigated the behavior of tempeh
products in the gastrointestinal tract, but none in the human
colonic environment.

This study aimed to compare Jack beans, cooked bean (CB)
and cooked tempeh (CT), in terms of in vitro digestibility of
protein and starch during small intestinal digestion of Jack
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beans, as well as the production of metabolites derived from
colonic fermentation of non-digestible carbohydrates (i.e.
SCFAs) and amino acids (i.e. Trp metabolites and GABA).

2. Materials and methods
2.1. Materials

Jack beans were harvested and purchased from a local
Indonesian farmer. The beans were grown in Malang, East
Java, Indonesia, and were stored in a vacuum plastic bag at
room temperature upon delivery to the laboratory. All chemi-
cals and enzymes were of analytical grade unless otherwise
stated.

2.2. Production of cooked bean and cooked tempeh

Whole Jack bean seeds (1000 g) were washed and soaked in
demineralized water overnight (16 h, 25 °C) with a bean to
soaking water ratio of 1 : 3 (w : v). Half of the soaked beans
were cooked in boiling demineralized water (97 °C) for
270 min with a bean to cooking water ratio of 1 : 2 (w : v). The
cooking time was previously determined using the finger press
method as described in our previous study.13 The beans were
dehulled, and the cotyledons were freeze dried before being
processed in a ball mill (MM400 Retsch, Germany) at a fre-
quency of 1/30 s for 60 s. The flour was sieved to pass through
a 425 μm filter and was labelled as CB. The other half of the
soaked beans were dehulled and cooked in 1% lactic acid solu-
tion with a bean to cooking solution ratio of 1 : 2 (w : v) for
30 min at 97 °C. Acidification is one critical step that mimics
natural fermentation, thus preventing the growth of spoilage
bacteria and creating a favorable environment for fungal
growth (pH 5.5). After cooking, the cotyledons were split and
sliced into 4 pieces, slab shaped cotyledons for each cooked
seed. The sliced seeds were cooked for 30 min in boiling demi-
neralized water at a bean-to-water ratio of 1 : 2 (w : v). They
were drained and cooled to room temperature before inocu-
lation with the Rhizopus oligosporus starter (Raprima,
Bandung) (0.2%). To create regulated aeration, the inoculated
beans were placed in a perforated polypropylene plastic bag
(uniformly perforated with a distance of 1.5 cm between holes)
and finally incubated in a ventilated incubator oven (BF 260
Binder, Germany) at 30 °C for 48 h. The tempeh was cut into a
cube shape and steamed for 10 min. It was freeze dried,
milled, and sieved to pass through a 425 μm filter. The result-
ing sample was labelled as the CT sample. Both CB and CT
were stored in a tight plastic container at room temperature
until use within 8 months.

2.3. Compositional analysis

We dried a known amount of samples at 105 °C until constant
weight for dry matter analysis and measured the crude lipid
using Soxhlet extraction and nitrogen by the Dumas method.
The crude protein was calculated by using a factor of 5.4.14

Fibers (soluble and insoluble) and starches (available and
resistant starches) were analyzed according to the protocol

from Megazyme (K-TDFR) based on AOAC 991.4315 and
Megazyme (K-RSTAR) based on AOAC 2002.02,16 respectively.
Free and bound phenolics were extracted17 and quantified by
using the Folin–Ciocalteu method.18 The amino acid compo-
sition was measured for the raw bean, CB, and CT according to
a previous report,19 except for tryptophan.20 The individual
essential amino acid score was calculated by comparing the
amino acid values with amino acid requirement values for
humans within the age group of older children, adolescents,
and adults.21 All compositional analyses, except total amino
acid, were performed in triplicate and expressed on a dry
weight basis.

2.4. Particle size distribution (PSD)

PSD was determined for the sample flours by laser diffraction
using a Mastersizer 2000 equipped with a Scirocco 2000 dry
dispersion unit (Malvern Instruments, UK). A pressure of 400
kPa was used and the volume-based particle size distribution
was calculated using the Fraunhofer theory, according to a pre-
vious report.22

2.5. In vitro gastrointestinal digestion

In vitro gastrointestinal digestion was carried out on CB and
CT flours according to our previous study.13 According to the
INFOGEST protocol,23,24 5 g of sample with paste-like consist-
ency represent a physiologically realistic bolus size after
dilution with the simulated digestive fluids. In our experiment,
this representative bolus was achieved by mixing 2 g of CB and
CT flours with 3 mL of Milli-Q water. The oral phase involved
mixing 5 g of CB and CT mixture with simulated salivary fluid
(SSF) without salivary α-amylase and CaCl2. The gastric phase
included the addition of the simulated gastric fluid (SGF)
adjusted to pH 3 with HCl, along with CaCl2 and porcine
pepsin. The mixture was incubated at 37 °C for 2 h. For the
intestinal phase, the pH was adjusted to 7 with NaOH. The
gastric chyme was combined with simulated intestinal fluid
(SIF), bile salt solution, CaCl2, porcine trypsin, and porcine
pancreatic enzyme. These two enzymes are required to obtain
100 U mL−1 trypsin activity and 200 U mL−1 amylase activity in
the final mixture. The volume of the final mixture was 40 mL.
The mixture was incubated for another 2 h at 37 °C. Three
independent tubes were taken at 6 time points at t = 0 and
120 min in the gastric phase and t = 15, 30, 60 and 120 min in
the intestinal phase. The tubes were immediately placed in a
boiling water bath for 10 min to stop the enzymatic reaction.
An aliquot (1 mL) of the supernatant was withdrawn from each
tube and stored at −20 °C until further use for starch and
protein digestion analyses. A blank digestion sample was pre-
pared by replacing the same amount of samples with Milli-Q
water. Digestion experiments were run in three independent
replicates for each time point.

2.5.1. Determination of protein and starch digestion.
Protein digestibility was examined by assessing the free amino
acids in the digested supernatant using an o-phthaldialdehyde
(OPA) spectrophotometric assay in microplates after trichloroa-
cetic acid (TCA) addition.25 An L-serine standard was used to
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obtain a calibration curve. The calculation of the protein
hydrolysis degree was based on a previous report.26 The starch
digestion was assessed by adding an aliquot of the digested
supernatant (0.1 mL) with ethanol and quantifying the
D-glucose concentration after amyloglucosidase incubation as
mentioned in an earlier study.3

2.6. In vitro batch colonic fermentation

In vitro batch colonic fermentation was performed according
to previous works with modifications.27,28 For the sample
preparation, at the end of the intestinal phase (section 2.5), a
centrifugation technique (at 4500g, 4 °C, for 20 min) was
used instead of thermal shock to stop the enzymatic reaction.
Using this technique, we were able to obtain wet pellets – on
average 5.5 g and 4.2 g of CB and CT, respectively. The pellets
were separated from the supernatant and stored at −20 °C
until further use. Soluble fiber was recovered from the super-
natant using alcohol precipitation and alcohol washing
(adapting the K-TDFR protocol by Megazyme). The fiber
obtained was carefully added back to the pellets maintaining
the same ratio of the pooled pellet and the pooled fiber.
Therefore, 10 mL of sample for colonic fermentation was pre-
pared by dissolving 1.5 g of digested pellet CB + 0.03 g of
fiber CB or 1.5 g of digested pellet CT + 0.04 g of fiber CT in
sterile Milli-Q water. The sample (10 mL) was combined with
21.5 mL of sterile buffered colon medium, containing 5.22 g
L−1 K2HPO4, 16.32 g L−1 KH2PO4, 2.0 g L−1 NaHCO3, 2.0 g L−1

yeast extract, 2.0 g L−1 special peptone, 1.0 g L−1 mucin, 0.5 g
L−1 L-cysteine HCl, and 2.0 mL L−1 Tween 80, in 120 mL
sterile glass penicillin bottles. The bottles were then covered
with a rubber cap and sealed with an aluminum ring, and the
headspace was flushed with nitrogen by placing two needles
for the air inlet and outlet, respectively. The nitrogen flushing
was done for 30 min in an attempt to create an anaerobic
environment as previously reported.29,30 3.5 mL of human
fecal inoculum was then injected into each penicillin bottle,
and fermentation was carried out for 24 h at 37 °C, with con-
stant shaking at 100 rpm. The human fecal inoculum was
prepared by combining 40 g of fresh feces with 200 mL of
phosphate buffer (8.8 g L−1 K2HPO4, 6.8 g L−1 KH2PO4, and
0.1 g L−1 sodium thioglycolate). The mixture was then hom-
ogenized into a stomacher for 10 min at a speed of 300 rpm,
and centrifuged for 2 min at 500g. The feces were obtained
from 3 healthy donors (aged 25–35 years) who had not been
treated with antibiotics for the previous 6 months, stored
under anaerobiosis and used within 4 h after collection. This
research did not require an ethics approval according to the
guidelines of the Medical Ethical Advisory Committee of
Wageningen University (METC-WU), as reported elsewhere.31

In parallel, two controls were prepared: 1. A sample control
without the fecal supernatant was included to determine the
release of metabolites from the food matrix. 2. A fecal control
without sample addition was used to normalize the metab-
olite production from the fecal inoculum. All fermentation
processes were repeated in duplicate. Sample tubes were
taken at 0, 8, and 24 h after inoculation. The samples were

immediately centrifuged at 4500g, 4 °C, for 20 min, and the
supernatants and pellets were separated. An aliquot of the
supernatant (5 mL) was then further centrifuged at 14 000g
for 5 min (4 °C), and filtered with a 0.2 μm regenerated cell-
ulose filter (Phenomenex, Torrance, USA). The filtrate was
divided into small tubes and stored at −20 °C for further ana-
lysis (i.e. SCFA, Trp metabolites, and GABA). Gas production
and pH were recorded as quality control parameters using
manometers and a pH meter, respectively.

2.6.1. Determination of SCFAs. SCFAs were separated
and quantified using a gas chromatography system equipped
with a flame ionization detector (GC-2014, Shimadzu,
Hertogenbosch, NL) as reported in a previous study.31 Acetic,
propionic, butyric, valeric, isobutyric, and isovaleric acids were
used to obtain calibration standards. The internal standard
(2-ethylbutyric acid) was prepared in 0.3 M HCl and 0.09 M
oxalic acid (1.6 mg mL−1) and added to the samples/standards
prior to injection. Concentrations of SCFAs in colonic fermen-
tation were expressed as µmol per g dry matter.

2.6.2. Determination of Trp and Trp metabolites.
Tryptophan was extracted from CB and CT flours (∼200 mg)
using 80% ice-cold methanol at a ratio of 1 : 10 (w/v) according
to a previous report.32 Extracts were diluted 16-fold for CB and
80-fold for CT with Milli-Q water and filtered with a 0.2 μm
regenerated cellulose filter (Phenomenex, Torrance, USA). The
supernatant of colonic fermentation and bean extracts were
injected into targeted Trp catabolites using a Nexera XR LC-20
ADxr UPLC system coupled with a Shimadzu LCMS-8050 mass
spectrometer (Shimadzu, Kyoto, Japan). Separation was done
using a Kinetex® 1.7 μm EVO C18 LC column (100 × 2.1 mm)
(Phenomenex, Torrance, USA). The operation conditions,
recovery and matrix effect were determined according to
a previous method.33 Data analysis was carried out using
LabSolutions LCMS 5.6 (Shimadzu, Kyoto, Japan). Concentrations
of Trp catabolites in colonic fermentation were corrected for
recovery and the matrix effect and normalized by the fecal
control.

2.6.3. Determination of GABA. From the CB and CT flours,
glutamate and GABA were extracted using 70% ethanol as
described elsewhere.34 The dry extract was reconstituted using
2 mL of ACN 50%. Meanwhile, ACN was added to the super-
natant of batch fermentation (1 : 1) (v/v). 5 μL of bean extracts
and colonic fermentation supernatants were injected into a
Nexera XR LC-20 ADxr UPLC system coupled with a Shimadzu
LCMS-8050 mass spectrometer (Shimadzu, Kyoto, Japan).35

Separation was performed using a SeQuant® 3.5 µm ZIC
HILIC column (4.6 × 150 mm) (Merck, Darmstadt, Germany)
equipped with a SeQuant® ZIC HILIC PEEK coated guard
column (20 × 2.1 mm) (Merck, Darmstadt, Germany). The
operation conditions were used with a flow rate of 0.7 mL
min−1 and a column temperature of 40 °C. The mobile phases
consisted of 0.1% formic acid in water (solvent A) and 0.1%
formic acid in acetonitrile (solvent B). The elution program (t
in min/%B) was 0.0/90; 4.0/70; 10.0/20; 13.0/20; 15.0/90 and
18.0/90. Data were processed using LabSolutions (Shimadzu
Corporation, Kyoto, Japan). Calculations of recovery and the

Paper Food & Function

3682 | Food Funct., 2024, 15, 3680–3691 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 3

/5
/2

02
6 

11
:4

6:
21

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fo05379b


matrix effect were performed according to section 2.6.2. Data
analysis was performed using LabSolutions LCMS 5.6
(Shimadzu, Kyoto, Japan). Concentrations of GABA in colonic
fermentation were corrected for recovery and the matrix effect
and normalized by the fecal control.

2.7. Statistical analysis

Significant differences in the compositional data, DH%,
amount of digested starch per g dry matter and starch
digested% were tested using a t-test (two tailed). Significant
differences in the concentration of colon fermentation metab-
olites with fermentation times and types of processes (CB and
CT) were tested using repeated measures ANOVA (two-way), fol-
lowed by Tukey’s post hoc analysis for comparing more than
two samples or a paired test with Šidák correction for compar-
ing the difference between two samples. GraphPad Prism 9
software was used for statistical analysis and a value of p < 0.05
was considered significant.

3. Results
3.1. Compositional and structural properties of cooked Jack
bean and cooked Jack bean tempeh

Table 1 shows the chemical composition of CB and CT. CT
had a higher protein content (31.6%) and lower total starch
(35.7%) than CB (26.6% protein; 41.3% starch). Both flours
exhibited a similar resistant starch content (p > 0.05). In
terms of fiber compositions, CT (16.6%) contained less in-
soluble fiber than CB (20.6%). The absence of soluble fiber in
CT is perhaps related to the enzymatic activity from the
Rhizopus fermentation process. Our finding indicates that CT
has a lower carbohydrate content than CB. Furthermore, CT
displayed a comparable fat content with CB and a higher ash
content compared to CB. In comparison with CB, CT had a 5
times higher content of free phenolic compounds and an
equivalent content of bound phenolic compounds. The total
amino acid profiles of the two samples are reported in
Table 2. We found a slight decrease of the amount of amino
acids after cooking and after cooking + fermentation.
However, this decrease does not impair the individual essen-
tial amino acid score. All of the essential amino acid scores
exceed the body requirement for the age group of older chil-
dren, adolescents, and adults,21 except for sulfur-containing
amino acids.

3.2. Protein and starch digestibility of cooked Jack bean and
cooked Jack bean tempeh

Fig. 1 displays the PSD of CB and CT flours. CT contained a
larger number of smaller particles than CB, possibly derived
from the fungal mycelium. Fig. 2 reports the in vitro protein
(panel A) and starch digestibility (panel B) of CB and CT,
respectively. A higher concentration of free amino groups was
observed at time 0 of the intestinal phase. We also observed a
higher concentration of free amino groups in CT (1 mg ml−1)
compared to that in CB (0.1 mg ml−1) at the beginning of the T
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gastric phase (time 0) (data not shown). At the end of intestinal
digestion, protein digestibility in CT was 4% higher than that
in CB (an absolute increase), even though the difference was
not statistically significant.

Fig. 2B shows that starch is rapidly hydrolyzed by amylase
during the 15 min of intestinal digestion. A gradual increase
of starch hydrolysis was observed in CB but not in CT. In CT,
the starch digestion remained stable after 15 min until the
end of intestinal digestion. The starch digestion behavior
suggests that the available starch in CT is completely
digested.

3.3. Metabolite production during in vitro colonic
fermentation of cooked Jack bean and cooked Jack bean
tempeh

3.3.1. Short chain fatty acids. We examined the formation
of six SCFAs, i.e. acetate, propionate, butyrate, valerate, iso-
butyrate, and isovalerate, during fermentation at different
times (Fig. 3). A similar concentration was produced by CB
and CT for almost all of the SCFAs, except for propionate,
which was found at a higher concentration and a higher
percentage over the total SCFAs in CT (0.68 mmol g−1 DM;
31% of the total SCFAs) than in CB (0.55 mmol g−1 DM;

Table 2 Total amino acid and individual essential amino acid scores of raw bean, cooked bean and cooked tempeh

Amino acids
Raw beans
(g per kg protein)

Cooked beans
(g per kg protein)

Cooked tempeh
(g per kg protein)

Individual essential
amino acid score

Cooked beans Cooked tempeh

Non-essential amino acids
Alanine 46.8 44.5 48.8
Arginine 56.1 52.4 44.8
Aspartate 110.3 104.7 95.6
Cysteine 9.7 8.1 9.1
Glutamate 126.0 114.8 100.2
Glycine 40.2 37.3 34.3
Proline 39.8 39.8 34.1
Serine 55.2 54.9 46.8
Taurine 1.4 1.3 1.0
Tyrosine 39.5 38.5 39.7
Essential amino acids
Histidine 101.4 28.1 30.2 1.8 1.9
Isoleucine 43.4 43.9 40.9 1.5 1.4
Leucine 82.2 83.1 71.1 1.4 1.2
Lysine 59.3 55.5 51.7 1.2 1.1
Methionine 12.5 12.2 11.7
Phenylalanine 47.2 47.6 43.8
Threonine 45.1 43.8 43.0 1.8 1.7
Tryptophan 10.1 11.3 11.3 1.7 1.7
Valine 48.6 49.3 45.9 1.2 1.1
Sulfur-containing amino acids (SAAs)a 22.2 20.3 20.8 0.9 0.9
Aromatic amino acids (AAAs)b 96.7 97.4 94.8 2.4 2.3

a SAAs include methionine and cysteine. b AAAs include phenylalanine, tyrosine and tryptophan. Individual amino acid scores are the ratio of
amino acids of the samples compared to the established amino acid requirement values for humans within the age group of older children, ado-
lescents, and adults.21 Measures of uncertainty are not reported because the experiment was not replicated.

Fig. 1 Particle size distribution of flours from cooked Jack bean
(dashed line) and cooked Jack bean tempeh (full line). An averaged
curve is shown for each flour (N = 3).

Fig. 2 In vitro digestion of protein (A) and starch (B) of cooked Jack
bean and cooked Jack bean tempeh during the intestinal phase (N = 3,
mean ± standard deviations). The asterisk symbol indicates a significant
difference (p < 0.05) between cooked bean and cooked tempeh at the
same digestion time point. ns: no significant difference between cooked
bean and cooked tempeh at the same digestion time point.
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26% of the total SCFAs) (panels B and H). In comparison
with the fermentation control, i.e. fecal control without
sample addition, the formation of valerate, isovalerate, and
isobutyrate was suppressed in both CB and CT (panels D–
F). There was no significant difference in the total SCFAs
between CB and CT (panel G). In terms of individual
SCFAs, acetate was the major SCFA produced (58–60%)
(panel H) followed by propionate, butyrate, valerate, isovale-
rate and isobutyrate.

3.3.2. Tryptophan metabolites. Fig. 4 shows the concen-
tration of Trp catabolites during colonic fermentation nor-
malized by the initial concentration of metabolites. We
found an increase of Trp in both CB and CT at t = 8 h
compared to t = 0 h fermentation. The concentrations
then decreased significantly at t = 24 h fermentation.
During fermentation, Trp metabolites are produced in

both CB and CT with the highest Trp metabolite concen-
tration obtained at the end of colonic fermentation. We
observed that CB produced higher amounts of total Trp
metabolites compared to CT at t = 24 hours of colonic
fermentation.

Production of individual Trp metabolites namely indole,
IAA, ILA, IPA, I3A, TA, Kyn, and Oxi is displayed in Fig. 5.
Almost all Trp metabolites formed during fermentation and
reached the highest concentration at the end of fermentation,
except ILA. ILA, as an intermediate compound, showed an
increase and later a decrease during colonic fermentation (p <
0.05). Trp was mostly converted into indole, accounting for
approximately 95.7% and 94.6% of total metabolites from CB
and CT, respectively (Table S4†). Lower formation of indole,
IAA, and IPA was found in CT than in CB at 24 h of colonic fer-
mentation (p < 0.05).

Fig. 3 SCFAs (A–F), total SCFAs (G), and relative contribution of individual SCFAs (H) of cooked Jack bean and cooked Jack bean tempeh during
in vitro colon fermentation with human inoculums. Control samples consist of inoculums and a buffer without the addition of bean samples (A–G)
(N = 3, mean values with error bars that indicate the standard error of the mean). Different letters indicate a significant difference (p < 0.05) between
cooked bean, cooked tempeh, and control samples at the same colonic fermentation time point.
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3.3.3. GABA. Fig. 6 describes the changes in glutamate and
GABA during colonic fermentation of CB and CT after normali-
zation with the fecal control. The production of glutamate
increased at the beginning of colonic fermentation and then
declined at the end of colonic fermentation (Fig. 6), similar to
the trend observed previously for Trp (Fig. 4). GABA, a decar-
boxylated product of glutamate, showed a significant increase
during the colonic fermentation (p < 0.05). No difference
could be found in GABA formation between CB and CT at any
fermentation time point (p > 0.05).

4. Discussion

Rhizopus fermentation has been reported to facilitate chemical
and structural changes in the food being fermented, which
may further impact nutrient bioavailability and the production
of microbial metabolites in the large intestine.5,36 In the
present study, we compared the nutritional quality as well as
the digestibility and fermentability of Jack bean tempeh with
those of cooked bean, as an example of a commonly used
domestic preparation. We observed several compositional
differences between CB and CT (Table 1). In line with previous
reports on chickpea, pigeon pea, and soybean,12 we found a

Fig. 4 Tryptophan and total metabolites released during in vitro
colonic fermentation of cooked Jack bean and cooked Jack bean
tempeh. Different lowercase and uppercase letters indicate significant
differences within the same sample for cooked Jack bean and cooked
Jack bean tempeh, respectively. The asterisk symbol indicates a signifi-
cant difference (p < 0.05) between cooked bean and cooked tempeh at
the same fermentation time (N = 3, mean with error bars that indicate
the standard error of the mean).

Fig. 5 Tryptophan metabolites (A–H) produced during in vitro colonic fermentation of cooked Jack bean and cooked Jack bean tempeh. Different
lowercase and uppercase letters indicate significant differences within the same sample for cooked Jack bean and cooked Jack bean tempeh (p <
0.05). The asterisk symbol indicates a significant difference (p < 0.05) between cooked bean and cooked tempeh within the same fermentation time
(N = 3, mean with error bars that indicate the standard error of the mean). IAA: indole-3-acetic acid, ILA: indole-3-lactic acid, IPA: 3-indolepropionic
acid, I3A: indole-3-aldehyde, TA: tryptamine, Kyn: kynurenine, and Oxi: oxindole.
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higher concentration of protein in CT than in CB. This can be
due to the development of the fungal biomass richer in pro-
teins compared to the bean. Pure biomass of Rhizopus oryzae
might contain protein as much as 50.6% per dry biomass.37 It
is predicted that 5.9% (dry weight basis) of tempeh consists of
fungal biomass.38 The growth of fungal biomass requires the
utilization of starch as a carbon source, which may explain the
lower total starch content in CT compared to that in CB. Lower
starch content was also reported in fermented grains due to
the activity of microbial enzymes.39 In another study, a
decrease in monosaccharides and disaccharides was also
found after Rhizopus fermentation.5 The total fiber was lower
in CT than in CB. During fermentation, fungal enzymes (e.g.
pectinase and xylanase) may have partly hydrolyzed insoluble
fiber into soluble fiber, leading to their loss by leaching
during the subsequent cooking process. Another possible
explanation for the lower concentration of fiber in CT may be
the utilization of a part of the fibers for fungal growth. Fungal
carbohydrases will break down the polymer of the fiber, releas-
ing sugar monomers. Glucose, fructose, galactose, maltose,
and xylose have been reported to be excellent carbon sources
for Rhizopus oligosporus growth.40 We found similar lipid
values but a higher ash content in CT than in CB. This showed
that tempeh processed material is able to retain more minerals
than CB. The concentration of free phenolics is higher in CT
than in CB. Phenolic compounds mostly occur in insoluble
forms which are covalently bound to structural components of
the cell wall.41 Fungal cell wall degrading enzymes may not
only release a part of the insoluble fiber but also some pheno-
lics in the fermented bean. In our study, however, tempeh pro-
cessing retained the free phenolics better than that of the
cooked bean. The duration of cooking applied for preparing

cooked beans may lead to leaching of the part of free pheno-
lics, producing larger losses in CB. In addition, CT showed a
rather small change in the amino acid composition compared
to raw beans than CB. From the data presented in Table 2, it
appears that Jack bean proteins are of good quality, with a
balanced content of essential amino acids, and this content is
preserved after preparation. However, to conclude on the
quality of Jack bean proteins, the true ileum digestibility of
each single essential amino acid must be assessed, which has
not been done yet.

A higher degree of protein digestion was observed in CT
compared to that in CB at the start of the gastric phase, indi-
cating that the protein had been pre-digested during tempeh
fermentation, as well as at the start of the intestinal phase
(Fig. 2A). A previous study reported on the hydrolysis of
legume proteins into small soluble proteins, peptides or
amino acids, confirmed by the disappearance of high mole-
cular weight polymers, which correlated with the protease
activity during tempeh fermentation with Rhizopus oligos-
porus.5 A recent microscopy study reported the disappearance
of protein, especially in the cells surrounded by mycelia.9 In
our study, a small increase in protein digestibility by 4% (an
absolute increase) at the end of the intestinal phase was
observed. A small increase in protein digestibility (∼3% absol-
ute increase) was also observed in a previous study.42 Even
more importantly, since CT contains more proteins on a dry
basis than CB, consuming the same weight of the dry matter
of the two samples would result in a bigger difference in the
amount of amino groups released from the matrix from CT
than from CB (i.e. based on the mg L-serine released per ml
digestive supernatant, Fig. S1†). Overall, the higher degree of
protein digestion observed in CT than in CB can possibly be
attributed to several factors: a higher degree of cell wall per-
meability of the bean cells, a lower level of protein aggregation,
a higher fraction of smaller particle size providing a greater
surface area for enzymatic attack, and a lower barrier effect of
the fungal cell wall. During the fermentation process of
tempeh, fungi secreted a mix of cell wall degrading enzymes
which contributed to the disruption of the cell wall integrity,9

facilitating protein digestion. Prolonged heat treatment (CB:
270 min; CT: 70 min) could promote protein aggregation,
which hinders protease attack during intestinal digestion.4 On
the other hand, the fungal cell wall of Fusarium venenatum was
reported to be a less effective barrier to proteases than plant
cell walls.43 Finally, in CT, a fraction of small particles occurs,
which most likely correspond to mycelium particles (Fig. 1)
and the smaller particles may have offered less resistance to
protease penetration.

We observed a higher amount of digested starch per g dry
matter at time 0 of the intestinal phase, which indicates starch
hydrolysis during tempeh fermentation (Fig. 2B). No lag phase
was observed at the beginning of the intestinal phase, with
starch rapidly digested in both CB and CT flours. This is
different from a previous study on Jack bean intact cells, which
demonstrated that in vitro starch digestion followed a logistic
model with a lag phase at the beginning of intestinal diges-

Fig. 6 Glutamate (A) and GABA (B) produced during in vitro colonic fer-
mentation of cooked Jack bean and cooked Jack bean tempeh.
Different lowercase and uppercase letters indicate significant differ-
ences (p < 0.05) within the same sample for cooked Jack bean and
cooked Jack bean tempeh, respectively. The asterisk symbol indicates a
significant difference (p < 0.05) between cooked bean and cooked
tempeh within the same fermentation time (N = 3, mean with error bars
that indicate the standard error of the mean).
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tion.13 This discrepancy is most likely due to the use of flour
which included a certain fraction of free starch granules (i.e.
not encapsulated into intact cells), allowing for rapid starch
digestion during the initial phase of starch digestion. We
observed that the amount of starch digested was smaller at the
end of the intestinal phase for CT compared to CB, meaning
that the same amount of dry matter from the two prepared
samples was expected to produce a lower post-prandial blood
glucose peak from CT. CT’s starch was digested completely at
15 min of intestinal digestion but the final amount of starch
digested was lower compared to that of CB. The lower amount
of starch digestion in CT than in CB may be due to the lower
starch content in CT. Yet, if the %starch digested is calculated
(i.e. the amount of digested starch is divided by the initial
amount of starch, Table S1†), CT showed lower digestibility
than CB at the end of intestinal digestion. This observation
deserves further investigation in terms of the structural pro-
perties of starch after tempeh fermentation. Taken together,
our data indicate that fungal fermentation can increase
protein digestibility while reducing the glycemic load, and
thus it would be particularly beneficial from the nutritional
perspective. At the end of intestinal digestion, we found that
fewer pellets remained in CT compared to those in CB (data
not shown), indicating a greater digestion/solubilization of
matter in CT.

Non-digestible carbohydrates that escape gastrointestinal
digestion are mainly converted into SCFAs by the gut micro-
biota. Dietary fiber has been reported to affect the microbial
diversity and contribute to metabolite formation in the gut,
primarily through SCFAs.44 The most abundant SCFA pro-
duced during colonic fermentation was acetate, followed by
propionate and butyrate (Fig. 3A–C), in line with a prior study
in kidney beans.45 Notably, a higher concentration of propio-
nate was found after in vitro fermentation of digested CT com-
pared to that of CB. One of the mechanisms for propionate
production is via the acrylate pathway, using lactate as a sub-
strate.46 Hence, one possible explanation may be the presence
of residual lactic acid in the CT matrix (lactic acid was used in
one of the cooking steps during tempeh preparation), which
was not metabolized by Rhizopus and not solubilized after gas-
trointestinal digestion. Another explanation may be the
different types of fibers in CT that can modulate the microbial
ecology (i.e. composition and activity), resulting in differences
in the concentration of metabolites, including propionate.47 At
the end of colonic fermentation, a higher concentration of
butyrate was formed compared to the control (Table S2†). In
contrast, fermentation of CT produced less butyrate than the
control, and no statistically significant difference was observed
between CB and CT. The colonic fermentation involved the use
of similar amounts of fibers for CT and CB (CB: 0.12 g of fiber,
CT: 0.11 g of fiber). Therefore, we could expect the production
of similar SCFAs (Fig. 3G).

When fermentable fibers are limited, the gut microbiota
uses less energy-efficient sources for growth, such as amino
acids from dietary or endogenous proteins. Most of the
ingested dietary proteins are digested and absorbed in the

small intestine; however, a significant amount of proteins may
still enter the colon and be metabolized by the gut micro-
biota.48 In this study, a lower content of undigested protein
was found in the pellet after the digestion of CT (i.e. fewer pro-
teins were exposed to the gut microbiota, CB: 0.21 g of protein;
CT: 0.18 g of protein). The lower protein digestion in CB in the
small intestine suggests that it would deliver more undigested
proteins in the gut than CT. We found that the starting
material of CT contains higher free Trp and glutamate, than
the CB flour (Table S3†), which is in line with the protease
activity of Rhizopus. A unique product of protein fermentation
is branched-short chain fatty acids (BCFAs) such as isobuty-
rate, isovalerate and 2-methylbutyrate, which are derived from
branched-chain amino acids (valine, leucine and isoleucine).49

The production of branched-chain amino acids was sup-
pressed in our study by the addition of the digested pellet of
Jack bean (Table S2†). This may be due to the presence of extra
fermentable carbohydrates from the digested bean that may
have suppressed protein fermentation.

During colonic fermentation, Trp and glutamate were
released from undigested proteins and further metabolized by
the gut microbiota, producing indole derivatives and GABA,
respectively, and hence a bell-shaped curve was observed, as
shown in Fig. 4 and 6. This is in line with another study on
soybean cells.30 Trp metabolites play a significant role as
endogenous ligands for the aryl hydrocarbon receptor (AhR),
impacting host immune homeostasis and barrier
physiology.50,51 In addition, IPA, particularly in the presence of
indole, has been identified as a ligand of the pregnane X
receptor (PXR), regulating the intestinal barrier function.52 On
a different note, GABA is produced from glutamate and serves
as an important inhibitory neurotransmitter in the nervous
system, primarily involved in modulating responses to
anxiety.53 Interestingly, we also found higher levels of GABA in
CT compared to those in CB which may point to its production
from glutamate during fermentation already.

We found that CB produced more Trp metabolites than CT
(Fig. 4) with significant differences in the concentrations of
indole, IAA, and IPA (Fig. 5). The most likely explanation may
be the lower protein load in the CT pellets compared to that in
CB in the fermentation system. However, even after normaliza-
tion of the values per g protein (Fig. S2 and S3†), we could
still observe the formation of lower amounts of Trp metab-
olites in the CT samples, as indicated by indole, the most
abundant Trp metabolite formed during colonic fermentation
(Table S4†). Other factors may also have an influence on the
Trp metabolites such as the fiber content and the integrity of
the plant matrix. A high-fiber diet promotes the production of
certain Trp metabolites such as IAA, ILA, IPA, I3A, IA, and
5-HT, while a high-protein diet favors the production of TA,
Kyn, Ind, and Oxi.54 However, since the two pellets contain a
similar amount of fiber, it is unlikely that the concentration of
fiber may have influenced the formation of Trp metabolites.
The integrity of the plant matrix, specifically of the cell wall,
influences microbial catabolism by affecting the accessibility
of Trp to the microbiota.30 Nevertheless, it remains uncertain
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whether the integrity of the bean cell wall was altered during
Rhizopus fermentation, and on the other hand, the fungal cell
wall may be more accessible to the microbiota enzymes. This
aspect requires further investigation. Unlike indole, we found
that GABA production was similar in CB and CT (Fig. 6).

5. Conclusion

In conclusion, our study showed that fungal fermentation sig-
nificantly affects the nutritional quality of Jack beans, resulting
in improved protein digestibility compared to that with cooked
beans, while at the same time reducing the amount of digesti-
ble starch and limiting starch digestion as well as better pres-
ervation of phenolic compounds. Processing into tempeh did
not affect the concentrations of SCFAs and GABA produced
during in vitro fermentation but reduced the production of Trp
metabolites. This work provides evidence that fungal fermen-
tation is a useful strategy for individuals with certain dietary
requirements, since it improves protein quality, and poten-
tially controls blood sugar levels, without compromising the
production of beneficial gut microbial metabolites such as
SCFAs and GABA.
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