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Unraveling Tempeh through omics: a
scoping review of fermentation pathways
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Tempeh, a traditional Indonesian fermented soybean product, is widely recognized for its functional
properties and for containing bioactive compounds produced by microbial fermentation. This study
integrates recent advances in multi-omics technologies to elucidate the microbial community
dynamics, enzymatic pathways, and metabolite transformation underlying Tempeh'’s health-
promoting characteristics. A bibliometric analysis of studies published between January 2000 and
August 2025, indexed in Scopus, PubMed,Web of Science, and ScienceDirect identified 36 relevant
articles that met predefined inclusion criteria. Metagenomic and transcriptomic evidence highlights
the important roles of Rhizopus species and associated Lactic acid bacteria in fermentation, supported
by the presence of genes encoding key enzymes such as phytases, amylases, and proteases.
Proteomic and peptidomic analyses have further identified bioactive short peptides exhibiting
antioxidant and angiotensin-converting enzyme (ACE) inhibitory activities. Metabolomic profiling
revealed elevated levels of amino acids, y-aminobutyric acid (GABA), and isoflavone aglycones,
compounds linked to various health benefits. Collectively, these multi-omics insights provide a
mechanistic understanding of Tempeh’s functional potential and highlight opportunities forinnovation
in fermentation optimization and clinical translation. Future integration of standardized fermentation
protocols with targeted human studies will be essential to advance Tempeh from a traditional food to a

globally recognized functional food product.

Tempeh is a traditional Indonesian fermented food that has been tradi-
tionally considered as one of the cultural staples and a cheap source of
nutrition'. Tempeh is mostly fermented by Rhizopus species by solid-state
fermentation of soybeans, and more recently by other legumes. It is known
to have a firm texture, flavory, and better nutritional value. Other than food
use, Tempeh has become a functional food because of its high protein and its
increased digestibility and the formation of bioactive compounds generated
during fermentation™’. These changes reduce the antinutritional factors and
produce peptides, isoflavone aglycones, folate, y-aminobutyric acid
(GABA), all of which are linked with cardiovascular protection, better
mineral bioavailability, and gut health"”. Tempeh has a protein and amino
acid content of 18-20%. Besides that, Tempeh contains isoflavones
(20-60 mg/100 g), folate (72.76 ug/100 g), and GABA (506.68 mg/100 g)*"*.

Innovations in new technologies of omics, including genomics,
metagenomics, transcriptomics, proteomics, and metabolomics, have

created new possibilities in explaining the complexity underlying Tempeh
fermentation®. Omics systems are very different as compared to the con-
ventional microbiological methods. Classical microbiological methods rely
on biochemical analysis and culture-based recognition, and omics are able
to give high-resolution mapping of fluxes of metabolites, the expression of
functional genes, and microbial communities. Such approaches have always
recognized Rhizopus molds as the main fermenting organism, with the help
of bacterial companions, including Lactic acid bacteria (LAB) and Bacillus
spp. These microbial consortia trigger protein-degrading enzymatic path-
ways, isoflavone-transforming enzymatic pathways, phytate-degrading
enzymatic pathways, and the generation of bioactive metabolites™. Such a
mechanistic perspective puts Tempeh in the context of a fermented product
but in a way that allows it to be used as a model system to study the
mechanisms by which microbial communities convert food matrices into
health-promoting products.
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In addition to this, Tempeh possesses several distinctive characteristics
that make it a valuable model system for investigating microbiome-food
interactions. Compared to other fermented soybean products such as miso,
natto, soy sauce, and doenjang, Tempeh features a diverse microbial con-
sortium. In contrast, many of these other products rely on multi-stage
mixed-culture fermentation, extended fermentation durations, or single
bacterial strains that generate a narrower metabolite profile.

Compared to a large number of other fermented food products, tem-
peh has unique opportunities regarding multi-omics studies. It is made
through a specified starter culture (Rhizopus spp.), yet it also grows a het-
erogeneous bacterial consortium influenced by the raw material, geographic
place, as well as processing procedures’. It is a reproducible process, cul-
turally embedded, generally consumed, and provides a good basis to study
the interplay between microbial ecology, metabolite conversions, as well as
host nutrition'""”. These features both reveal the significance of Tempeh as a
functional food and represent the possibility of its impact on the diversifi-
cation of the world’s diet and better health of the population.

Though the application of omics in Tempeh studies is on the increase,
the existing research is still scattered. Many studies are specific (isoflavone
metabolism, peptide profiling, or microbial diversity) and fail to bring
together the results of multiple layers of omics. Variations interfere with the
comparability of cross-studies in sequencing systems, analysis systems, and
fermentation strategies. Despite the numerous descriptions of bioactives in
vitro or in vivo models, most of them have not been studied in relation to
therapy due to the absence of an evaluation in humans.

This study provides a comprehensive synthesis of omics-based studies
on Tempeh fermentation, integrating evidence from genomics, proteomics,
and metabolomics to address critical gaps in the current understanding of its
functional properties. The purpose of this study is to determine some of the
conserved mechanistic pathways, evaluate the potential of bioactive com-
pounds to be translated to humans, and highlight possibilities of clinical
validation as well as product innovation. Through the combination of
ancient insights and modern results of omics discoveries, the current review
demonstrates Tempeh as a novel cultural and scientific model for investi-
gating microbiome-food interactions and the development of next-
generation functional foods.

Results

Microbiome insights from metagenomics

The microbial succession during fermentation can serve as additional evi-
dence of the changing ecological equilibrium. The first stages are usually
characterized by the dominance of LAB, which create favorable pH con-
ditions that enable the proliferation of Rhizopus. The fungus predominance
in fermentation changes the microbial network and results in the greater
production of bioactive metabolites’. Table 1 shows the microbiome com-
position of Tempeh based on the metagenomic studies and the functional
implications. When non-soy substrates such as Jack Beans, Cowpeas, and
Mung beans are examined using a metagenomic approach, it is found to
contain more bacterial diversity, and metabolic products are more unique’.
The results show that microbial consortia are specific to substrates, which
have prospects of product diversification and functional customization of
Tempeh.

Microbial enzymes and bioactive metabolites
It is the enzymatic machinery of the Tempeh microbiome that makes it a
functional food with a high concentration of bioactive compounds instead
of a raw bean. The most significant of these enzymes are regularly identified
as glutamate decarboxylases, B-glucosidases, phytases, proteases, and folate
biosynthesis pathways. Each serves a specific function in enhancing
digestibility, increasing nutrient bioavailability, or generating compounds
associated with health benefits—microbial enzymes and bioactive meta-
bolites in soybean and non-soybean Tempeh in Table 2.

Although soybean Tempeh has been the best characterized, non-
soybean legumes, including mung beans, jack beans, cowpeas, and winged
beans, have similar enzymatic dynamics, although metabolite profiles are

specific to the substrates. The fermentation process relies on the universal
enzymatic pillars of proteases, B-glucosidases, and phytases, while dec-
arboxylases and vitamin biosynthesis pathways contribute additional layers
of functional value.

Mechanistic pathways of microbial and metabolites of tempeh
bioactives

Complex microbial-substrate interactions during solid-state fermentation
are fundamental to the development of Tempeh’s health-promoting
properties. Rhizopus microsporus (formerly known as R. oligosporus), the
primary fermenting mold, initiates substrate colonization by secreting a
diverse array of hydrolytic enzymes, including lipases, amylases, proteases,
and phytases. These enzymes catalyze the degradation of macromolecules
into smaller, bioaccessible compounds that act as precursors for the
synthesis of functional metabolites. The metabolic profile is further diver-
sified through secondary biochemical transformations mediated by asso-
ciated bacterial species, particularly LAB and Bacillus species, and
occasionally by intestinal commensals. The mechanistic pathways linking
Tempeh-derived bioactives to their host targets, along with the corre-
sponding evidence tiers, are presented in Table 3.

Comparative appraisal of mechanistic pathways in Tempeh
fermentation

Comparison of the overall evaluation of the mechanistic pathways (Table 4)
also shows that the functionality of Tempeh is largely mediated by a com-
bination of conserved microbial processes. Nevertheless, the power of evi-
dence supporting and translational preparedness differs significantly among
metabolites. The relative analysis of the mechanistic pathways highlights the
strengths and weaknesses of the available information regarding bioactives
derived from Tempeh. Protease-mediated peptide release is a highly reliable
and well-reported event, which exhibits a high degree of cross-substrate
reproducible peptide release in both non-soy and soy legumes. Proteomic
and functional studies give strong in vitro and animal data on inhibition of
ACE and antioxidant activity, but have limited human validation". This
puts peptide bioactives in either medium or high levels of translational
readiness, particularly in incorporation into protein-rich functional meals.

Isoflavone to aglycone conversion catalyzed by B-glucosidase has been
ample in numerous substrates and specific molecular links to antioxidant
and estrogen receptor-related activities'*. The pathway shows a high
translational preparedness, where the aglycones have high bioavailability
and are partially validated by human studies. However, the variations in the
case of fermentation conditions and the host responses are still gaps. The
phytase pathway is usually witnessed, especially in combination with Rhi-
zopus and Bacillus fermentation. In vitro and animal research present strong
support for the augmented mineral bioavailability, though it is not con-
firmed in humans.

On the contrary, neuroactive metabolites such as GABA production
and B-vitamin production (folate, corrinoids) have reduced translational
preparedness. GABA is synthesized by LAB, which is consistent'”. However,
the results differ greatly across the strains, and the evidence is largely pre-
clinical. The pathways of folate biosynthesis are clear. But, its actual role in
the dietary intake seems insignificant. The production of corrinoids is highly
debatable, as most of the known compounds are analogs of questionable
nutritional value. As a result, the path points to low to medium prepared-
ness, which requires a large methodological standardization and studies on
human bioavailability.

ESTERs and alcohols produced by the yeast are also sure to add flavor
and customer acceptance in sensory aspects. Though health effects are
insignificant, translation potential is great, with the quality of the products
and marketability. Finally, the short-chain fatty acids (SCFA), which are not
synthesized during fermentation, are indirectly promoted by the con-
sumption of Tempeh'®. Data from animal and indirect human research
indicate moderate translational potential for gut health; however, the exact
interactions between Tempeh and short-chain fatty acids (SCFAs) remain
inadequately characterized.
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15,30,59

Achievable dietary dose; clinical endpoints

(BP, stress)

GABA-producing LAB; glutamate availability;

extended fermentation

Low-Medium

Medium (soy, mung)

LAB GAD — GABA — vascular/neuro effects

58,69

Human bioavailability; retention during

cooking/storage

Folate-producing LAB; oxygen control; minimal

heat loss

Medium

Medium-High

LAB — folate (B9) — one-carbon metabolism

25,54,73

Distinguish true cobalamin vs analogues;

human bioassays

Variable Very low

Enterobacteriaceae corrinoids — “B,-like”

55,61

Health impact minimal; focus on quality/safety

Yeast strain mix; temperature; aeration

High (sensory)

High

Yeast esters/alcohols — sensory

acceptance

7,33,60

Tempeh-specific human microbiome/SCFA

trials

Fiber/protein residue; matrix structure; dose

Medium

High (all legumes provide

residue)

Colonic SCFAs — FFAR2/3, GPR109A

High Consistent across studies, strong evidence (in vitro + animal + some human), Medium Confirmed in vitro/in vivo, no human validation, Low Mechanistic hypothesis only or inconsistent data.

Mapping omics approaches in Tempeh research

Omics is a broad term used to describe a set of scientific approaches used to
analyze complex biological systems at large scales. These high-throughput
technologies enable the comprehensive characterization of biomolecules,
such as genes, transcripts, proteins, and metabolites, and capture thousands
of molecular entities simultaneously to elucidate their functions and
interactions*". By integrating extensive molecular datasets, omics tech-
nologies provide a system-level understanding of biological processes,
moving beyond the limitations of studying individual components in
isolation.

In the context of fermentation science, omics methodologies, parti-
cularly genomics, metagenomics, transcriptomics, proteomics, and meta-
bolomics, have become indispensable for exploring microbial community
dynamics and functional pathways. Applied to Tempeh research, these
methodologies have enabled researchers to map patterns of gene expression,
identify key enzymes involved in substrate transformation, and monitor
changes in metabolic pathways throughout fermentation.

Through multi-layered analytical integration, omics-based research
provides profound insights into the molecular and microbial interactions
that govern Tempeh fermentation. Such insights facilitate the optimization
of fermentation conditions, the enhancement of product functionality, and
the improvement of nutritional profiles in fermented foods.

The study synthesizes findings from multiple omics platforms to
characterize microbial activity, metabolic networks, and the formation of
bioactive compounds during Tempeh fermentation. The combined evi-
dence highlights the potential of omics-driven approaches to advance both
fundamental understanding and applied innovation in functional food
development. A summary of omics methodologies, analytical platforms,
major findings, and current limitations in Tempeh studies is provided in
Table 5.

Discussion

Tempeh is a fermented food in Indonesia, with a usual process that includes
soaking, dehulling, cooking, inoculation with starter culture (Raprima
merk), and solid-state fermentation at specified temperatures and for
defined periods, producing a dense, cake-like texture and a distinctive nutty
flavor. Figure 1 presents the usual process of Tempeh production in
Indonesia.

Omics technologies have enabled the study of microbial communities,
physiology, bioactive peptides, metabolic pathways, and the resulting
functional compounds. Metagenomics and transcriptomics enabled map-
ping microbial succession and functional gene expression. Proteomics has
enabled the mapping of proteins and bioactive peptides, providing
mechanistic insights into protein interactions that underlie health-related
functions and biological processes.

The microbial environment present in Tempeh ensures a strict balance
between fungi and bacteria, where each population works with specific roles
in converting legumes into a nutritionally enriched, bioactive food product.
The most common fungus is Rhizopus oligosporus (90%), whereas Lacto-
bacillus spp. (10-45%), Bacillus spp. (5-30%), and Enterococcus spp.
(2-15%). They are the most frequent bacterial species.

Metagenomics has greatly contributed to a better understanding of the
microbial ecosystem of Tempeh’. As compared to the conventional culture-
based techniques that do not capture diversity, sequencing techniques show
a complex consortium of fungi and bacteria that work in a synergistic way to
promote fermentation. Besides affecting the safety and sensory properties of
Tempeh, the microbial community also synthesizes bioactive compounds of
interest to human health. Rhizopus oligosporus and R. oryzae are always
found to be the most common fungi in these spaces, as per the metagenomic
studies. These species produce extracellular enzymes, such as proteases,
lipases, and phytases, that promote protein digestibility, degrade lipids, and
antinutritional factors such as phytate™”.

Bacterial consortia and fungi have a great role in the determination of
fermentation products. According to high-throughput sequencing, Rhizo-
pus is often co-occurring with LAB (Lactobacillus), spore-forming Bacillus,
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Cleaning and sorting

= 6to 18 hours
* Hydration and mild
acidification (pH 4.5 to 5.0)

Remove impurities, stones,
and damaged soybeans

Final product

( Incubation or fermentation )

2, Py

= White and firm cake bound by
fungal mycelia

Temperature: 30 to 37 °C

Duration: 24 to 48 hours

Aeration: Beans are spread thin (2t0 3
cm thick) and wrapped in perforated
leaves or plastic to allow oxygen
diffusion

= Nutty aroma and enhanced
nutritional profile (vitamin B12)

Fig. 1 | The Traditional Indonesian Tempeh Production Process.

Manual or mechanical removal of
seed coats to promote Rhizopus
colonization

= Boiling (30 to 60 minutes)
= Softens beans and kills
unwanted microorganisms.

!

Partial cooling

Beans should be warm
(around 35 to 40 °C) before
inoculation

Rhizopus spp. spore suspension or
powdered inoculum (traditionally
Rhizopus oligosporus or R. oryzae)

= Mixed uniformly with cooked soybeans.

and enterococci. Bacteria also help in the creation of flavor, release anti-
microbial peptides, and stabilize the microbial community through the
production of organic acids that suppress the growth of unwanted
organisms™'’. Enterococcus strains that produce bacteriocins have been
discovered, highlighting the possible role of Tempeh in food safety. Func-
tional genes and pathways favoring bioactivity are emphasized by metage-
nomic information. Isoflavone glycosides are converted to aglycones by
genes that encode -glucosidases, which are more potent antioxidants and
estrogens'’. An association between genes coded to phytase and reduced
phytate concentrations and enhanced mineral bioavailability exists. Addi-
tional potentially beneficial neuromodulatory benefits of Tempeh intake are
indicated by other avenues of GABA biosynthesis.

Rhizopus oligosporus and R. microsporus are filamentous fungi that are
at the core of this ecosystem, and which are always known to be the most
common molds in Tempeh fermentation™. The high rate of mycelial growth
joins soybeans and other legumes in the tight cake-like Tempeh that allows
numerous enzymatic actions. These fungi produce proteases, amylases,
lipases, and phytases that break down complex macromolecules to smaller
and more accessible ones. The result is a product with an increased protein
digestibility, a better mineral availability, as well as increased concentrations
of bioactive metabolites, such as isoflavone aglycones™'.

The most ubiquitous of the dynamic bacterial consortia that envelops
this fungal center is LAB, including Lactobacillus plantarum and Lactoba-
cillus fermentum™. These microorganisms acidify the medium, release
bacteriocins which prevent the growth of spoilage microorganisms, and
these organisms also work together with Rhizopus to ensure a stable fer-
mentation process. Bacillus species, in particular, B. subtilis, are of sig-
nificance. Proteins are used as proteases and amylases; the difference is in the
process of hydrolysis, which results in small peptides and a more complex
flavor. Enterococcus species have been observed in various studies and could
possibly be involved in proteolysis and acidification, but the presence of this
species is usually treated with caution since they may be opportunistic

suggested that Klebsiella might be instrumental in the production of vitamin
By, in Tempeh and hence improved the value of the product to the vege-
tarian diets™. Recent studies have cast doubt on the original purpose of the
identified corrinoid compounds as bioactive B, or mere analogues that
have little nutritional use”. This discussion brings back the reconsideration
of the historical microbiological discoveries by modern molecular
techniques.

The use of the omics technologies has changed the knowledge of the
Tempeh microbiome at its core. In the past, the study has been based mainly
on the cultivation technique, thus leaving behind those that are unculturable
or those whose concentration is low. Conversely, more detailed information
on bacterial and fungal community structures has been obtained in recent
times with the use of modern 16S rRNA and ITS sequencing tools. It has
been established through studies that Rhizopus molds and LAB are pre-
dominant, but it is also possible that minority taxa may also influence flavor,
safety, or the production of certain metabolites””. Besides community
mapping, metagenomics has also determined particular microbes contained
in functional groupings of genes, including protease, phytase, and
B-glucosidase activities. The use of the metatranscriptomic techniques gives
very useful information in that the presence of genes is not the only infor-
mation, but the active involvement of the genes during the fermentation
process. The experiments show that Rhizopus proteases and phytases reach
their maximum activity in the first few hours of fermentation. On the
contrary, bacterial carbohydrate-active enzymes are more common at later
stages, in accordance with the acidification and flavor maturation process%.
This time-dependent activity suggests that Tempeh fermentation is a
dynamic process that is defined by a series of microbial activities, that is,
fungi and bacteria complement each other in their roles at various stages.

The findings indicate that the Tempeh microbiome is stable and
malleable. The regular activity of Rhizopus molds is necessary. The diversity
of the bacteria depends on the nature of the raw material (soybeans and
other legumes), geographic practices, and the period of fermentation. This

pathogens™”. Klebsiella pneumoniae is considered the most controversial ~ flexibility of the legumes explains the common microbial structure of Mung
participant of the Tempeh microbiome. This study was preceded by a study ~ Bean, Jack Bean, Winged Bean, and Cowpea Tempeh, and unique differ-
that employed the application of culture-based identification, which ences in bacterial count and enzymatic functions™”*. Indonesian
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researches on Jack Bean Tempeh report the importance of Lactobacillus and
Bacillus in creating peptides that have bioactive potential’. Conversely,
African studies regarding the role of winged bean and cowpea Tempeh have
shown that the latter can be used to generate LAB-rich fermentations that
generate antioxidant and antihypertensive peptides.

The activity of glutamate decarboxylase in Lactobacillus plantarum and
Lactobacillus fermentum makes it possible to produce a bioactive com-
pound, y-aminobutyric acid (GABA), which has neuroactive and hypo-
tensive properties. Though the concentrations are moderate compared with
specialist GABA-enriched foods, studies have shown that soybean has been
significantly increased in mung bean Tempeh'*”". The data show that the
fermentation environment or nutritional supplementation of substrates can
be optimally adjusted to boost the GABA synthesis, thereby increasing the
functional food profile of Tempeh.

Another important contribution is made by the mechanisms of folate
production, which are mainly generated by Lactobacillus and Enterococcus
and mediated by LAB. Rezac et al.” confirm that the synthesis of folates in
soybean Tempeh is critical in reducing the level of the homocysteine amino
acid and enhancing the metabolism of one-carbon. Also, initial tests show
folate accumulation in Cowpea and Jack Bean Tempeh, which can confirm
the idea that LAB activities are preserved in substrates™. Vitamin By, or
cobalamin-like compounds still remain disputable. Recent findings in the
field of omics suggest that the Klebsiella pneumoniae and Citrobacter
freundii are often involved in the production of corrinoid analogs of low
bioactivity, though the literature on the topic suggests that such bacteria are
involved in B,, production'“**. Such a difference is an indication of the need
to integrate metabolomics and bioassays in order to authenticate nutritional
claims.

The microbiome of Tempeh is described as a fungi-bacteria con-
sortium, in which Rhizopus molds are used to make the primary transfor-
mation, and bacteria are used to optimize nutritional and sensory
characteristics. Omics-driven research is providing mechanistic informa-
tion elucidating long-standing observations and making the manipulation
of substrates and starter cultures less deliberate. These strategies can allow
optimizing Tempeh to taste and texture and use it as a microbiome-driven
food whose relevance goes beyond its Indonesian setting.

Enzyme of Tempeh production give health benefit and significant
importance, such as proteases produced by Rhizopus oligosporus, R.
microsporus, and co-fermenting bacteria, including Bacillus subtilis and
LAB. In addition to increasing nutritional value, they hydrolyze storage
proteins into smaller peptides and amino acids, producing bioactive pep-
tides with antihypertensive and antioxidant qualities. While similar pro-
teolytic activity has been observed in non-soybean substrates like mung
beans, jack beans, and cowpea, although the peptide profile varies
depending on the legume matrix, multiple in vitro studies have confirmed
the presence of ACE-inhibitory peptides in soybean Tempeh™". Protease
activity is retained, but a variety of substrates introduces novel peptide
repertoires with possibly different bioactivities, according to this theory.

Another characteristic of Tempeh fermentation is the activity of
B-glucosidases, which are primarily found in LAB and Rhizopus molds™,
these enzymes hydrolyze isoflavone glycosides in soybeans to produce
aglycones such as genistein and daidzein, which exhibit more pronounced
estrogenic and antioxidant actions and better intestinal absorption. This
conversion exemplifies the microbiome’s role in enhancing bioactive
compounds in fermented foods. Non-soy legumes, including jack bean and
cowpea, exhibit lower isoflavone levels but still demonstrate -glucosidase
activity, which has been associated with enhanced polyphenol availability
and antioxidant effects™. Consequently, B-glucosidase activity is a conserved
function across various substrates, although the specific metabolites vary
according to the phytochemical profile of the legume.

Phytase activity, mainly associated with Rhizopus and Bacillus species,
is essential for degrading phytate, the primary antinutrient found in
legumes. Lower inositol phosphates improve the bioavailability of calcium,
zinc, and iron by reducing mineral chelation™*. This has been shown in both
soybean and non-soybean Tempeh. The importance of this enzymatic route

in diversifying Tempeh beyond soy is highlighted by the correlation between
increased mineral bioaccessibility and phytase activity in jack bean
Tempeh™.

The host’s intestinal microbiota fermentation byproducts must not be
disregarded. Tempeh provides substrates, including refractory peptides and
dietary fiber, that are fermented by microbes in the human gastrointestinal
tract, producing short-chain fatty acids (SCFAs) such as acetate, propionate,
and butyrate. Mediators of intestinal barrier integrity, inflammatory reg-
ulation, and metabolic health are known as these short-chain fatty acids**".
The impact of the Tempeh microbiota is not restricted to the fermentation
chamber, and it also affects the gastrointestinal ecology of the host.

The mechanistic pathways of Tempeh result by metabolomics analysis.
Some of metabolite found on tempeh production, such as bioactive peptides,
isoflavone aglycones, IP5-IP3, GABA, Folate, B;,, Organic acids, and
SCFAs. Rhizopus oligosporus and R. microsporus release proteases that
hydrolyze legume proteins into smaller peptides, while Bacillus subtilis and
LAB peptidases enhance this process. These peptides have consistently
demonstrated the ability to block angiotensin-converting enzyme (ACE)
in vitro, indicating a hypotensive action™. Animal studies have demon-
strated a decrease in systolic blood pressure in hypertensive rat models
treated with Tempeh hydrolysates, as well as improvements in oxidative
stress indicators, including malondialdehyde levels and glutathione
activity™.

Non-soy legumes, including Jack Bean, Mung Bean, and Cowpea,
exhibit comparable proteolytic activity; however, the peptide sequences vary
due to differences in substrates™*”. This indicates that ACE-inhibitory
capacity is a conserved result, although the variety of peptides may expand
the functional range.

Isoflavones represent a significant characteristic of Tempeh’s bioac-
tivity. In unfermented soybeans, isoflavones exist as glycosides, which have
low absorption rates. During fermentation, B-glucosidases from Rhizopus
and LAB hydrolyze them into aglycones, such as daidzein and genistein,
which are more efficiently absorbed in the intestine. These aglycones can
bind to estrogen receptors and activate Nrf,, thereby increasing the pro-
duction of antioxidant enzymes’**”’. Animal research has shown decreases
in oxidative damage and lipid peroxidation, but human studies on soy
isoflavones—albeit not unique to Tempeh—indicate enhancements in
vascular function and alleviation of menopausal symptoms®’. When com-
pared to unfermented soybeans, soybean tempeh usually contains 20-60 mg
total isoflavones per 100 g, with genistein and daidzein aglycones increasing
by roughly 2—4 times. The pathway of isoflavone metabolites of Tempeh can
be shown in Fig. 2.

Tempeh made from soybeans is widely recognized as a functional food
due to its high content of bioactive compounds, including peptides and
isoflavonoids such as daidzein and genistein. Fermentation is essential for
making these molecules more bioavailable because it breaks down glycosidic
bonds, which raises their aglycone content and biological activity*"*”. The
compounds are key to cellular pathways that control oxidative balance,
immune response, and cancer prevention.

Figure 2 illustrates how bioactive compounds in soybeans used to make
Tempeh can affect various molecular mechanisms, particularly those
involved in tumor growth. Peptides are formed during tempeh fermentation
independently of isoflavone metabolism, as a result of Rhizopus protease-
mediated hydrolysis of soybean proteins. These peptides are neither sub-
strates nor intermediates in the transformation of isoflavone glycosides
(daidzin, genistin) into aglycones (daidzein, genistein).

Isoflavonoids interact with receptor tyrosine kinases and vascular
endothelial growth factor receptors (VEGFRs), which are essential for
controlling angiogenesis and cell growth. Genistein blocks the PI3K/AKT/
mTOR signaling pathway, leading to lower expression of oncogenic genes,
reduced angiogenesis, and inhibited tumor cell development™*. Daidzein
has similar effects, but they are usually weaker. Daidzein interacts with
genistein to alter the downstream targets of these pathways®. Tempeh-
derived isoflavonoids may lower the risk of cancer through dietary inter-
vention by slowing the PI3K/AKT/mTOR cascade.
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The 3-hydroxyanthranilic acid, a tryptophan metabolite, is essential for
controlling oxidative stress. High levels of this metabolite can control
mitochondrial pathways, which can cause the release of reactive oxygen
species (ROS) that start apoptosis by turning on the APAF and Caspase-3
proteins*¥.

Figure 2 shows that Tempeh flour and essence can be used in a variety
of product formulations, such as pastries, complementary foods, fortified
ingredients, and dietary supplements. These applications are in line with the
rising customer needs of healthy functional foods that prevent disease, as
well as are healthy*. Also, the inclusion of Tempeh-based foods in the child
nutrition programs can help alleviate malnutrition and stunting, particu-
larly in regions where access to animal-based proteins is limited”.

Legumes contain phytate, which is an important antinutritional factor,
because it complexes important minerals. The phytates are broken up by
phytases of Rhizopus and Bacillus into smaller inositol phosphates, releasing
bound minerals. Different in vitro digestive systems show increased solu-
bility of iron and zinc in fermentation'>**, and animal experiments show that
rats fed on Tempeh have a higher hemoglobin regeneration capacity
compared to nonfermented beans®. This process does not apply just to soy
but also to other legumes, including the jack bean, where phytase activity
correlates with an increase in the bioaccessibility of iron and zinc. However,
there are no human trials, and above all, without direct absorption or isotope
tracer studies, no conclusions can be made about mineral bioavailability.
The route is physiologically authentic and indicates one of the most nutri-
tionally important outcomes of Tempeh fermentation.

The accumulation of y-aminobutyric acid (GABA) in Tempeh is due
mainly to microbial glutamate decarboxylase (GAD) activity, a process
observed in both soybean-based and non-soy legume Tempeh. During
fermentation, LAB, especially Lactobacillus plantarum or L. fermentum,
catalyze the conversion of glutamate to GABA, and these effects increase

GABA levels in soybean Tempeh by large margins relative to unfermented
beans'*”. In addition to LAB species such as Enterococcus, Lactococcus,
Leuconostoc, and Streptococcus, certain Bacillus and yeast strains possessing
GAD-encoding genes have been associated with GABA synthesis in fer-
mented foods. Although these taxa generally occur at lower abundances
than LAB in Tempeh fermentations, their collective genetic potential sug-
gests that GABA production is a community-level metabolic function rather
than being limited to particular LAB strains.

GABA production in Tempeh is influenced by the type of substrate
used. Soybeans and non-soy legumes differ in their initial amino acid
composition, particularly in glutamate concentrations, and in the extent of
proteolysis occurring during Rhizopus-mediated fermentation. Substrates
with elevated intrinsic glutamate concentrations or those subjected to
enhanced proteolysis yield a larger free glutamate reservoir, thereby facil-
itating greater GABA biosynthesis. The different legumes (mung beans, Jack
beans, and cowpeas) can exhibit varying levels of GABA accumulation
during fermentation, reflecting differences in their protein structures and
amino acid profiles that have different metabolic potentials for different
substrates.

In vitro experiments validate the production, while animal models
demonstrate a decrease in blood pressure following the consumption of
GABA-enriched fermented food'*. Comparable findings have been
reported for Mung Bean Tempeh, indicating that substrate composition
affects glutamate availability and, consequently, GABA vyield™.

Folate biosynthesis during tempeh fermentation with LAB, as con-
firmed by both culture-dependent assays and genetic analysis that anticipate
folate biosynthesis pathways’'. Folate is involved in the one-carbon meta-
bolism, DNA synthesis, and homocysteine regulation. The in vitro tests
show an increase in folate level following fermentation, but the rodent tests
confirm its bioavailability. Essentially, non-soy legumes such as Jack Bean
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and Cowpea are folate-enriched”>”. The finding is promising to the
population groups that are at risk of folate deficiency. But human infor-
mation is extremely limited, and there is no clear indication on whether
folate, as a by-product of Tempeh, is of significant benefit to nutritional
adequacy in real-life diets. Thus, despite the clear evidence of the microbial
potential, the nutritional effect requires human confirmation.

One of the most controversial issues of the nutritional profile of
Tempeh is the possible contribution of vitamin B;, (Cobalamin). Pre-
liminary studies proposed that corrinoid compounds produced by bacterial
consortia during fermentation could possibly be found in quantifiable
amounts in Tempeh™*'. These results created a lot of interest, particularly
among the vegetarian and vegan communities, because B, is usually found
in non-vegetarian diets.

The majority of the corrinoids found in Tempeh are not biologically
active versions of vitamin By ,, but are analogs that can either not bind as a
cofactor or may interfere with B;, metabolism™. These analogues can affect
the By, assays, resulting in false-positive results and overestimation of the
true nutritional value.

Furthermore, the microbial pathways that generate active cobalamin
are inadequately characterized, as Rhizopus does not produce B, and the
bacterial associates involved, such as Klebsiella pneumoniae and Propioni-
bacterium freudenreichii, are sporadically found in natural fermentation.

Yeasts such as Saccharomyces cerevisiae and Candida tropicalis con-
tribute carbohydrases and esterases, generating alcohols, esters, and organic
acids. These compounds are primarily responsible for Tempeh’s aroma and
flavor but may also contribute minor probiotic or antioxidant effects*”.
Their contribution to consumer acceptance cannot be overlooked since
their direct health effects are insignificant when compared with those of
peptides or isoflavones, but their cultural and dietary significance cannot be
ignored to make Tempeh culturally and dietarily relevant.

The intestinal microbiota is able to produce short-chain fatty acids
(SCFA). Acetate, propionate, and butyrate are produced by the intestinal
microbiota using partially hydrolyzed substrates, dietary fiber, and resistant
proteins introduced via Tempeh intake. These SCFAs communicate with
FFAR2/3 receptors and GPR109A, which improves gut barrier activity,
alters immunological reactions, and controls metabolism'®”. These effects
are regularly supported by animal research, but the human results are
obtained as a result of fiber and prebiotic studies and not the specific
Tempeh intervention. This is the case of fermented foods, which indirectly
influence the host physiology through the changes in gut flora.

Tempeh plays a greater role in cardiovascular health promotion.
Protein-derived peptides of Rhizopus, Bacillus, and LAB exhibit consider-
able ACE-inhibitory and antioxidant effects, which is why the proposal of
the mechanism of antihypertensive effects is possible. In vitro and animal
experiments have indicated a decrease in blood pressure and oxidative stress
with exposure to Tempeh-derived peptides™. This pathway is also pre-
served in non-soy substrates’ as indicated by recent studies on a Jack Bean
Tempeh.

Isoflavone aglycones generated via -glucosidase activity enhance this
cardiovascular potential. The fermentation of Tempeh enhances anti-
oxidant activity and facilitates estrogen receptor-mediated vascular benefits
by hydrolyzing glycosylated isoflavones into their more bioavailable agly-
cone forms**”. Clinical evidence regarding soy isoflavones indicates
enhanced vascular elasticity and alleviation of menopausal symptoms'*. The
findings support the use of Tempeh peptides and isoflavones in the for-
mulation of functional supplements, peptide-rich protein powders, and
nutraceutical products designed for populations at risk of hypertension,
cardiovascular disease, and oxidative stress.

Tempeh can play a major role in alleviating the shortage of micro-
nutrients, which has continued to be a challenge in plant-based diets. Phytic
acid is decreased by the production of phytases by Rhizopus and Bacillus,
which liberate bound minerals and increase the bioavailability of iron, zinc,
and calcium. Models of in vitro digestion and animal research studies
provide evidence that the solubility of minerals and hemoglobin regenera-
tion improve significantly with the intake of fermented legumes™*. LAB is

also able to augment folate fortification throughout the fermentation pro-
cedure, hence elevating Vitamin By in Tempeh”*. Folate fortification is
highly important in the one-carbon metabolism and homocysteine reg-
ulation, and it is important to note that it has critical consequences on
maternal and child health. The pathways reflect how Tempeh can be used as
a delivery system of functional flour, fortified noodles, school-feeding
snacks, and supplements to support the objectives of pregnant women in
high-stunting, anemia, and neural tube defect regions.

Legumes are transformed into Tempeh by fermentation of the
microorganisms to add value and produce a variety of bioactive compounds
that have established health effects. These pathways are supported by
in vitro tests, animal experiments, and, in a few cases, small-scale human
experiments. Such results make Tempeh one of the emerging functional
food platforms, which includes both traditional and innovative uses. Figure 3
demonstrates the metabolites of Tempeh produced in human health.

Figure 3 shows metabolites of tempeh that are generated in human
health, including cardiovascular health, micronutrient metabolism, gut and
systemic health, and sensory acceptance. Along with cardiovascular and
nutritional actions, Tempeh bioactives can be involved in the influence on
the neurological functionality and stress regulation. Although synthesized in
small quantities, LAB-generated GABA has been associated with blood
pressure decrease and sedation in the animal models®*”. There are no
clinical studies that have directly evaluated GABA in Tempeh, but the
optimization of starter cultures and fermentation could potentially increase
GABA production, and in the future, GABA-enriched drinks, teas, or
nutraceuticals can be developed to relieve stress and manage mild hyper-
tension. It is possible that isoflavones and antioxidant peptides can have
neuroprotective effects via Nrf2-mediated antioxidant responses, suggesting
that Tempeh could serve as a potential functional food for cognitive health;
however, additional evidence is necessary.

The other essential field of functional implementation is gut health and
microbiome modulation. In addition to the direct contribution of the
probiotics LAB, Tempeh contains precursors, including fiber, resistant
proteins, and partially fermented peptides, which are fermented in the colon
to produce SCFAs, including acetate, propionate, and butyrate. These
metabolites exert their action through FFAR2/3 and GPR109A receptors
and increase gut barrier integrity, regulate immune responses, and control
metabolic pathways™®. Although the benefits of SCFA have been well
demonstrated in fiber studies, the benefits of Tempeh as a specific feed have
not been clinically validated. However, synbiotic products,
probiotic—prebiotic combinations, or gut-health snacks made out of Tem-
peh have the potential to develop in the population with obesity, inflam-
matory bowel disease, and metabolic dysregulation.

Not every microbial metabolite can be a good functional bioactive. An
example represented by the case of the corrinoid compounds, namely B, ,-
like analogues, is quite informative. Initial reports indicated that Tempeh
could serve as a source of vitamin B, but recent reports have proven that
most of these molecules are inactive analogues, which are not active
nutrients in humans™.

The contribution of volatiles, predominantly of yeast origin, is also very
prominent in the creation of flavor and aroma. Alcohols, esters, and organic
acids exhibit minimal direct health effects; however, they significantly
impact consumer acceptance and dietary adherence®. In the design of
functional foods, palatability and sensory quality are crucial for consumer
acceptance, thereby rendering yeast metabolism indirectly necessary for the
success of Tempeh-based functional products.

A key group of biomarkers of the fermentation process includes
bioactive peptides, isoflavone aglycone, phenolic compounds, organic acids,
fibrinolytic enzymes, and B-complex vitamins. Bioactive peptides generated
through extensive proteolysis by Rhizopus microsporus, LAB, and Bacillus
subtilis increase the abundance of short peptides with angiotensin-
converting enzyme (ACE)-inhibitory, antioxidant, anti-inflammatory,
and antidiabetic properties. These markers have been tied to cardiovascular
and anti-inflammatory activities and are now clearly listed with microbial
sources and mechanisms.
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The main keywords in the area of Tempeh as a functional food research
by bibliometric analysis. The co-occurrence analysis of keywords, generated
using Biblioshiny, highlights the thematic distribution and research focus
areas related to the keywords “Tempeh” or “tempe” and “functional food”,
as well as the keywords “Tempeh” or “tempe” and “functional food” and
“health benefit”. The largest and most prominent term in the network is
“fermentation.” This indicates that fermentation is the most important
across all publications, and Tempeh is produced by fermentation. Sur-
rounding the term “fermentation”, there are five color-coded clusters. Each
of these clusters represents a primary thematic domain within the research,
while maintaining interconnectedness across each topic. Figure 4 presents a
network map of correlations between keywords in the articles.

Based on Fig. 4, the red cluster is concerned with soy, with research
focused on soy foods, soybeans, isoflavones, nutrition, bioactivity, and
human health, and on how soy and its bioactive compounds are central to
metabolism and diet. In addition to that, speak about microbial ecology and
the fermentation basis of Tempeh studies. The keywords that prevail in this
cluster are Rhizopus, soybean, microorganisms, microbiota, and fermenta-
tion process. These words emphasize the role of the Rhizopus species as the
fundamental fermenters and the role of bacterial consortia, in particular the
LAB and Bacillus spp., in the formation of the biochemical and safety profile
of Tempeh. This group reflects the initial phase of research as it aims at
defining the microbial players and the nature of the enzyme activities, as well
as how the choice of substrate and conditions of fermentation affect the
succession of the microbes.

The blue cluster also takes Tempeh as a fermented product made of
soy, which is associated with Glycine max, isoflavone derivatives, food
processing, and microbial activity, thus providing insight into the functional
food nature of Tempeh as an ingredient with nutritional and cultural uses. In

addition to this, comment on the discovery of protease-cleaved peptides,
B-glucosidase-mediated isoflavone aglycones, and phytase-mediated
mineral bioavailability as conserved bioactivity pathways in soybean and
non-soy substrates. The relevance of bioactive peptides and metabolomics
in this cluster highlights the increase in the importance of mechanistic
research in order to support the findings of Tempeh as a functional food.

The green cluster concentrated on fermented milk and related
microbial interactions, bacteria, biochemistry, and microbiology, which
denotes research studies on the processes of fermentation in dairy products
and their health effects. Moreover, it shows a translational pathway where
the biochemical changes occurring in the fermentation process are corre-
lated with the functional ones, including the minimization of oxidative
stress, better vascular status, increased mineral absorption, and better
digestibility of proteins. The cluster represents the shift of Tempeh research
out of the laboratory characterization to the relevance of the research to the
field of public health, which is in line with the growing interest in plant-
based diets and sustainable protein sources globally.

The purple cluster deals with genistein, with specific isoflavone deri-
vatives, such as genistein, glycitin, daidzein, malonyl daidzein, and acetyl
daidzein, and with more advanced methods, including metabolomics and
antioxidant profiling, thus representing the biochemical and molecular
aspects of the soy research. The fact that these keywords are predominant
shows that this cluster is biochemical in nature, and there is a trend whereby
more and more research is trying to quantify the variations in the isoflavone
concentrations and associate them with functional health outcomes. The
fact that metabolomics, antioxidant profiling, and molecular assays have
been included in this cluster proves the use of advanced analytical techni-
ques that allow a researcher to trace the presence of isoflavones, their
transformation into aglycones, bioavailability, and the antioxidant ability.
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The purple cluster represents the biochemical and molecular elements of soy
and Tempeh studies, in which the traditional gender of health benefits is
being validated and mechanistically explained by modern omics-based
methods.

The final-colored cluster is the orange cluster that dwells on oxidative
stress and targets the health effects of bioactive compounds, especially their
antioxidant capabilities in combating oxidative stress, which is an important
determinant in the alleviation of chronic diseases. This cluster highlights
antioxidant activity and depicts the involvement of protease-derived pep-
tides, isoflavone aglycones, and polyphenolic metabolites in alleviating
oxidative damage at the cellular level. The use of vocabulary concerning the
antioxidant profiling and stress-response pathways indicates the use of
biochemical and cellular assays to support these effects, with the focus on
omics methodologies and functional tests to prove the protective role of
Tempeh bioactives. The orange cluster indicates the translational nature of
the Tempeh research, whereby mechanistic findings on bioactive synthesis
are directly linked to their capacity to alleviate oxidative stress and promote
long-term health.

Taken together, this scoping review demonstrates that tempeh is a
cultural heritage and a field of nutritional science that is interconnected in
distinct yet harmonious ways, in which microbial fermentation undergoes
profound biochemical and functional transformations. Through the
application of omics technologies, including metagenomics, proteomics,
and metabolomics, recent studies have begun to elucidate the complex
microbial consortia and enzymatic pathways that underlie Tempeh’s
enhanced nutritional quality and health-promoting properties. Metage-
nomics, proteomics, and metabolomics identified the consortium micro-
organisms (Rhizopus sp., LAB, Bacillus sp., and yeasts) that carry out
enzymatic processes that enrich legumes with nutritional and bioactive
compounds, producing bioactive and nutritionally enriched foods. The
functional potential of Tempeh is attributable to key markers, including
bioactive peptides, isoflavone aglycones, phenolics, vitamins, GABA, and
other metabolites.

Nevertheless, to realize the full potential of Tempeh as a functional food
for global markets, these findings highlight opportunities to move beyond
descriptive research toward integration, standardization, and clinical ver-
ification. By connecting omics-based evidence to population health
requirements, Tempeh can serve as a viable prototype for functional food
innovation and sustainable nutrition, especially plant-based nutrition, car-
diovascular health, and micronutrient adequacy. Moreover, the integration
of omics provides evidence-based insights through deliberate control of
fermentation parameters, offering a realistic pathway to enhance selected

bioactive components. Such an approach not only supports the develop-
ment of improved Tempeh products but also creates opportunities for novel
functional ingredients, nutrient-dense, fortified foods, and applications in
clinical and population-level nutrition.

Methods

Protocol and reporting framework

In this study, the PRISMA 2020 guidelines were followed to remain trans-
parent and reproducible during the process of identifying the studies,
screening them, and selecting the suitable ones, as well as during the
synthesis.

Search strategy

An extensive literature search was conducted in Scopus, PubMed, Web of
Science, and ScienceDirect to detect omics-based research on Tempeh
fermentation published in the period between January 2000 and August
2025. The search query was a combination of controlled terms and free-text
words such as “Tempeh,” “Rhizopus oligosporus,” “fermentation,” “omics,”
“metagenomics,” “proteomics,” “peptidomics,” “metabolomics,” “bioactive
peptides,” and “functional foods.” Additional relevant studies were also
filtered from the reference lists of the retrieved articles so that they can be
covered more widely.

» <«

» «

Eligibility criteria

Two complementary frameworks (SPIDER) (Sample, Phenomenon of
Interest, Design, Evaluation, Research type) and PICO (Population, Inter-
vention, Comparison, Outcomes) were used to select the inclusion criteria to
certify exhaustive coverage. The SPIDER framework, which focused on the
sample (Tempeh or Tempeh-derived products), was used to capture
exploratory and qualitative dimensions, encompass the phenomenon of
interest (omics-based investigations of fermentation and bioactive com-
pound formation), study design (experimental or analytical), evaluation
(reported microbial, enzymatic, metabolite, or bioactive outcomes), and
research type (original research articles). Whereas the PICO framework has
a different focus, it was applied to guide quantitative and comparative
assessments such as defining the population (Tempeh or soybean/legume
substrates), intervention (fermentation processes or omics analyses), com-
parison (pre- vs. post-fermentation, or between strains or conditions), and
outcomes (microbial composition, enzymatic pathways, metabolite profiles,
and bioactive properties). The eligible listed studies are those that applied at
least one omics technique, such as metagenomics, proteomics, metabo-
lomics, or transcriptomics, to Tempeh or Tempeh-based products, reported
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microbial, enzymatic, metabolite, or bioactive outcomes, and were pub-
lished in peer-reviewed English-language journals. Both soybean Tempeh
and non-soy legume variants were considered. The excluded studies from
the review were non-omics studies, reviews, editorials, conference abstracts,
non-English publications, and papers not focused explicitly on Tempeh.

Data extraction and synthesis

The findings were synthesized narratively and categorized thematically into
metagenomics, proteomics and peptidomics, metabolomics, and multi-omics
integration. This categorization facilitated cross-comparison of microbial
pathways, biochemical transformations, and potential health outcomes.

Bibliometric analysis

To map the trends of publication in the world and co-authorship rela-
tionships and clusters of keywords in the topic of Tempeh-omics research, a
bibliometric analysis was conducted using VOSviewer. Scopus was used to
extract the data on 28 August 2025 in CSV format in Biblioshiny and RIS/
BibTeX format in VOSviewer. RStudio version 4.5.1 was used to perform the
analysis based on the Bibliometrix/Biblioshiny package, with duplicates
removed via DOI-based matching and manual title verification, while
VOSviewer Online (Web-based Co-occurrence, Co-authorship, and Cita-
tion Mapping Tool) was used to generate network visualizations. It uses =5
author keywords, 23 documents, and >20 citations as thresholds of co-
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authorship, citation analysis, respectively. To provide the reproducibility of
the results, all the raw CSV/RIS files, VOSviewer project files, and parameter
settings are provided as supplementary materials. The PRISMA 2020 flow
diagram (Fig. 5) shows the process of the study selection. A total number of
636 records were found, of which 512 were found after the elimination of
duplicates. Following screening of titles and abstracts, 120 full-text articles
were assessed concerning their eligibility, and 36 studies were incorporated
in the final review.

Data availability

The data are available on request.
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