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Abstract

Understanding how fermentation enhances the nutritional characteristics of legumes is
essential for maximizing their potential as sustainable protein sources. This study
investigates proteomics differences between soybeans and tempeh, a fermented soy
product, aiming to elucidate the mechanisms that contribute to the differences in protein
nutrients. Deep proteomics analysis of commercial soybean and tempeh suggest that
Rhizopus fermentation promote proteolysis, particularly targeting Asn and Phe, and thus
increased neo-peptides generation in tempeh samples. Data supports that the absence of
proteinase and protease inhibitors during fermentation promote the global proteolysis
effects. In vitro gastrointestinal digestion of tempeh demonstrated enhanced digestibility,
characterized by shorter peptide chains in the digesta. Peptidomics profiling identified digest-
resistant domains and peptidyl motifs, offering insights for further digestion enhancement.
These findings highlight tempeh's superiority as a plant-based protein source, emphasizing
its nutritional advantages through reduced antinutritional factors and improved protein

bioavailability, thereby supporting its role in a healthy diet.
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1. Introduction

Understanding and enhancing the nutritional quality of plant-based proteins is increasingly
important given the global shift toward plant-based diets for health, environmental, and
ethical reasons (Gephart et al., 2016; Willett et al., 2019). Improving protein digestibility and
nutrient bioavailability in legumes and other plant sources can have significant implications
for nutrition science and public health, particularly in regions where plant-based diets are

predominant (Basargekar et al., 2021).

Fermentation is a traditional food processing technique widely utilized across cultures to
enhance the nutritional value, digestibility, and shelf life of various foods by harnessing the
metabolic activities of microorganisms. It has been established that fermentation processes
lead to significant protein degradation and hydrolysis, resulting in the formation of smaller
peptides and free amino acids, which contribute to nutritional enhancement (de Reu et al.,
1995). Despite its long-standing use, the precise molecular mechanisms underlying the
nutritional enhancements provided by fermentation, such as the enzymes involved and its

hydrolysis target, remain insufficiently understood.

Legumes, particularly soybeans (Glycine max), are esteemed for their high protein content
and rich array of essential nutrients (Grden & Jakubczyk, 2023). However, their full
nutritional potential is often hindered by antinutritional factors such as phytic acid and
complex protein structures that impede nutrient absorption and protein digestibility (Samtiya
et al., 2020). These limitations pose challenges for individuals relying on plant-based

proteins to meet their nutritional needs.

A traditional fermented soybean product originating from Indonesia—tempeh, serves as an
excellent model to study the effects of fermentation on protein nutrients. Produced through
the fermentation of soybeans with fungi from the genus Rhizopus, tempeh has gained
recognition as a plant-based meat alternative with complete protein sources (Mayer Labba et
al., 2022), due to its improved nutrient profile and availability resulting from fermentation-
mediated biochemical transformations (Ahnan-Winarno et al., 2021). These transformations
reduce antinutrients, enhance the bioavailability of micronutrients—such as riboflavin,
vitamin B6, nicotinic acid, and pantothenic acid—and minerals like magnesium, iron, and
manganese (Sanke et al., 1970), and breaks down complex proteins into simpler, more

digestible forms.

In this study, we aimed to unlock the potential health benefits of tempeh using advanced
proteomics and peptidomics technology. Our objectives were to (i) profile the proteolytic

fragments in tempeh and to (ii) assess the differences in nutrients availability between soy



65
66

67

68

69
70
71

72
73
74
75
76
77
78
79

80
81
82
83
84
85
86
87

88
89

90
91
92
93
94
95

and tempeh. These findings are pivotal in realizing the full potential of fermented legumes as

a staple plant-based protein source.
2. Methods and materials
2.1. Soy and tempeh protein extraction

Protein of soybeans and tempeh were extracted from five different commercially available
sources. Whole proteome of the soybeans (seeds of Glycine Max) and tempeh were

extracted with the urea-based extraction buffer according to the following procedures.

Prior to start, soybeans were sterilized with 70 % of ethanol and washed thrice with distilled
water. Around one gram of soybeans or tempeh were ground using a pre-chilled mortar and
pestle into fine powder in liquid nitrogen. Around 100 mg of the fine powder was added in a
1.5 mL tubes and subsequently defatted with hexane for a total of three times. Defatting was
performed by adding 1 mL of hexane into the tubes containing the ground soy or tempeh
powder, rotated end-to-end for 15 minutes, and then removed. At the last defatting steps, a
centrifugation step was performed at 11,000 g for five minutes to remove all remaining

hexane.

Pellet was air-dried prior to resuspension in two pellet-volumes of extraction buffer, which
contains 9 M urea, 1 % NaDoc (w/w), and 0.05 % (v/v) Benzonase in 20 mM Hepes (pH 8)
buffer. Protein extracts were incubated for 20 minutes with intermittent vortex of 15 seconds
at every 5-minutes intervals. The tubes were then centrifuged for 15 minutes at maximum
speed or 11,000 g. The supernatant layer, which contains protein extracts, was carefully
transferred into a new microcentrifuge tube. The protein extracts were diluted fifty times
before protein concentration determination using the 660 assays (Thermo Scientific). Protein

extracts for SDS-PAGE, gel-based proteomics were prepared using this method.

2.2. Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and gel

proteomics

Extracted proteins were separated on a 10% SDS-PAGE gel (1 mm) and stained with
Colloidal Blue Staining Kit (#LC6025, Invitrogen™). Each gel lane was then cut into eleven
gel pieces. Gel pieces were reduced, alkylated and tryptic digested in gel using the standard
procedures described previously (Shevchenko et al., 2006). Peptides from each gel piece
were vacuum dried with centrifugal evaporator (CentriVap®, Labconco), reconstituted in 20
pL of 0.1 % FA prior to LC-MS/MS acquisition.
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2.3. LC-MS/MS acquisition for proteomics

Vacuum-dried samples were reconstituted in 0.1 % formic acid. A total of 5 pL of peptides
from each gel piece were loaded onto a PepMap™ 100 C18 trap column (#164946, 5um,
100 A, 100 um x 20 mm) and a PepMap™ RSLC C18 analytical column (#164570, 2um, 100
A, 75um x 500 mm) using Easy nLC1000 (Themo Scientific). The mobile phase A comprised
of 0.1 % formic acid in water and LC mobile phase B comprised of 0.1 % formic acid in 95 %
acetonitrile. Tryptic peptides were separated under a 3-hour gradient of 8—38 % mobile
phase B at 200 nL/min into Easy-spray source™ and QExactive Plus mass spectrometer
(Thermo Scientific) operating in positive ion mode. Data acquisition was operated in data-
dependent scanning mode, with one full MS scan followed by 20 MS2 scans of the most
abundant ions, with 10 seconds of dynamic exclusion enabled. Full scan MS spectral (MS1;
m/z 310 — 2000) was acquired with a resolution of 70,000 at an AGC target of 3e6 with a
maximum injection time of 10 ms. Each MS2 was sequentially isolated to an AGC target
value of 5e4 with resolution of 17,500 and maximum injection time of 50 ms and fragmented
using HCD collision energy of 30 to acquire MS2 spectral at mass range m/z 200 — 2000 at

isolation window of 2 m/z.
2.4. In vitro digestion

In-vitro digestion was performed following the standardized INFOGEST protocol (Brodkorb
et al., 2019). Electrolyte stock solutions (1.25x concentration) were prepared for each phase
of digestion, and enzyme activities were verified prior to their use. Soybean were soaked in
water overnight and cooked in boiling water for 1 hour while tempeh was not soaked but
cooked in a similar manner. All food samples were then let cool at room temperature and
finely homogenized prior to the digestion. The digestion was conducted in an incubator set at
37°C (HettCube 200, Hettich, Tuttlingen, Germany) with continuous rotation at 45 rpm
(Rotator SB Stuart, Huberlab, Aesch, Switzerland). In the oral phase, 5 mL of simulated
salivary fluid (SSF) was added to 5 g of each sample, and 5 grams of either soy or tempeh
was used in separate 50 mL centrifuge tubes. These tubes were placed in the incubator and
gently shaken for 2 minutes to simulate the agitation of food in the mouth. Amylase were
added during the oral phase according to INFOGEST 2.0. For the gastric phase, simulated
gastric fluid (SGF) was added to the oral phase mixture to achieve a final volume ratio of 1:1
(v:v), and the pH was adjusted to 3.0. Porcine pepsin was added to reach a final activity of
2000 U/mL digesta (P7012, Sigma-Aldrich, Missouri, USA), and the mixture was incubated
for 2 hours at 37°C. Gastric lipase was not added, as protein digestion was the primary

focus.
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In the intestinal phase, 20 mL of simulated intestinal fluid (SIF) was added to the gastric
phase mixture, and the pH was adjusted to 7.0. Porcine bile salts (B8631, Sigma-Aldrich,
Missouri, USA) were added to a concentration of 2.5 mM, and porcine pancreatin was added
to achieve 100 U trypsin activity/mL digesta (P7545, Sigma-Aldrich, Missouri, USA). The
samples were then incubated for an additional 2 hours at 37°C to simulate digestion in the
small intestine. After 120 minutes, digestion was halted by adding Pefabloc® SC to a final
concentration of 5 mM. The digesta were centrifuged at 13,000 x g for 15 minutes at 4°C

and subsequently stored at -80°C for future analysis.
2.5. LC-MS/MS acquisition for digestomes peptidomics

Peptidomics analyses were conducted on the digesta obtained from simulated
gastrointestinal digestion to characterize the peptide profiles and elucidate the protein
degradation patterns. Digesta were diluted 20x in 0.1 % formic acid, centrifuged at 20,000 x
g for 10 minutes at room temperature. Supernatants were transferred onto preconditioned
C18 stage tips for desalting. Eluted peptides were vacuum dried with centrifugal evaporator
(CentriVap®, Labconco), reconstituted in 0.1 % formic acid. A total of 1ug peptides,
measured by nanodrop with 280nm absorbance, were onto a PepMap™ 100 C18 trap
column (#164946, 5um, 100 A, 100 um x 20 mm) and a PepMap™ RSLC C18 analytical
column (#164570, 2um, 100 A, 75um x 500 mm) using Easy nLC1200 (Thermo Scientific).
Tryptic peptides were separated under an 80-minute gradient of 5-40 % mobile phase B at
300 nL/min into Easy-spray source™ and Orbitrap Exploris 480 mass spectrometer (Thermo
Scientific) operating in positive ion mode. Data acquisition was operated similar to in data-
dependent scanning mode, with one full MS scan followed by 40 MS2 scans of the for the
instrument settings in section 2most abundant ions, with automatic dynamic exclusion
enabled. Full scan MS spectral (MS1; m/z 350 — 1500) was acquired with a resolution of
120,000 at 300% target AGC. Each dependent scan was sequentially isolated at isolation
window of 1.6 m/z, to a normalized AGC target value of 50% with resolution of 15,000 and

maximum injection time of 50 ms and fragmented using HCD collision energy of 30.
2.6. Data processing and analysis

Data was searched with MSFraggers (version 3.5) using FragPipe GUI V18.0 (Kong et al.,
2017) against proteome database of Glycine max (74,863 protein entries, downloaded 20"
January 2021 from Uniprot, UP000008827) and Rhizopus oligosporus (26 protein entries,
downloaded 20" January 2021 from UniProtKB database, all protein, with taxonomy ID:
4847). Default parameters for a non-specific search were employed, with a defined

precursor tolerance of £10 ppm, and fragment tolerance of 0.06 Da, no enzyme specificity
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for database digest. Cysteine carbamidomethylation were set as fixed modifications, while

methionine oxidation and acetylation of protein N-termini were set as variable modifications.

Raw files were searched with decoy and built-in contaminants database, with PSM FDR
estimation 0.01% allowed using Percolator. PSM, peptide, and protein level output tables

files were used for visualization of the results using GraphPad Prism 9.0.

GO term of soybean proteins were extracted from Phytozome database (Goodstein et al.,
2012) (JGI ID: Phytozome-109, downloaded 215 October 2022). The peptides identified after
in vitro digestion are displayed using the peptide profile tool from the Peptigram web
application (Manguy et al., 2017).

3. Result
3.1. Whole proteome profiling reveals a global proteolytic event in soybean proteins

Tempeh fermentation is a complex process involving the transformation of legumes,
predominantly soy, by fungi from the family Mucoraceae, Rhizopus genus, into a palatable
white cake shape tempeh. This process comprises various steps, including bean hydration
(soaking), cooking, fermentation (inoculation with Rhizopus spp.) and caking (Ahnan-
Winarno et al., 2021). We hypothesized that fermentation led to proteins breakdown into
protein hydrolysates consisting of polypeptides, dipeptides, and amino acids, thereby

increasing its digestibility in humans (Nout & Kiers, 2005).

Hence, we set up to monitor the biochemical transformations in tempeh’s food protein
composition at the molecular level. Our experimental workflow is summarized in Figure 1A.
Our proteomics strategy focused on interpreting proteolytic events, cleavage sites, and the

resultant peptides fragments during endogenous protein breakdown.

To understand the molecular basis of the protein hydrolysis, we first evaluate the degree of
proteolytic cleavage of the soy proteins during the fermentation process. To assess
proteome profile of soy and tempeh unbiased, we obtained five different commercially
available sources of soybean and tempeh from the local market and extracted the protein
lysates. As shown in Figure 1B, SDS-PAGE analysis of protein lysates from soy and
tempeh revealed that the soy proteome preserves its integrity, as evidenced by good
resolution of stained protein bands, whereas tempeh protein exhibited a general smear and
dispersed pattern at a lower molecular weight (Figure 1B). This proteolytic pattern suggests
that during tempeh fermentation, a global and extensive proteolytic event, rather than
targeted protein cleavage, is responsible for this breakdown of intact proteins. Additionally,

we observed noticeable differences in gel patterns among same sample types. However,
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identifying these differences was not the primary focus of the current study. Nevertheless,
this sample diversity provides a good foundation for comparison, enabling us to distinguish
and identify the genuine effects of fermentation.

Given the extensive proteolysis observed, we sought to characterize the proteolytic patterns
to identify endogenous hydrolysed peptide fragments generated during fermentation. A gel
proteomics cutting each lane into 11 gel pieces were performed. A bottom-up proteomics
strategy was used in combination of a non-specific enzyme search strategy in our database
searches against combined proteome databases of Glycine max (soybean) and Rhizopus
oligosporus, to ensure comprehensive analysis of hydrolysed neo-peptides including those
containing non-tryptic peptidyl termini due to fungal fermentation.
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Figure 1. Tempeh fermentation induced global protein hydrolysis of intact soy protein
into protein hydrolysates

(A) lllustration of the proteolysis events during tempeh fermentation mediated by Rhizopus
oligosporus followed by a diagram of the gel-based bottom-up proteomics strategy used to
interpret these proteolytic events at the molecular level. Protein lysates from soy and tempeh
were separated by SDS-PAGE gel electrophoresis followed by in-gel digestion and liquid
chromatography — tandem mass spectrometry (LC-MS/MS) analysis as described in the
methods section. The MS raw spectral were search against the combined proteome
databases of the soybean (Glycine max) and the organism involved in fermentation
(Rhizopus oligosporus) to capture both the soybean proteome and Rhizopus proteome
changes. (B) SDS-PAGE analysis comparing five different commercially available soy
protein lysates and tempeh protein hydrolysates. (C) Bar graph depicts the total numbers of
proteins, peptides, and PSMs from Glycine max (brown) and Rhizopus oligosporus (black)
discovered across all ten samples (five soybean and five tempeh) in the bottom-up
proteomics experiment, providing comprehensive overview of the proteomic landscape. (D)
An abundance ranking graph depicts the distribution of Glycine max (brown) and Rhizopus
oligosporus (black) proteins. Proteins were ranked by its overall intensity detected by mass
spectrometry across all ten samples, which reflected the protein abundance.

Our proteomics analysis identified 48,254 peptides corresponding to 5,235 protein groups
from the soy origins and 146 peptides corresponding to 8 Rhizopus protein groups across all
samples (Figure 1C). It is noteworthy that the proteome library for Rhizopus oligosporus in
the Uniprot database is limited, with just 26 protein entries available, as opposed to the soy
proteome that contains 74,863 protein entries. The abundance rank chart, as depicted in
Figure 1D, shows the protein rank of proteins from the Glycine max and Rhizopus

oligosporus origins, respectively.
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Figure 2. Differential expressed protein comparing soy and tempeh. (A) Intensity of
proteome across all samples. (B) An abundance ranking graph based on intensity-based
guantitation values depicts the distribution of Glycine max (round dots) and Rhizopus
oligosporus (triangular dots) in both soybean and tempeh samples. (C) Bars indicate a Venn
diagram of protein expression, boxes on both side shows protein that are either detected
only in soybean, or in tempeh samples. Gray scalebars indicate genes that existed in both
soybean and tempeh samples (shared) and among those the significantly regulated (p<0.05)
is indicated with coloured gradient box. (D) A Principal Component Analysis (PCA)
illustrating the multivariate relationships between the protein composition of soy and tempeh.
(E) Volcano plot of differential expressed protein in both soybean and tempeh. Coloured dots
indicate significantly differential proteins. (F) A Gene Ontology (GO) analysis of differentially
expressed proteins in both soybean and tempeh. (G) Intensity of commonly known protease
and proteinase inhibitors from the soy origins in both soybean and tempeh samples. Mean
protein intensity across all five samples were presented.



248  Bottom-up proteomics analysis revealed clear global proteolytic differences between

249  soybean and tempeh proteins. Proteome profiling of soy and tempeh indicate that the

250  distribution of the proteome abundance comparing soy and tempeh is similar on the log

251  scale (Figure 2A), with more proteins identified from the soybean samples compared to the
252  tempeh sample (Figure 2B, C). Figure 2C shows the Venn diagram that depicts the protein
253  found in soy and tempeh samples. 2642 proteins (~50% of total protein groups) were

254  specifically detected in soy whereas 32 proteins were specifically identified in the tempeh.
255  Among the proteins shared by both soybean and tempeh (2984 proteins), 8.4% showed a
256  statistically significant change in abundance (p<0.05), as indicated by coloured gradient bars
257  (Figure 2C).

258  The principal component analysis of the protein composition (Figure 2D) supported that
259 there’s fundamental differences in the proteome profile between soy and tempeh products.
260 Looking into the protein composition difference between soy’s and tempeh’s commercial
261 samples, 224 proteins are found to have significantly higher abundance in soy whereas 28
262  proteins are significantly more abundant in tempeh, as shown in the volcano plot

263  (Supplementary Table 1, Figure 2E). These results align with our expectation that certain
264  proteins would be significantly reduced or absent in tempeh due to fermentation-induced
265  proteolysis. In addition, the hydrolysis of high-abundance proteins during fermentation

266  appears to increase the sensitivity of proteomic detection for low abundant proteins in the
267  tempeh.

268  3.2. Fermentation process led to allergens and antinutritional factors breakdown

269  Since soy is known as a source of allergens, we wondered if proteolytic activity in tempeh
270 fermentation might reduce the allergen sources in soy. A search for commonly known
271 allergenic fragments shows that tempeh has significantly less allergenic fragments

272  compared to soy, as depicted as Supplementary Figure 1, shown as intensity of tempeh

273  fragments in each soy-derived gene.

274  Additionally, we explored the roles of proteins that were specifically present or significantly
275  more abundant in either soy or tempeh. Mapping these genes to the Gene Ontology (GO)
276  terms for biological processes (Figure 2F) revealed that proteins related to protein synthesis
277 and regulation, such as protein translation, folding, transport, proteolysis, and degradation,
278  were specific to soybean but absent or lower in tempeh. This suggests that the fermentation
279  process involving Rhizopus spp. influences protein synthesis-related biological processes in
280 soybean. Other biological processes that decreased in tempeh included carbohydrate

281  metabolism and the tricarboxylic acid (TCA) cycle.
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Soybean is known to contain proteinase inhibitors help regulate the activity of endogenous
proteases during seed development and germination (Hwang et al., 1978; Vorster et al.,
2023). We next asked the impact of tempeh fermentation on the abundance of protease
inhibitors. Since there is no specific Gene Ontology (GO) term annotated for soybean
protease inhibitors, we manually curated a list of 14 protease and proteinase inhibitors
based on a keyword search for "inhibitors" in the gene descriptions. This list includes
families such as cysteine proteinase inhibitors, Kunitz-type trypsin protease inhibitors, and
Bowman-Birk type proteinase inhibitors. Figure 2G depicts the abundance of
protease/proteinase inhibitors from both soybean and tempeh samples. We discovered that,
from the 14 inhibitors, 7 were absent in all five commercial tempeh samples, where the
remaining 7 were found in both soybeans and tempeh samples. This suggests that protease
and proteinase inhibitors in the soybean were susceptible to the fermentation induced

proteolysis, which likely contributed to accelerated process of global proteolysis.

3.3. Fermentation increases neo-peptides generation

Knowing that tempeh fermentation led to proteolysis (Figure 1B), we next sought out to
investigate the type of proteolysis occurred during fermentation. Moving from protein to
peptides analysis, Figure 3A depict the peptides length distribution (ranging from 7-25
amino acids) of soybean and tempeh samples after bottom-up proteomics workflow which
include a trypsin digestion. As predicted, tempeh samples yielded higher abundance of lower
molecular weight oligomer compared to the soybean samples, indicating that the peptides
were likely to contain a cleavage site resulted from the proteolysis, which truncated the
peptides into a shorter peptide, such as 9-mer to 13-mer. Overall, this suggests active

proteolysis in the tempeh samples, likely driven by proteases by Rhizopus spp.
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Figure 3. Peptides-centric analysis reveal more neo peptides fragments generation in
tempeh. (A) The top panel displays the distribution of peptides abundance in both soybean
and tempeh samples in peptides length spanning from 7-25 AAs. (B) Bar graphs show
percentage of the peptides containing either tryptic cut sites (carboxyl termini of arginine and
lysine), and non-tryptic cut sites, at peptides N-term and C-term. (C-D) Two heatmaps
depicting the further breakdown of the peptides non-tryptic cleavage sites carboxyl-termini of
the peptides N-termini (C) and peptides C-termini (D). The heatmaps are color-coded based
on the frequency of each non-tryptic AA appeared in the peptides N or C-terminal in
percentage (%), ranging from low (purple) to high (yellow). Each row represents a samples
wither from soy or tempeh.

To further validate on our hypothesis, we performed peptides-termini analysis to investigate
neo fragments generated by the proteases of Rhizopus oligosporus. Unlike trypsin, which
cleaves peptides specifically at the carboxyl side of lysine and arginine residues,
fermentation process exhibits a broader substrate specificity, leading to the formation of

peptides with non-tryptic termini. By allowing a nonspecific cleavage site in our database
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searches, we identified a significant number of peptides with neo-N or neo-C termini that
were not present in the unfermented soybean samples. As shown in Figure 3B, majority of
peptides (>~80%) contain a tryptic site, whereas 5-20% of peptides contain a non-tryptic

cleavages site, across all samples.

Summing all the non-tryptic cut sites (all peptides’ termini except when contain arginine and
lysine), tempeh samples contain about two times more of peptides carrying non-tryptic
cleavage sites compared to the soy samples (Figure 3B, right panel; 9.18% vs. 18.44% for
N termini, 7.1% vs. 13.24% in C termini), confirming our hypothesis that these neo-terminal
fragments are indicative of the extensive proteolytic activity exerted by fungal enzymes
during fermentation. In addition, it is noteworthy that the tempeh and soybean samples
contain similar number of arginine cleavage sites (~47-48%), whereas tempeh samples
contain less lysine tryptic cleavage site (~34.5-36.5%) compared to soybean samples
(42.746%), suggesting that the sequence containing arginine are likely more resistant to

further proteolysis.

Next, we further analyse the non-tryptic cut sites to see whether there’s an over-represented
cleavages site in these neo generated fragments. Figure 3C-D depicted the AA lies in
carboxyl-termini of non-tryptic peptides cleavage. Notably, we observed a trend of higher
Phe (F) and Asn (N) cleavage sites in both C-and N-terminal of peptides of tempeh samples.
In addition, higher Leu (L) cleavage activity was observed in peptides N-terminal of tempeh,
when compared to the soybean. These observations collectively support the notion that
Rhizopus spp. contributes to a more diverse peptides cleavage through generating non-

tryptic cleavage site.

To summarize, our data underscores the global proteolytic changes in soy proteins, resulting
in the breakdown of high-molecular-weight proteins into smaller, more digestible peptides, as
evidenced in Figure 3A; while at the same time, highlights the specificity of preferred
cleavage sites, as demonstrated in Figure 3C-D. This extensive proteolysis might enhance
the nutritional profile of tempeh by increasing the availability of essential amino acids but

also contributes to its improved digestibility.
3.4. Fermentation improves protein digestibility

Next, we further investigated the significance of proteome differences in relation to human
digestion, aiming to understand whether these differences could potentially translate to
mechanisms of food nutrient absorption. The Infogest protocol provides a standardized
method for conducting in vitro digestion studies, ensuring consistency and comparability

across different research initiatives. As illustrated in Figure 4A, the digesta undergoes
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peptidomics analysis using LC-MS/MS to comprehensively assess the digestibility of food
peptides. This advanced analytical technique allows for the identification and quantification
of a wide range of peptides present in the digesta, providing insights into dynamic

interactions between food peptides and the gastrointestinal environment.

Figure 4B indicate that fermented-soy, tempeh results in better digestibility, as it produces
significantly shorter digested peptides, as evidenced by the higher abundance of peptides
with length ranging 8 — 11, and lower abundance of tempeh peptides with length > 13,
suggesting heightened susceptibility to digestive protease action. Next, we looked into the
sequence of peptidyl termini to understand whether there’s preference in digestive enzymes.
Figure 4C-D depict the sequence motifs derived from peptidyl termini in the gastrointestinal
tract, which reveals distinct substrate specificities among the represented enzymes. The N-
terminal shows an overrepresentation of acidic amino acids, specifically glutamic acid (G)
and aspartic acid (D), at positions near the cleavage sites. This pattern suggests resistant of
digestion due to negatively charged environments or structure caused by acidic residues. In
contrast, the C-terminal of sequence motif demonstrates a stronger preference for basic
residues, notably for soy, arginine (R) and Histidine (H) at the position immediately adjacent
to the cleavage site. In general, the profile exhibits a mix of polar and charged residues
across the spectrum, suggesting a broad enzymatic activity that targets a variety of peptide
bonds. Noteworthy, proline (P) was overrepresented at the second last peptidyl bond (-2
position), suggesting the propyl-x peptide bonds was not accessible by digestive enzymes,
partly due to the aromatic ring of proline. Taken together, these findings imply that the partial
hydrolysis of soy proteins by R. oligosporus during fermentation renders them more
accessible to digestive enzymes, thereby enhancing nutritional bioavailability.
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Figure 4. Digest-peptidome reveals improved digestibility of tempeh. (A) Graphical
illustration of the in vitro human gastrointestinal system and peptidomics analysis. (B) Bar
graph depicts the lengths of peptides present in the digestome, providing insights into their
relative digestibility. (C-D) Sequence motif analysis reveal the probability of over-represented
amino acids found at the termini of peptides. Each position in the sequence logos (from left
to right for N termini or right to left for C termini) corresponds to a specific residue position
relative to the cleavage site.
Finally, to pinpoint whether certain protein domains or motifs remain resistant after both
fermentation and in vitro digestion, we mapped the location of identified peptides across the
most abundant soybean proteins. We select the top 6 soy protein with highest abundance to
further understand the digestibility of these proteins. Each horizontal line in the figure
represents a distinct sample, and vertical bars indicate where peptides were detected along
the amino acid sequence. Digestive pattern in Figure 5A-F suggests that despite
fermentation, there remains specific domain or motif in the protein remained not broken
down. However, comparing the mapped peptides region of soybean and tempeh, it suggests
that the fermentation in tempeh partly breakdown the proteins, which resulted in fewer
digestion resistant protein domain mapped in tempeh compared to the soybean samples. In
all, our in vitro digestion demonstrated that the tempeh has better digestibility, as evidenced
by shorter peptides length and less resistant protein domain, compared to the soybean
samples. These results further confirm that fermentation alleviates digestion bottlenecks,
improving overall protein digestibility relative to unfermented soybean.
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Figure 5. Peptide resistance to digestion mapped across most abundant protein
sequences. This figure illustrates the distribution of peptides at the end of in vitro digestion
across the TOPG6 protein identified. Each horizontal line corresponds to a distinct sample,
while the vertical bars indicate identified peptides present in specific location of a protein,
with colour scale intensity demonstrating its overlapped and cumulative relative abundance
within a protein species.

4. Discussion
To the best of our knowledge, this is the first study to profile protein hydrolysates in tempeh.
One of the key findings is the identification of over 48,000 peptides derived from soybean

proteins.

A central finding of our study is the extensive proteolysis of soy proteins during tempeh
fermentation generate protein hydrolysates, and liberation of neo-peptides during this
process. Deep proteome profiling in this study highlights that tempeh fermentation
significantly increase proteolytic cleavages. The PCA plot indicate that fermentation led to
similar proteome outcomes despite variations in sources of commercial soy and tempeh,
suggesting that the fermentation involving Rhizopus spp. plays a dominant role in shaping
the final products. Data supports that the fermentation process pre-digests the proteins,
making them more accessible for human gastrointestinal enzymes. This pre-hydrolysis likely
contributes to the enhanced nutritional profile of tempeh, supporting its role as a high-quality

protein source in plant-based diets.
4.1. Mechanisms of Fermentation and Enzymatic Activity

Fermentation is a well-established method for improving the nutritional profile of food
products. The fermentation of soybeans to produce tempeh is a complex biochemical
process involving hydration, cooking, inoculation, and caking. Hydration of soybeans is a
critical step that activates endogenous enzymes and prepares the substrate for fermentation.
Soaking the beans in water initiates the activation enzymes, which begin breaking down
complex macromolecules. This activation increases the accessibility of nutrients and
facilitates the action of microbial enzymes during fermentation (Ahnan-Winarno et al., 2021),
which secretes a variety of extracellular enzymes, including proteases, lipases, and
amylases, which further degrade macromolecules into simpler molecules (Nout & Kiers,
2005).

The lack of availability of protease entries in Rhizopus oligosporus databases limits the
comprehensive understanding of these enzymatic processes. Nevertheless, the identification
of neo-terminal peptides highlights the pivotal role of fungal proteases in transforming soy

proteins during tempeh fermentation. In addition, non-tryptic cleavage sites were more
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prevalent in tempeh, highlighting the broader substrate specificity of fungal enzymes
compared to trypsin. At the same time, overrepresented cleavage sites at the neo-peptides

such as Phe and Asn provide insights of the mechanism of action of the Rhizopus enzymes.

Another possibility explanation of the proteolysis is that it might be owing to the plant’s
natural protease in the fermentation process, with Rhizopus aiding the digestion of complex
carbohydrates structure to make protein accessible. Soybeans it known to contain papain-
like cysteine proteases, which are involved in regulating plant growth and stress responses
(Mangena, 2020). Another potential mechanism demonstrated by our findings is that
fermentation effectively reduces antinutritional factors in soybeans, particularly protease and
proteinase inhibitors such as the Bowman-Birk Protease Inhibitor (Martinez et al., 2019),
which is known to inhibit trypsin and chymotrypsin inhibitor, two important digestive

enzymes.
4.2. Nutritional benefits of soybean fermentation

Another significant finding is the reduced allergenicity of tempeh compared to soy. This
reduction in allergenic fragments in tempeh can be crucial for individuals with soy allergies.
Tempeh may offer a safer dietary option for those with soy allergies, enabling them to enjoy
the nutritional benefits of soy without the risk of allergenic reactions. Further studies,
particularly in clinical settings, can explore this aspect of tempeh's safety and tolerability.

Next, improved digestibility of tempeh proteins compared to unfermented soybeans is
another significant outcome of this research. The peptide length distribution of the in vitro
digesta showed that tempeh contained a higher abundance of shorter peptides compared to
intact soy proteins, which likely contributed to improved protein accessibility. Our data
supports the application of tempeh fermentation in animal nutrition, particularly in poultry and
swine diets, in which protease supplements are often included to improve the digestibility of
soybean meal to enhance the availability of amino acids and improve overall nutrient

absorption (Kiarie et al., 2020; Mohammadigheisar et al., 2021).

Previous studies have highlighted the health benefits of consuming fermented foods (Fujita
& Yamagami, 2001; Kim et al., 2008; Kwon et al., 2010; Taniguchi et al., 2008), such as
tempeh over unfermented counterparts. Studies comparing effects of soy- and tempeh-
feeding in diabetic rat models reveal that rats fed tempeh perform better on the oral glucose
tolerance test than rats fed soy (Huang et al., 2018; Park et al., 2012), suggesting that
fermented soy contains additional beneficial components resulting from the fermentation
process. One such component is protein hydrolysates (Lau & Dunn, 2018), which consist of

a mixture of amino acids and peptides resulting from soy protein hydrolysis during
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fermentation. Our digesta profiling not only provides a readily available database to look into
potential bioactive components resulted from the fermentation, but also revealed the

digestion “roadblocks” or bottleneck, providing a target to improve on.
4.3. Limitations of the study

A notable limitation of this study is the use of commercially sourced soybean and tempeh
products, which restricts our visibility into the specific cultivars of soybeans and Rhizopus
strains used in the fermentation process. Nevertheless, principal components analysis of the
proteome (Figure 2D) suggests that tempeh underwent similar protein hydrolysis despite
different brands of commercial tempeh. To address these limitations in future research, it
would be beneficial to source soybeans of known cultivars and produce tempeh with well-
characterized Rhizopus strains in lab, providing greater control over experimental variables
and allowing for more mechanistic analysis of the fermentation process and its effects on the

nutritional and functional properties of tempeh.

Another significant limitation of this study is the inability to provide a detailed mechanistic
explanation for the degradation of major allergens and protease inhibitors during the
fermentation process. While we observed a substantial reduction or complete absence of
major allergens in tempeh compared to soybeans, the exact mechanisms of this degradation
remain unclear from our data. This is owing to the absence of most allergens and protease
inhibitors in the tempeh samples, which precluded us from conducting a proteolytic cleavage

analysis by mapping peptides.

This highlights the need for future studies employing time-course experiments. Such
investigations would provide a more comprehensive understanding of how fermentation aids
in reducing soybean allergens and could potentially inform strategies for producing

hypoallergenic soy products.

5. Conclusion

This research offers valuable insights into the nutritional, allergenic, and proteomic
characteristics of tempeh, highlighting its potential as a sustainable and nutritious plant-
based protein source. The study demonstrates the significant proteome changes that occur
during tempeh fermentation, particularly the extensive proteolysis of soy proteins, which
leads to contribute to improved nutrient bioavailability and a potential reduction in
allergenicity compared to unfermented soybeans. This proteolytic transformation significantly
improves the digestibility of tempeh, facilitating the absorption of essential amino acids. This

finding underscore tempeh's value as a high-quality protein profile.
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Future research could delve deeper into the functional properties of these liberated peptides
and explore their potential applications in functional foods and dietary supplements.
Additionally, investigating consumer preferences and sensory attributes could help increase

the acceptance and integration of tempeh into a wider range of diets and cuisines.

Extending these findings to other legumes and plant-based proteins, it is essential to explore
similar fermentation processes that can enhance the nutritional quality and digestibility of
alternative sources such as lentils, chickpeas, and peas. By understanding the proteolytic
patterns of these legumes, we can develop innovative, nutrient-dense, and allergen-reduced
plant-based products, supporting the diversification of plant-based protein sources and

promoting sustainable dietary practices.
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