University of Massachusetts Amherst

ScholarWorks@UMass Amherst
Doctoral Dissertations

Dissertations and Theses

December 2020

Effects of Tempeh Fermentation on Soy Free and Bound
Phenolics: Release, Transformation, and Stimulated Production
Amadeus Driando Ahnan
University of Massachusetts Amherst

Follow this and additional works at: https://scholarworks.umass.edu/dissertations_2
Part of the Food Chemistry Commons, Food Microbiology Commons, Food Processing Commons,
Genomics Commons, and the Other Food Science Commons

Recommended Citation
Ahnan, Amadeus Driando, "Effects of Tempeh Fermentation on Soy Free and Bound Phenolics: Release,
Transformation, and Stimulated Production" (2020). Doctoral Dissertations. 1981.
https://orcid.org/0000-0002-5121-387X https://scholarworks.umass.edu/dissertations_2/1981

This Open Access Dissertation is brought to you for free and open access by the Dissertations and Theses at
ScholarWorks@UMass Amherst. It has been accepted for inclusion in Doctoral Dissertations by an authorized
administrator of ScholarWorks@UMass Amherst. For more information, please contact
scholarworks@library.umass.edu.

EFFECTS OF TEMPEH FERMENTATION ON SOY FREE AND BOUND
PHENOLICS: RELEASE, TRANSFORMATION, AND STIMULATED
PRODUCTION

A Dissertation Presented
by
AMADEUS DRIANDO AHNAN

for the Submission to the Graduate School of the
University of Massachusetts Amherst in partial fulfillment
of the requirements for the degree of

DOCTOR OF PHILOSOPHY

September 2020

Food Science

© Copyright by Amadeus Driando Ahnan 2020

All Rights Reserved

EFFECTS OF TEMPEH FERMENTATION ON SOY FREE AND BOUND
PHENOLICS: RELEASE, TRANSFORMATION, AND STIMULATED
PRODUCTION

A Dissertation Presented
by
AMADEUS DRIANDO AHNAN

Approved as to style and content by:

_______________________________
Hang Xiao, Chair

_______________________________
Lorraine Cordeiro, Member

_______________________________
John Gibbons, Member

_______________________________
Eric Decker, Department Head
Department of Food Science

DEDICATION

This dissertation is dedicated to my grandfather, Prof. Florentinus Gregorius
Winarno, who planted the seeds of passion for the sciences of Indonesian traditional
foods especially tempeh in me; my grandmother, Agnes Maria Kristiastuti Winarno, who
taught me the art of enjoying foods; my mother, Ignatia Widya Kristiari a.k.a Wida
Winarno, who with abundant love inspired me to do everything with diligence with the
purposes of improving the lives of others; my father, Iwan Ahnan, who gave the gifts of
artistic touches in science; my brother, Sergio Andino Ahnan, who helped me believe in
human kindness by his generous brotherly deeds.
This dissertation is also dedicated to Indonesia, who gave birth of tempeh as a
wholesome, nutritious, sustainable, and affordable source of protein; the world, who will
also enjoy the benefits; and the vision of tempeh being adopted by many more cultures
and regions for improvements in health and economical status as well as the amelioration
of protein-energy malnutrition.

ACKNOWLEDGMENTS

I would like to thank the Indonesia Endowment Fund for Education (Lembaga
Pengelola Dana Pendidikan [LPDP]) for representing the citizens of the Republic of
Indonesia in funding the my doctoral study and research.
Distinct appreciation goes to Dr. Xiao for the patience and passion in providing
the opportunity to do research on tempeh, an Indonesian traditional food that is close to
my heart, as well as the intense pivotal training in conducting experiments. Special
acknowledgement also goes to the committee members, Dr. Cordeiro for the exceptional
mentorship in academic ethics and inclusivity as well as Dr. Gibbons for the insightful
guidance on the genetic aspects of this dissertation.
I wish to express my gratitude for Chia-Yu Lo, David Prodanas, and Cynthia
Kane for their generous help in technical aspects of the research conducted, Xiao Lab
members for the mentorships in laboratory techniques, dear friend Seth Tibbott for the
donation of soybeans used in this research, the Indonesian Tempe Movement,
International Tempe Movement, and Better Nature families for their support in helping to
see the works presented in this dissertation as parts of the bigger picture in improving
many lives of others using tempeh.
Acknowledged also is my gratitude for the kind support of Daniel Gerber and
family, Kevyn Smith, Alexander Ayala-Palacin, Lina Saravia, John Chase, Colleen
Chase, Chime Tsetan, Yayun Cao, Can Gao, Boimin, Theeraphop Prachyathipsakul,
Louisine Cordeiro, Hai Cheng, Amara Cheng, Delany Cheng, Amherst Farmers Market,
and the Indonesian Community in Western Massachusetts.

v

I am especially grateful for this life in which I am provided the chance to focus on
helping many more people to be healthier in a more sustainable and ethical way by
innovating on tempeh fermentation. For this purposeful life, I would like to acknowledge
the force that I always feel to play major role behind arranging the serendipities of
opportunities in my life – some call it the universe or God, whose presence I cannot deny
even though I have tried. Thank You.

vi

ABSTRACT
EFFECTS OF TEMPEH FERMENTATION ON SOY FREE AND BOUND
PHENOLICS: RELEASE, TRANSFORMATION, AND STIMULATED
PRODUCTION

SEPTEMBER 2020

AMADEUS DRIANDO AHNAN, B.S., ATMA JAYA CATHOLIC UNIVERSITY OF
INDONESIA
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Hang Xiao

The fermentation of tempeh, a traditional source of protein originated in
Indonesia, has been reported to enhance the health-promoting potentials of various
grains, legumes, and beans. Tempeh fermentation on soybeans can modulate the
bioavailability of phenolic compounds, particularly isoflavones, bioactive compounds
that have been found to be protective against lung, prostrate, and colon cancers.
However, the mechanism of the protective benefits was unknown.
Using whole-food and in vitro models, this study addressed this research gap by
investigating the effects of tempeh fermentation using various cultures on the
compositions of soy free, bound, and minor phenolics, as well as their antioxidative, antiinflammatory, and anticancer activities. These parameters were assessed using highresolution liquid chromatography-mass spectrometry (LC-MS) analysis using Folin-
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Ciocalteu method, nitric oxide test on RAW 264.7 murine macrophage cells, and 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test on HCT 116 human
colorectal carcinoma cells, respectively. Phenolic extracts obtained using ethyl acetate
extraction were used. Whole-food fermentation was conducted using 105 CFU of tempeh
culture spores for every 100 g of soybeans. In vitro fermentation was conducted using 105
CFU of tempeh culture spores in every 1 mL of potato dextrose broth. The incubation
settings for both models were 30°C for 30 h.
Tempeh fermentation showed activities that modulate soy antioxidative, antiinflammatory, and anticancer activities, as well as the compositions of soy free, bound,
and minor phenolics in phenolic extracts. In the cases of increased phenolic content and
bioactivities, tempeh fermentation showed release, transformation, and stimulated
production of fiber-bound phenolics, glycosides and aglycones, and minor phenolics,
respectively. Increases in the levels of free and bound phenolics suggest the conversion of
bound phenolics to loosely-bound phenolics and free phenolics. This study concludes that
tempeh fermentation can enhance the health-promoting potential of soybeans by
modulating phenolic composition through release, transformation, and stimulated
production.
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CHAPTER 1
A SEMI-CENTENNIAL COMPREHENSIVE REVIEW ON TEMPEH: HEALTH
BENEFITS, FERMENTATION, SAFETY, PROCESSING, SUSTAINABILITY,
AND AFFORDABILITY

Abstract
Tempeh is a fermented food made of mainly soybeans and is a nutritious,
affordable, and sustainable functional source of protein. Globally, tempeh is a widely
accepted fermented product. While there is a growing body of literature on tempeh, most
research has focused on unfermented soybeans, thus the impact of tempeh fermentation
on biological properties of soybeans has been largely left scattered. The objective of this
review is to summarize the literature of tempeh fermentation over the past 60 years. A
search of articles on tempeh published from 1960 to 2020 was performed using the
Cochrane Library, Web of Science, EBSCOhost FSTA database, and Google Scholar.
References from identified articles were reviewed for additional sources. In total, 321
papers were selected for this review, of which 64 papers were related to the health
benefits of tempeh. This review concluded that sufficient evidence exists in the literature
supporting tempeh fermentation as a low-cost, health-promoting, and sustainable food
processing technology to produce protein-rich foods using various beans, legumes, and
grains. This comprehensive review suggests further studies are needed on tempeh
fermentation and its impact on human health; research and standardization of non-soy
tempeh; assessment of food safety-improving modification in tempeh production system;
and initiatives supporting the sourcing of local ingredients in tempeh production.
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Introduction
Tempeh, a fermented food made mainly of soybeans, originated in Indonesia and has been
consumed there as a staple source of protein in Indonesia for more than 300 years (Karyadi
& Lukito, 1996). Compared to tofu and soy, tempeh has been less studied (Figure 1).
Currently, there is growing research interest of the potential of tempeh as a nutritious,
affordable, health-promoting, and sustainable food source (Figure 2).

Number of paper related to keyword 'tempeh'

Growth in numbers of soy, tempeh, and tofu-related
pulbications on the Web of Science (1960-2019)
2500
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Figure 1 Number of publications found in search results for the keywords “soy”,
“tofu”, "tempeh", and "tempe" on the Web of Science from 1960 to 2019
(overlapping titles in "tempe" keyword search results not included).
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Figure 2 Number of publications found in search results for the keywords "tempeh"
and "tempe" on the Web of Science from 1960 to 2019 (overlapping titles
in "tempe" keyword search results not included).
Over the past few decades, studies have shown that fermentation is key to the
increased protein amount and solubility of tempeh made from soybeans and other beans
(Ashenafi & Busse, 1991d; Onoja, Dibua, & Eze, 2011; Stodolak & StarzynskaJaniszewska, 2008; Wronkowska, Christa, Ciska, & Soral-Śmietana, 2015). Furthermore,
the fermentation process improves antinutrient levels, essential micronutrient content,
e.g. vitamin B12, health-promoting bioactive compounds, allergenicity, and versatility .
These benefits can be derived in a more sustainable and affordable way from tempeh in
comparison to other protein sources such as beef.
Previous review papers have not been able to deduct the potential benefits of
tempeh due to limitations in the number and scope of published research (Babu,
Bhakyaraj, & Vidhyalakshmi, 2009; Karyadi & Lukito, 1996; Nout & Kiers, 2005). The
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objective of this paper is to comprehensively and systematically review the healthpromoting, affordability, sustainability, production, food safety, and processing aspects
evidence of tempeh and tempeh fermentation. This review aims to understand the
potential of tempeh fermentation as a means of efficiently and effectively improving
public health.

Methods
A search of four large citation databases, the Web of Science, Cochrane Library,
EBSCOhost Food Science, and Technology Abstract (FSTA), and Google Scholar was
conducted for this review. Comprehensive mapping was conducted on all results using
‘tempeh’ and ‘tempe’ as the keywords for the search on all databases. A total of 715,747
documents on tempeh were identified across all databases. All 572 papers found on the
Web of Science from 1960 to 2020 were first identified before being sorted based on the
relevance to the subsections, access to full article, language coverage i.e. English and
Bahasa Indonesia. Searches on other platforms were conducted subsequently, prioritizing
the relevance to the scope of this paper. References from the selected articles were
reviewed for additional sources categorized into the sections of this paper. In total, 524
papers were analyzed and 383 papers were selected for their relevance with the targeted
topics i.e. the subsections. Among the selected papers, 64 papers related to the health
benefits of tempeh were analyzed and classified based on health condition categories,
while the other 319 papers were assembled into the subsections (Figure 3). Analysis of
nutrition and price of tempeh was conducted based on data mining from USDA FoodData
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Central, USDA Economic Research Service, the Ministry of Trade Republic of Indonesia
databases. Discussion of the results was enriched by citing 62 other papers.

Figure 3 Systematic literature screening and selection method used.

Results & Discussion
Tempeh
Definition
The official standard registered by the CODEX Alimentarius Commission (Food
and Agriculture Organization-World Health Organization, 2017), coded as CODEX
STAN 313R-2013, used the term ‘tempe’, as it is spelled in Bahasa Indonesia, as the
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official label for the name of product. The term ‘tempeh’ is used in this review to
facilitate compliance with English language dictionaries. The CODEX standard described
tempeh as a compact, white, cake-form product, prepared from dehulled boiled soybeans
through solid state fermentation with Rhizopus spp. The standard recognized only
Rhizopus oligosporus, R. oryzae, and R. stolonifer inoculants. Tempeh may be mixed
with cooked rice powder, rice bran powder and/or wheat bran powder as inoculum. The
texture of tempeh should be compact and not easily disintegrated upon cutting with knife.
The color of tempeh should be white due to the growth of the mycelium of Rhizopus spp.,
limiting the degree of natural sporulation by the inoculant. The flavor of tempeh should
be meaty, mushroom-like, and nutty. The odor of tempeh should be fresh and without any
odor of ammonia. Tempeh should be typically free from food additives and from foreign
matters such as other beans, husk, and small stones. The minimum composition of
tempeh is a minimum protein content of 15% w/w, a maximum moisture content of 65%
w/w, a minimum lipid content of 7% w/w, and a maximum of 2.5% w/w of crude fiber
(Food and Agriculture Organization-World Health Organization, 2017).
In this review, the term ‘tempeh’ refers to soy tempeh and ‘tempeh fermentation’
refers to fermentation with Rhizopus oligosporus, unless otherwise described. Soybean
and Rhizopus oligosporus (Rhizopus microsporus var. oligosporus) were the most studied
and commonly used combination (Shambuyi, Beuchat, Hung, & Nakayama, 1992).
In Indonesia, tempeh has been standardized by the National Standardization
Agency of Indonesia (Badan Standardisasi Nasional), coded as SNI 3144:2009, with
more detailed specifications compared to that of CODEX (Table 1). The Indonesian
standard requires a higher protein content by 1% (w/w) and a higher lipid content by 3%
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(w/w). The Indonesian standard also specifically limited the maximum content of metal
i.e. Cd, Pb, Sn, Hg, and microbial contaminants i.e. Coliform and Salmonella spp.
Species of inoculant was not specified in the Indonesian standard. Both CODEX and
Indonesian standards advised that tempeh production should be conducted hygienically in
compliance with food production standards in terms of labelling and analysis.

Table 1 Standards of tempeh

FAO-WHO CODEX
STAN 313R-2013

NA
NA
NA
% (w/w)
% (w/w)
% (w/w)
% (w/w)
% (w/w)
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
MPN/g

Indonesia SNI
3144:2009
Normal,
unique
Normal
Normal
max. 65
max. 1.5
min. 10
min. 16
max. 2.5
max. 0.2
max. 0.25
max. 40
max. 0.03
max. 0.25
max. 10

per 25 g

negative

NA

NA

NA
Rhizopus spp. (R.
oligosporus, R. oryzae,
and/or R. stolonifer)

Category

Parameter

Unit

Condition

Aroma
Color
Taste
Moisture
Ash
Lipid
Protein
Fiber
Cd
Pb
Sn
Hg
As
Coliform
Salmonella
spp.
Mold

Content

Contamination

Inoculant(s)

NA
NA
NA
max. 65
NA
min. 7
min. 15
min. 2.5
NA
NA
NA
NA
NA
NA

Origin
The earliest reference of tempeh was found in Serat Centhini, a manuscript that
was written in the 1600s and published in 1815 under the supervision of King
7

Pakubuwono V of Surakarta Kingdom, Central Java. This twelve volume compilation of
Javanese legends, traditions, and teachings mentioned a tempeh dish called ‘sambal
lethok’ in Bayat, a subdistrict of Klaten Regency in Central Java, Indonesia (Astuti, 1999;
Shurtleff & Aoyagi, 2020; Winarno, Winarno, & Ahnan-Winarno, 2017). The word
‘tempe’ has been hypothesized to be derived from the word ‘tumpi’, a white ancient
Javanese food made of sago flour that tempeh resembled the appearance of (Purwadaria,
Fardiaz, Kardono, & McElhatton, 2016). The term ‘tempeh’ was first introduced by
Prinsen Geerligs in a Dutch article in 1896 and Van Veen and Schaefer in an English
article in 1950. And the term ‘tempe’ has been commonly used in Indonesia and has been
registered in the regional standard of tempeh in FAO-WHO CODEX Alimentarius
Commission (Food and Agriculture Organization-World Health Organization, 2017;
Shurtleff & Aoyagi, 2020).
Within Indonesia, tempeh has historically been consumed as an affordable staple
source of protein, especially on the islands of Java and Bali. It is consumed in many
forms including fried, boiled, steamed, or grilled tempe benguk (made of tofu residue),
tempe bongkrek (made of coconut oil or milk press cake), or tempe lamtoro (made of
Leucaena leucocephala seeds) (Shurtleff & Aoyagi, 2020; Winarno, Haryadi, &
Satiawiharja, 1985; Winarno, Winarno, & Ahnan-Winarno, 2017). Outside of Indonesia,
tempeh was introduced and consumed in East Asia (Japan, since 1912), South Asia
(India, since 1936), Latin America (Suriname, since 1936), North America (the US, since
1958), and Africa (Zambia, since 1971) (Shurtleff & Aoyagi, 2020).
In terms of production, tempeh was first made using soybeans wrapped in leaves
e.g. banana, teak, or waru (Hibiscus spp.) leaves, suggesting that tempeh might originate
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from an accidental inoculation of soybean by Rhizopus spp. mold on leaf surface
(Harahap, Lubis, & Kaban, 2018; Winarno, Winarno, & Ahnan-Winarno, 2017). The first
tempeh inoculant identified was Rhizopus oryzae in 1895 followed by a study screening
the use of various cultures and substrates in 1963 that identified Rhizopus oligosporus
(NRRL 2710) as the best inoculant (Shurtleff & Aoyagi, 2020). The production of
tempeh using plastic bags or tubes as containers was introduced in the U.S.A. in 1964 by
Martinelli & Hesseltine. The use of various beans, grains, and legumes in tempeh
production started in 1963 and gained popularity after 2005 due to concerns about soy in
the popular culture (Shurtleff & Aoyagi, 2020).
In Indonesia, tempeh has been considered a ‘low-class protein’ food commodity
due to its low price, abundant supply, and accessibility to people across income brackets,
including those who could not afford meat (Karyadi & Lukito, 1996). Recently, there is a
global emergence of initiatives to rebrand tempeh as an affordable, sustainable, healthy,
plant-based - thus vegetarian- and vegan-friendly - product. These initiatives include the
green-marketing of tempeh internationally by the Indonesian Tempe Movement, which
focused on the ecological aspect of tempeh (Ahnan-Winarno, Winarno, & Nanere, 2019)
and the proposal by the Rumah Tempe Indonesia (Indonesia Tempe House) for tempeh to
be considered a UNESCO Intangible Heritage and their promotion of Good
Manufacturing Practices in hygienic tempeh production (Astawan & Maskar, 2019).
Despite the historical negative connotation attached to tempeh, Indonesian millenials
were proud of tempeh and preferred traditional over modern tempeh when product
information is provided e.g. about the traditional usar inoculum, starter culture, and
stainless steel factory used (Fibri & Frost, 2020).
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Production
Production of tempeh includes soaking, dehulling, washing, boiling, draining,
cooling, inoculating, packaging, and incubating. Traditional tempeh production methods
vary greatly with at least eight (8) variations of how these main steps are conducted,
including some repetitions of the same steps (Figure 4). Variations in tempeh production
were found across different geographic locations in Indonesia. The relatively simple
method (green arrow in Figure 4) was found in Purwokerto and Pekalongan, Central
Java, while the double-boiling method (black arrow in Figure 4) was found in in
Yogyakarta (Rahayu, Pambayun, Santoso, Nuraida, & Ardiansyah, 2015).

Figure 4 Variations of tempeh production flow (adapted from Rahayu, Pambayun,
Santoso, Nuraida, & Ardiansyah, 2015).
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Soaking the raw soybeans is usually the first step of production that ranges from
6-24 hours. Soaking hydrates the soybeans and can make the hulls easier to peel.
However, some production methods conduct dry dehulling with a machine (Nout &
Kiers, 2005). In soybeans soaked in tap water for 24-36 h at 20, 30, and 37°C in
Indonesia, L. casei, Streptococcus faecium, Staphylococcus epidermidis, Streptococcus
dysgalactiae were found dominating; Klebsiella pneumoniae, Klebsiella ozaenae,
Enterobacter cloacae, Enterobacter agglomerans, Citrobacter diversus, Bacillus brevis,
Pichia burtonii, Candida diddensiae, and Rhodotorula rubra were found contributing
(Mulyowidarso, Fleet, & Buckle, 1989).
During the soaking step, natural acidification can occur (reaching pH 4.85), which
can help inhibit or retard the growth of pathogens and/or spoilage-causing
microorganisms (Nout, Beernink, & Bonants-van Laarhoven, 1987; Tunçel & Göktan,
1990). However, natural acidification did not occur if soybeans were boiled before
soaking (Mulyowidarso, Fleet, & Buckle, 1989). Various modifications have been added
in the soaking step, including acidification and co-inoculation with Lactobacillus
plantarum to improve the quality of tempeh produced as well as consistently inhibit to
the growth of unwanted microorganisms, including but not limited to Listeria
monocytogenes, Bacillus cereus, Salmonella infantis, Staphylococcus aureus, and
Escherichia coli (Ashenafi, 1991; Ashenafi & Busse, 1989, 1992; Nout, Beernink, &
Bonants-van Laarhoven, 1987). During the soaking step, some evidence indicates that the
content of antinutrient phytates was reduced (Tawali, Hain, & Schwedt, 1998). The levels
of sucrose, stachyose, raffinose, propionic acid, formic acid, and acetic acid were
decreased due to the activities of enzymes endogenous to beans, diffusion of sugars, and
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fermentation by microorganisms in the soaking water (Mulyowidarso, Fleet, & Buckle,
1991; Mulyowidarso, Fleet†, & Buckle, 1991).
Dehulling is an important step because the presence of soybean hulls in finished
tempeh is considered contaminant according to CODEX (Food and Agriculture
Organization-World Health Organization, 2017). While dehulling was historically done
by hands or feet (Fung & Crozier-Dodson, 2008), these methods have been eliminated in
a hygienic tempeh production system and replaced with mechanical dehulling (Putri,
Waluyo, & Setiawan, 2018). The washing step is sometimes skipped in the production
process as tempeh fermentation can be successful using soybeans dried directly from the
boiled soak water (Babu, Bhakyaraj, & Vidhyalakshmi, 2009; Nout & Kiers, 2005).
The boiling step, which usually lasts for 20-30 minutes, in tempeh production is
critical because the cooking process removes the raw flavor as well as eliminates
pathogens and spoilage organisms that can pose a food safety hazard and/or interfere with
the fermentation process (Babu, Bhakyaraj, & Vidhyalakshmi, 2009; Karyadi & Lukito,
1996; Nout & Kiers, 2005). The addition of 0.11 mol/L of lactic acid and 0.2 mol/L of
sodium phosphate buffer can facilitate an acidified boiling, resulting in pH values of 3.0
and pH 4.3 that can kill the spores of Bacillus stearothermophilus with a decimal
reduction time of 27 and 2.8 minutes, respectively (Nout, Beernink, & Bonants-van
Laarhoven, 1987). During the boiling step, the levels of flatulence-causing
oligosaccharides in soybeans can also be reduced (Ferreira et al., 2011).
The purpose of the draining step, which might also include a drying process,
reduces the water content in tempeh as tempeh fermentation requires an optimum level of
approximately 62% humidity and 0.99-1.00 water activity (Penaloza, Davey, Hedger, &
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Kell, 1992; Sarrette, Nout, Gervais, & Rombouts, 1992). Unless, the draining process
was done rapidly e.g. using a centrifuge, it usually cools down the soybean to the desired
range of 25 to 38°C (Babu, Bhakyaraj, & Vidhyalakshmi, 2009; Karyadi & Lukito, 1996;
Matsumoto & Imai, 1990; Nout & Kiers, 2005). Sudarmadji & Markakis (1978)
specifically reported that tempeh harvested at 30 hours after being fermented at 32°C
resulted the best organoleptic properties.
The inoculation step involves the dispersion of Rhizopus spp. sporangiospores,
usually 104 CFU/g substrate, that grow into a dense mycelium biomass that can be
harvested before it sporulates (Nout & Kiers, 2005; Penaloza, Davey, Hedger, & Kell,
1992). This would be accommodated by packing the soybeans into containers with
limited air flow e.g. banana leaf or a perforated plastic bag (Bhowmik, Balasubramanian,
& Yadav, 2013; Harahap, Lubis, & Kaban, 2018).
The incubating step, usually at 25 to 38°C for 18 to 72 hours (Babu, Bhakyaraj, &
Vidhyalakshmi, 2009; Karyadi & Lukito, 1996; Nout & Kiers, 2005), facilitates the
growth of Rhizopus spp. that can increase the health-promoting potential of soybeans by
enhancing nutrient bioavailability and eliminating antinutrients e.g. digesting protein into
amino acids (Ashenafi & Busse, 1991d), digesting lipid into fatty acids (Ruiz‐Terán &
Owens, 1996), transforming iron(II)-species into iron(III)-species (Tawali & Schwedt,
1998), breaking down isoflavone glycosides into aglycones (Kuligowski, Pawłowska,
Jasińska-Kuligowska, & Nowak, 2017), reducing phytate content (Eklund-Jonsson,
Sandberg, & Alminger, 2006), as well as producing Vitamin B12 through symbiosis
(Liem, Steinkraus, & Cronk, 1977, p. 12). The effects of tempeh fermentation on healthrelated components of soybeans are discussed in the next sections.
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Harvested tempeh can be sold, cooked, and consumed fresh or after being
pasteurized, it can be dried or frozen (Karyadi & Lukito, 1996; Nout & Kiers, 2005;
Shurtleff & Aoyagi, 1979). The shelf-life of fresh tempeh is approximately 3 days at
ambient temperature (Moreno et al., 2002; Nout & Rombouts, 1990). Dried tempeh (aw
0.48) can be stored for up to 30 weeks at a refrigeration temperature of 5°C. Vacuum
packaging can extend the shelf life of fresh tempeh by 2 days at 23-24°C, 32 days at 46°C, and 39 days at 0-4°C (Astawan, Hermanianto, Suliantari, & Sugiyanto, 2016). Highpressure CO2 treatment for shelf-life extension at 6.3 and 7.6 MPa for 5-20 minutes did
not affect vitamins B1, B2, and B3, but decreased calcium, protein, fat, and water
contents (Kustyawati, Pratama, Saputra, & Wijaya, 2015).
The production scheme for producing tempeh using other legumes, grains, and
nuts, can be simplified as detailed in Figure 5. Although different substrates require
different conditions, the main principle for production would be similar to what was
elaborated earlier. Techniques and effects of tempeh fermentation on various substrates
are discussed in the next subsections.
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Figure 5 Simplified production scheme of tempeh using various legumes, grains, and
nuts.
Nutritional Content
To investigate the nutritional content of tempeh, nutrition facts panels of 13
commercial tempehs in the U.S.A. obtained from United States Department of
Agriculture’s (USDA) FoodData Central were evaluated. The samples (identities not
disclosed) included raw soy tempeh (S.SR, S.RC.C, S.TI1, S.TI2, S.GL, S.TH, S.SH,
S.S); cooked soy tempeh (S.RC.C); raw soy, barley, brown rice, and millet tempeh
(SBrM.L); raw soy, white rice, and brown rice tempeh (SBrWr.L); raw black bean
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tempeh (Bb.SH); raw black eyed pea tempeh (Bep.SH); and raw flaxseed tempeh (F.L).
The nutritional profiles were presented in every 84 g of RACC and then compared to the
daily recommended values based on a 2000-Calorie diet, according to the US Food and
Drug Administration (FDA) and National Institute of Health (Food and Drug
Administration, 2018). Nutritional claims, e.g. ‘high in protein’, were deducted based on
FDA’s Code of Federal Regulations Title 21 Part 101 ‘Food Labeling’ (Food and Drug
Administration, 2019).
In the U.S.A., commercial tempeh in their RACC portion (80 g) were all high in
protein (100%, 14.5±2.4 g), mostly high in fiber (69%, 7±4.6 g), mostly low in saturated
fat (85%, 0.6±0.7 g), mostly free of sugar (62%, 0.8±1.3 g), almost all were very low in
sodium (92%, 32±91.5 mg), and all free of cholesterol as well as trans fatty acids (Table
2). The samples also contained a considerable amount of calcium (64.4±22.3 mg),
potassium (153.8±151.2 mg), monounsaturated fatty acids (MUFAs) (0.8±1.1 g),
polyunsaturated fatty acids (PUFAs) (1.2±1.6 g), as well as a relatively low amount of
carbohydrates (14.2±6.3 g) per 84 g.

Table 2 Summary of nutritional contents in commercial tempehs in the US

Nutrient

Max.

Min.

Mean

Stand.
Dev.

Energy (cal)

177.2

128.5

152.5

15.9

2000

Protein (g)

17.7

10.9

14.5

2.4

Total lipid (g)

9.6

0.0

4.5

3.2

Saturated fat (g)

2.1

0.0

0.6

0.7

16

DRV

Applicable
Claim

% with
Applicable
Claim
NA

50

NA
High in
protein

31%

20

Low in fat
Low in
saturated
fat

100%

85%

Carbohydrate (g)

25.3

6.4

14.2

6.3

275

NA
Free of
sugar
High in
fiber

NA

Sugars (g)

3.7

0.0

0.8

1.3

50

Fiber (g)

15.6

0.0

7.0

4.6

28

Calcium (mg)

93.2

15.1

64.4

22.3

1300

NA

18

NA
Good
source of
iron

Iron (mg)

3.3

1.4

2.2

0.5

Potassium (mg)

346.1

0.0

153.8

151.2

4700

NA

NA

Sodium (mg)

336.0

0.0

32.0

91.5

2300

Very low
in sodium

92%

Vitamin B-12 (µg)

0.1

0.0

0.0

0.0

2.4

NA

NA

Monounsaturated
fatty acids (g)

2.9

0.0

0.8

1.1

NA

NA

NA

Polyunsaturated
fatty acids (g)

4.0

0.0

1.2

1.6

NA

NA

Trans fatty acids (g)

0.0

0.0

0.0

0.0

NA

Cholesterol (mg)

0.0

0.0

0.0

0.0

300

NA
Free of
trans fat
Free of
cholesterol

62%
69%

8%

100%
100%

Vitamin B12 levels were not included in most samples but were estimated to
reach up to 0.1 µg per 84 g in two soy tempehs and the black eyed pea tempeh (Figure 6).
Compared to non-soy tempehs, soy tempehs contained higher levels of protein (Figure 7).
Black bean and black-eyed pea tempehs were free of fat and contained higher levels of
carbohydrates and sugars. Black bean tempeh had the highest iron content (3.3 mg per 84
g) (Figure 8). Only one raw tempeh sample provided values of other nutrients in units per
84 g (data not presented), including a high content of copper (0.47 mg), manganese (1.09
mg), and vitamin B2 (0.3 mg), a good amount of magnesium (68.04 mg) and phosphorus
(223.44 mg), as well as considerable amounts of zinc (0.96 mg), vitamin B1 (0.07 mg),
vitamin B3 (2.22 mg), vitamin B5 (0.23 mg), vitamin B6 (0.18 mg), folate (20.16 mg),
and vitamin B12 (0.07 mg). The absence of Vitamin B12 and potassium levels in Figure
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6 and Table 2 was due to data not provided by some tempeh entries. The following
sections of this paper discuss the discrepancy of nutritional composition between the data
presented in this section and other reports.
Documentation of the presence of vitamin B12 in tempeh has been patchy due to
B12 being produced coincidentally, mostly due to contamination by Klebsiella
pneumoniae and Citrobacter freundii (Keuth & Bisping, 1994; Liem, Steinkraus, &
Cronk, 1977; Okada, 1989). In Indonesia, where tempeh has been produced mostly
traditionally e.g. using river water or in an un-sanitized facility, tempeh samples were
found to contain 0.34-2.44 µg/84 g (Liem, Steinkraus, & Cronk, 1977). Currently,
although in situ fortification of vitamin B12 using Propionibacterium has been
successfully conducted (Signorini et al., 2018; Wolkers–Rooijackers, Endika, & Smid,
2018) there is no industrial standard for producing tempeh with sustained levels of
Vitamin B12.
Compared to the six beef entries on the USDA FoodData Central database, the US
commercial tempehs contain similar protein content, less total and saturated fat, more
carbohydrates, similar or higher sugar level, and higher fiber content (Figure 9).
Micronutrient content of tempeh generally contained more calcium, slightly more iron,
less sodium, and slightly more sugars than those of beef (Figure 10).
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Figure 6 Levels of notable nutrients in US commercial tempehs (adapted from
USDA FoodData Central (2019).
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Figure 7 Levels of macronutrients in US commercial tempehs (adapted from USDA
FoodData Central (2019).
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Figure 8 Levels of micronutrients in US commercial tempeh samples (adapted from
USDA FoodData Central (2019).

Table 3 Nutritional contents of US tempehs and beefs (adapted from
USDAFoodData Central (2019)).

Tempeh

Beef

Nutrition

Average

Standard
Deviation

Average

Standard
Deviation

Energy

181.54

18.89

152.64

72.84

Protein

17.21

2.80

12.64

4.45

Total fat

5.38

3.76

10.12

9.05

Saturated fat

0.71

0.80

4.48

3.55

Carbohydrate

16.93

7.51

3.11

4.85

Sugars

1.18

1.63

1.14

2.36

20

Fiber

9.88

4.33

0.30

0.58

Trans fat

0.00

0.00

0.24

0.64

Cholesterol

0.00

0.00

44.08

19.02

Ca

76.69

26.55

11.17

15.64

Fe

2.62

0.62

2.11

1.25

Sodium

38.15

108.87

587.11

365.59

% of recommended daily value per
RACC

Macronutrient levels in US beefs and commercial
tempehs
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Figure 9 Levels of macronutrients in US beefs compared to commercial tempehs
(adapted from USDA FoodData Central (2019)).
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Figure 10 Levels of micronutrients in US beefs compared to commercial tempehs
(adapted from USDA FoodData Central (2019)).
To evaluate the quality of amino acid composition, amino acid profiles of tempeh
and cooked soybean were obtained from the USDA FoodData Central before being
compared to that of beef detailed by Greenwood et al. (1951) due to data being not
available on the USDA FoodData Central. The amino acid composition in beef was the
average of chuck, flank, plate, rib and rump cuts combined (Greenwood, Kraybill, &
Schweigert, 1951).
In terms of amino acid composition, tempeh and beef contained all of the essential
amino acids, while cooked soybean lacked isoleucine, leucine, lysine, methionine, and
phenylalanine (Figure 11). Tempeh in general contained higher amounts of the essential
amino acids, except for methionine, as well as the non-essential amino acids, except for
glycine, compared to beef. Tempeh’s amino acid composition might be a result of
modulated soy amino acid content. Compared to tempeh, the overall amino acid quality
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of cooked soybean was found to be inferior given the higher amount of tryptophan; lack
of isoleucine, leucine, lysine, methionine, phenylalanine, cysteine, and tyrosine; and less
amounts of rest of the amino acids. The role of fermentation in modulating amino acid
composition is supported by the reports that tempeh fermentation improved the protein
bioavailability of soy, fava bean, chickpea, and pea by releasing more amino acids due to
activities of intracellular, extracellular, and cell wall-bound proteases (Ashenafi & Busse,
1991d; Heskamp & Barz, 1998; Matsumoto & Imai, 1990; Stodolak & StarzynskaJaniszewska, 2008).
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Figure 11 Amino acid composition of tempeh, soybean, and beef (adapted from
USDA FoodData Central (2019), Greenwood et al. (1951)).
Based on the nutritional analyses above, tempeh can be considered as a highquality source of protein given the high protein content, complete presence of essential
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amino acids, high fiber content, low saturated fat content, mineral content, and vitamin
content. When compared to beef, tempeh was observed not to be inferior and potentially
more favorable in terms of protein, total fat, saturated fat, fiber, cholesterol, calcium,
iron, and sodium content, as well as amino acid composition (Table 4). To further
understand the nutritional qualities of tempeh, bioassays in animal and human studies e.g.
on protein efficiency ratio (Babji, Fatimah, Ghassem, & Abolhassani, 2010) need to be
conducted.

Table 4 Nutritional profiles of tempeh and beef (adapted from USDA
FoodDataCentral (2019)).

Tempeh

Beef

Nutrition

Average

Standard
Deviation

Energy

181.54

18.89

152.64

72.84

Protein

17.21

2.80

12.64

4.45

Total fat

5.38

3.76

10.12

9.05

Saturated fat

0.71

0.80

4.48

3.55

Carbohydrate

16.93

7.51

3.11

4.85

Sugars

1.18

1.63

1.14

2.36

Fiber

9.88

4.33

0.30

0.58

Trans fat

0.00

0.00

0.24

0.64

Cholesterol

0.00

0.00

44.08

19.02

Ca

76.69

26.55

11.17

15.64

Fe

2.62

0.62

2.11

1.25

Sodium

38.15

108.87

587.11

365.59
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Average

Standard
Deviation

Tempeh fermentation
Stages of fermentation
The duration and phases of tempeh fermentation have not been standardized by
the FAO/WHO CODEX Alimentarius Commission. Here, studies investigating the
relationships between duration of tempeh fermentation and organoleptic, nutritional, and
biomass characteristics were reviewed and summarized. Tempeh fermentation at 30-32
degrees Celsius underwent an active growing phase in the first 30-32 hours, indicated
with mycelial growth, activities of lipase and protease, and alkalization (Ruiz‐Terán &
Owens, 1996; Sudarmadji & Markakis, 1978); maturing phase until 46 hours, indicated
with alkalization, optimum tenderness, and highest organoleptic scores (Sparringa &
Owens, 1999d; Sudarmadji & Markakis, 1978); and an aging phase until 72 hours,
indicated by the start of mycelial senescence and retained or deteriorated organoleptic
scores (Ruiz‐Terán & Owens, 1996; Sparringa & Owens, 1999d; Sudarmadji &
Markakis, 1978) (Figure 12). Tempeh fermented at 27 degrees Celsius underwent a
stationary phase between hours 20-22, indicated with no change of temperature and
biomass (Matsumoto & Imai, 1990). The stages of tempeh fermentation can result in
color change due to the death phase of Rizhopus spp. and oxidized unsaturated fatty acids
(Muzdalifah, Athaillah, Nugrahani, & Devi, 2017). Over-fermentation of tempeh (more
than 72 h) can gradually promote the production of bitter-tasting amino acids and
degradation of umami-tasting compounds (Utami, Wijaya, & Lioe, 2016).
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Figure 12 Phases of tempeh fermentation (adapted from Matsumoto & Imai (1990),
Ruiz‐Terán & Owens (1996), Sparringa & Owens (1999d), Sudarmadji &
Markakis (1978)).
Based on mold growth, free fatty acid content, bacterial count, and temperature,
Sudarmadji & Markakis (1978) classified tempeh fermentation at 32 degrees into 3
phases. In phase 1 (0-30 hours), rapid increase in free fatty acid content, bacterial count,
temperature, and mold growth was observed. Tempeh produced after 30 hours scored
best organoleptically. In phase 2 (30-72 hours), there was little or no change in those
parameters, except for the declining temperature. Tempeh produced after 72 hours kept
good organoleptic quality. In phase 3 (longer than 72 hours), recommencement in free
fatty acid content and bacterial growth, as well as signs of deterioration, were observed
(Sudarmadji & Markakis, 1978).
Based on loss of dry matter, Ruiz-Terán & Owens (1996) classified tempeh fermentation
using R. oligosporus NRRL 2710 at 30 degrees Celsius into mycelial growth (0-32 hours)

26

and senescence (60-180 hours) phases. During the mycelial growth phase, tempeh
fermentation decreased the total dry matter by approximately 10% (w/w), where activities
of lipase and protease were detected (Ruiz‐Terán & Owens, 1996). During the mycelial
senescence phase, approximately 12% of the total dry matter was lost almost entirely due
to decrease in crude lipid (Ruiz‐Terán & Owens, 1996). At 27 degrees Celsius,
Matsumoto & Imai (1990) identified a stationary phase of tempeh fermentation at 20-22
hours, where there was no change of temperature and mycelium weight (Matsumoto &
Imai, 1990).
Based on pH change throughout tempeh fermentation with R. oligosporus NRRL
2710 at 30 degrees Celsius, Sparringa & Owens (1999) mentioned the maturing phase
(pH changed from 4.6 to 6.6 after the first 46 hours) and the aging phase (pH changed
from 6.6 to 7.1 at hours 46-72) (Sparringa & Owens, 1999d). Based on texture, 24-72
hours of fermentation at 30 degrees Celsius produced tempehs with acceptable texture,
while 48 hours of fermentation resulted in the highest level of tenderness, indicated by
texture weakness, modulus of elasticity, and surrender values (Handoyo & Morita, 2006).
Ammonia level can be a limiting factor that inhibit tempeh mold sporulation and growth
at the later stage of fermentation (Sparringa & Owens, 1999b).

Monitoring
Different analytical methods to analyze the changes of tempeh qualities during
fermentation are summarized here, including the monitoring of volatile compounds,
glucosamine content, texture, visual, temperature, mycelium weight, and dielectric
permittivity. Volatile compounds produced during tempeh fermentation can be detected
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and identified using electronic nose sensors coupled with chemometrics, producing
97.33% accuracy (Hidayat, Nuringtyas, & Triyana, 2018; Hidayat & Triyana, 2016), as
well as gas chromatography (Fujio, 1997). Tempeh fermentation done on different
substrates (malt extract agar, barley, and soybean) can produce similar volatile
compounds, but mushroom odor compounds i.e. 3-octanone and 1-octen-3-ol were only
detected from soybean and soybean tempeh (Feng, Passoth, Eklund-Jonsson, Alminger,
& Schnürer, 2007). Glucosamine, a component of mycelium, can be detected to monitor
biomass change with a conversion factor of 1 g of glucosamine per 12 g of dry fungal
biomass (Sparringa & Owens, 1999a).
Texture change during tempeh fermentation can be analyzed based on hardness,
cohesiveness, springiness, gumminess, chewiness, resilience using response surface
methodology (Nayak & Panda, 2016), and on modulus elasticity, surrender value, and
weakness using a rheometer (Handoyo & Morita, 2006; Manurukchinakorn & Fujio,
1997). In soy, barley, and cowpea (Vigna unguiculate) tempehs, visual analysis is based
on color, surface structure, visibility of grain, and disorganization of grain cell structure,
which then can be translated using image-processing algorithms to detect the correlation
with physiological parameters e.g. protein, lipid, starch, and ergosterol contents (Feng,
Olsson, Swanberg, Schnurer, & Ronnow, 2007; Handoyo & Morita, 2006). Using a
thermogram, temperature can be combined to detect the stationary phase in tempeh
fermentation, which can be combined with mycelium weight (Matsumoto & Imai, 1990).
Dielectric permittivity could also be measured at radio frequencies to monitor biomass
changes in real-time and indicate fermentation stages (Davey, Pefialoza, & Kell, 1991).
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Inoculum
Rhizopus oligosporus
The most widely-used inoculum in tempeh production, Rhizopus oligosporus or
Rhizopus microsporus var. oligosporus, can be regarded as the non-toxin, lesssporulating, and more-vitamin-producing relative of R. microsporus. Rhizopus
microsporus can have a toxin-producing endosymbiont bacterium in its mycelium such as
Burkholderia that produces rhizonin, a hepatotoxic cycloprotein (Partida-Martinez et al.,
2007). Compared to Rhizopus azygosporus, R. oligosporus had a defect in the spore
formation process, producing 10-31% of irregular spores (Jennessen, Schnürer, Olsson,
Samson, & Dijksterhuis, 2008). A potentially infectious species of Rhizopus i.e. R.
azygosporus was previously isolated from the peritoneal cavity, kidney, and liver of three
premature Australian babies who died due to infection (Schipper, Maslen, Hogg, Chow,
& Samson, 1996). The use of the domesticated and safe R. oligosporus in tempeh
production is of similar resemblance with the use of the domesticated cheese fungus
Penicillium camemberti, which also has a ‘wild’ relative Penicillium commune (Schipper,
Maslen, Hogg, Chow, & Samson, 1996).
Several strains of R. oligosporus that have been studied including R. oligosporus
NRRL 2710 (Wang, 1986), one of the first strains introduced in the U.S.A., and R.
oligosporus NRRL 2549, which showed more rapid mycelium growth (Hachmeister &
Fung, 1993). R. oligosporus can grow at 25-37 degrees Celsius with a temperature of 37
degrees Celsius providing the most luxuriant growth and sporulation on rice or cassava
root (Shambuyi, Beuchat, Hung, & Nakayama, 1992). R. oligosporus can form vitamin
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B2, nicotinic acid, nicotinamide, and vitamin B6 at significantly higher levels compared
to R. arrhizus and R. stolonifer (Keuth & Bisping, 1993).

Rhizopus microsporus var. chinensis
Like R. oligosporus, R. microsporus var. chinensis did not produce a toxin
(Jennessen et al., 2005) despite its close relationship to R. microsporus, which can have a
toxin-producing endosymbiont bacterium in its mycelium (Partida-Martinez et al., 2007).
R. microsporus var. chinensis hydrolyzed sucrose and raffinose, while R. oligosporus did
not (Schwertz, Villaume, Mejean, Decaris, & Percebois, 1997). When combined with
Asperillus oryzae, fermentation using R. microsporus var. chinensis in grass pea seeds
resulted in higher bioavailability of protein, protein hydrolysis, and levels of free amino
acid (Starzyńska-Janiszewska, Stodolak, & Wikiera, 2015).

Rhizopus oryzae
Rhizopus oryzae has been reported in one of the first studies on the functionality
of tempeh fermentation. Molecular identification studies by Febriani et al. (2018) and
Vebliza et al. (2018) reported that some Rhizopus species that were morphologically
identified as R. oligosporus UICC 116, R. arrhizus UICC 36 and UICC 55, and R. oryzae
UICC 85, UICC 119, UICC 120, and UICC 135 were genetically identified as Rhizopus
oryzae CBS 112,07(T) (Febriani, Sjamsuridzal, Oetari, Santoso, & Roosheroe, 2018;
Vebliza, Sjamsuridzal, Oetari, Santoso, & Roosheroe, 2018).
R. oryzae improved the digestibility of soybeans by decreasing the hemicellulose
content by about 50%, converting more than 50% of the protein content into amino acids,
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and promoting vitamin B1 content (150 µ per 100 g) (van Veen & Sohaefer, 1950).
Fermentation with Rhizopus oryzae in oats resulted in decreased phytate content (by
74%) as well as increased total phenolic content and antioxidant activities (Cai et al.,
2014). R. oryzae is autotrophic to vitamin B2 and vitamin B3 (Roelofsen & Talens,
1964). Supplementation of tempeh fermented using R. oryzae decreased cecal
Enterobacteriaceae and increased cecal propionate and acetate in rats (Yang et al., 2018)
as well as decreased free cholesterol level in the liver of rats fed with a high-fat diet
(Kameda et al., 2018).

Rhizopus stolonifer
R. stolonifer has shown superior activities in enhancing health-promoting
potential of tempeh in vitro and in vivo compared to R. oligosporus and R. oryzae. R.
stolonifer increased daidzein and genistein levels more than R. oligosporus and R. oryzae
by up to 2-fold (Kameda, Aoki, Yanaka, Kumrungsee, & Kato, 2018). In rats fed with a
high-fat diet, only supplementation of tempeh fermented with R. stolonifer improved
liver function by significantly suppressing serum aspartate transaminase, total bilirubin,
and ammonium levels (Kameda et al., 2018). Supplementation of R. stolonifer tempeh
also improved gut health in rats by increasing Bifidobacterium, Lactobacillus, propionate
and acetate levels, as well as decreasing cecal Enterobacteriaceae and Akkermansia
muciniphila levels (Yang et al., 2018). R. stolonifer can form vitamin B2, nicotinic acid,
nicotinamide, and vitamin B6 (Keuth & Bisping, 1993).
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Other inocula
Recent molecular studies reported that several strains that were previously
morphologically identified as R. oligosporus (UICC 27, UICC 40, UICC 51, UICC 67)
and R. arrhizus (UICC 26, UICC39, and UICC 121) were genetically identified as R.
delemar CBS 120.12(T) through ITS sequencing (Khasanah, Sjamsuridzal, Oetari,
Santoso, & Roosheroe, 2018; Vebliza, Sjamsuridzal, Oetari, Santoso, & Roosheroe,
2018). R. arrhizus can form vitamin B2, nicotinic acid, nicotinamide, and vitamin B6
(Keuth & Bisping, 1993).

Starter culture
According to Nout et al. (1992), tempeh inoculation was performed traditionally
by having the cooked ingredients rubbed with usar, an Indonesian term for waru
(Hibiscus spp.) leaves grown with mycelium of Rhizopus spp. that was heavily
sporulated. Although waru leaves can contain other organisms, mainly Cladosporium
spp., it did not provide growth-inhibition selectivity (Nout, Martoyuwono, Bonne, &
Odamtten, 1992). Semi-traditionally, small pieces of freshly-made tempeh can be used to
initiate new fermentation, but this technique can lead to some food safety concerns due to
risk of contamination as well as deteriorating quality of the dehydrated mycelia
throughout the preservation (Wang, Swain, & Tine, 1975).
Modern tempeh starter is usually made of R. oligosporus grown and desiccated
(to aw 0.48) on rice or cassava root powders (Shambuyi, Beuchat, Hung, & Nakayama,
1992). Cassava root flour-based starter culture can last for up to seven (7) months at 525°C and would be best used in less than two weeks when stored at the lowest
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temperature (Shambuyi, Beuchat, Hung, & Nakayama, 1992). Rice flour-based starter
culture can last for one year at 4 degrees Celsius or room temperature as well as have
tolerance against contamination up to 108 counts per gram of cooked soybeans (Rusmin
& Ko, 1974).
Throughout the storage period, the number of dormant spores that can germinate
decreased (Thanh, Rombouts, & Nout, 2007). Factors that affect the activation and
germination of spores include glucose, phosphate, and amino acids; in which L-alanine,
L-leucine, and L-isoleucine stimulate, while L-proline inhibited alanine uptake (Thanh,
Rombouts, & Nout, 2005).

Wrapping material
Leaves, especially banana leaves, were used to wrap tempeh traditionally, but are
being replaced by perforated plastic bags (polyethylene) for convenience and access in
non-tropical countries. On tempeh composition, both materials facilitated increases in
antioxidant activities as well as total phenolic, daidzein, and genistein levels, but at
different timings. Tempeh in banana leaf reached the peak of total phenolic content
earlier, on days one and two, while tempeh in plastic bag reached the peak on day four.
These results are likely due to differences in oxygen permeability that affects Rhizopus
spp. growth, where the banana leaf is difficult to normalize compared to the perforated
plastic bag. Since tempeh was most commonly and optimally harvested after 30 hours of
fermentation at 32 degrees Celsius (Handoyo & Morita, 2006; Sudarmadji & Markakis,
1978), the antioxidant content of tempeh wrapped in banana leaves can be superior to that
of tempeh wrapped in plastic.
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In terms of aroma, wrapping material can determine the presence of volatile
aromatic compounds. A-pinene, a terpenoid that promotes salty and beany aromas, was
found only in tempeh wrapped in banana leaves; while sec-butyl nitrite (promoting
cereal-like aroma), a-bisabolene (promoting ‘green’ aroma), and piperazine (no aroma)
were found only in tempeh wrapped in plastic (Harahap, Lubis, & Kaban, 2018). To
reduce waste from wrapping materials, tempeh fermentation can also be done in a tray
(Martinelli, Hesseltine, & FILHO, 1964). However, further research is needed to
determine how tray fermentation affects the quality and taste of the final tempeh product.

Perforation
The use of plastic bag instead of leaf allowed more control over perforation
intensity and oxygen permeability. Bhowmik et al. (2013) reported significantly higher
mold population density and texture parameters, i.e. firmness, springiness, resilience,
gumminess, and chewiness, in tempeh with 9 perforations compared to 0, 7, and 8
perforations in plastic petri dishes after 36 hours of fermentation. Four perforations were
located along the side of the petri dish, with 6.9 cm distance, and 3, 4, or 5 holes were
located at the bottom of petri dish, with 4 cm distance (Bhowmik, Balasubramanian, &
Yadav, 2013).
Fermentation without perforation (anaerobic) was adopted as an additional step by
Yusof et al. (2013) and Watanabe et al. (2007) to increase the levels of free amino acid
(including gamma-aminobutyric acid (GABA)), peptide, and antioxidant activity in the
tempeh product. Anaerobic fermentation was performed at 30 degrees Celsius for 30
hours after fermenting soybeans with Rhizopus spp. 5351 for 30 hours at 30 degrees
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Celsius (Yusof et al., 2013), or for 5 hours after normal fermentation with Rhizopus
microsporus for 20 hours (Watanabe, Fujimoto, & Aoki, 2007).

Microbial community & co-inoculation
Microorganisms other than Rhizopus spp. can be found in the traditional tempehmaking process, including lactic acid bacteria, zygomycota (e.g. Absidia spp.), mold (e.g.
Mucor spp. and Rhizomucor spp.), and yeasts (Wikandari, Millati, Lennartsson,
Harmayani, & Taherzadeh, 2012). The lactic acid bacteria included Enterococcus
faecium, Leuconostoc lactis, Leuconostoc spp. delbrueckii, and Alicyclobacillus spp.
(Pisol, Abdullah, Khalil, & Nuraida, 2015); while Lactobacillus agilis, L. fermentum, and
Enterococcus were the firmicutes that were found predominantly in the tempeh and the
water it was soaked in (Radita, R., Suwanto, A., Kurosawa, N., Wahyudi, A. T., &
Rusmana, I., 2017). Clostridium was also found in the starter culture, but did not dictate
the final bacterial composition in tempeh (Radita, R., Suwanto, A., Kurosawa, N.,
Wahyudi, A. T., & Rusmana, I., 2017). Lim & Tay (2011) reported finding the following
yeasts in tempeh: Pichia guillermondii, Candida tropicalis, P. norvegensis,
Sporopachydermia lactativora, Trichosporon asahii, the latter of which was a food safety
concern due to being the most frequently isolated species that can cause mild cutaneous
infections and resistance to several antibiotics (Lim & Tay, 2011).
Tempeh fermentation can also be done by pairing the main inoculum i.e. Rhizopus
with other microorganisms. The first example is the co-inoculation with Lactobacillus
plantarum, which has been identified as a probiotic (Helmyati et al., 2016; Nout,
Beernink, & Bonants-van Laarhoven, 1987), but can be used to improve the health-
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promoting and safety aspects of tempeh. Supplementation of tempeh co-inoculated with
Lactobacillus plantarum resulted in the improvement of hyperglycemia, hyperlipidemia,
and hyperinsulinemia in rats with Streptozotocin-induced type II diabetes mellitus; by
altering intestinal bacterial distribution and increasing intestinal short chain fatty acid
levels in rats fed a high-fat-diet (Huang, Wu, Chu, Chang, & Wu, 2018). During tempeh
fermentation, the addition of approximately 106 CFU/g of L. plantarum completely
inhibited the growth of Salmonella infantis, Enterobacter aerogenes, Escherichia coli,
Staphylococcus aureus Listeria monocytogenes, Streptococci, Lactobacilli, Micrococci in
soy, fava bean, pea, and chickpea tempehs (Ashenafi, 1991; Ashenafi & Busse, 1989,
1991b, 1991a, 1992, 1992).
Co-inoculation of R. oligosporus and Bacillus subtilis on soybeans produced
tempeh-natto that exhibited a higher health-promoting potential in vitro and in vivo
(Chung et al., 2009). The tempeh-natto had high in vitro α,α-diphenyl-β-picryl hydrazyl
(DPPH)-scavenging effects and angiotensin converting enzyme (ACE) inhibitory activity
with IC50 values of 66.9 mg/mL and 0.6 mg/mL, respectively; increased in vivo
antioxidant status and decreased lung ACE activity in hypertensive rats at a dose of 0.40.8 g/kg (Chung, Hsu, Huang, & Lin, 2009).
In soybeans, co-inoculation of R. oligosporus and Aspergillus elegans produced
tempeh with reduced levels of flatulence-inducing oligosaccharides and IgE
immunoreactivity, as well as increased soluble protein and peptide levels (Huang et al.,
2019). In barley, co-inoculation of R. oligosporus with yeasts (Saccharomyces cerevisiae,
S. boulardii, Pichia anomala, Kluyveromyces lactis) slightly increased vitamin B6 and
niacinamide levels and slightly decreased vitamin B content (Feng, Passoth, Eklund-
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Jonsson, Alminger, & Schnürer, 2007). In grass peas, combination of Rhizopus
microsporus var. chinensis and equol or lower dose of Aspergillus oryzae resulted in
tempeh with increased in vitro bioavailability of protein, protein hydrolysis activity, and
amino acid content (Starzyńska-Janiszewska, Stodolak, & Wikiera, 2015). Grass pea
tempeh fermented with Rhizopus oligosporus and Aspergillus oryzae produced tempeh
with 70% higher radical scavenging ability, 3-fold higher vitamin B1 level, and 2-fold
vitamin B2 level compared to tempeh innoculated only with R. oligosporus (StarzyńskaJaniszewska, Stodolak, Duliński, & Mickowska, 2012).
Bacteria isolated from tempeh can increase the levels of nicotinic acid and
nicotinamide (Lactobacillus spp. and C. freundii), thiamine (C. freundii); and transform
phenolic compounds (glycitein to 6,7,4'-trihydroxyisoflavone/factor 2 by Brevibacterium
epidermidis and Micrococcus luterus as well as daidzein to factor 2 and glycitein)
(Denter & Bisping, 1994; Klus, Borgerpapendore, & Barz, 1993). Inoculation of K.
pneumoniae and Trichosporon beigelii increased the levels of biogenic amines i.e.
tyramine and putrescine, which are toxicants, by 11%. Addition of L. plantarum reduced
these amines by 50% (Nout, Ruikes, Bouwmeester, & Beljaars, 1993).

Fortification
According to the WHO, food fortification is a deliberate practice of increasing the
content of essential micronutrient for the purpose of improving the nutritional quality of
food supply and providing a public health benefit with minimal risk to health (Allen,
2006). Food fortification has been considered to be highly effective for preventing
micronutrient malnutrition (Miller & Welch, 2013).
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Tempeh has been reported as a promising medium for iron fortification, one of the
3 most prevalent forms of micronutrient malnutrition (Allen, 2006). In tempeh
production, fortification can be done before the fermentation step and after the drying
step. The addition of sodium ferric ethylenediaminetetraacetic acid (NaFeEDTA) at 28112 mg/kg before fermentation at 32 degrees Celsius for 16-32 hours did not alter
organoleptic properties and increased hemoglobin levels in female Wistar rats at 24 ppm
more than supplementations of FeSO4 and regular tempeh (Sudargo et al., 2015). Similar
results were observed in male anemic Sprague-Dawley rats (Kusuma & Ermamilia,
2018). In tempeh made of 30 g of soybeans, fortification with 0.166% (w/w) of
NaFeEDTA promoted iron (Fe) levels of 12.54 mg before cooking and 8.40 mg after
boiling - meeting the recommended daily allowance (RDA) of 8-15 mg and 7.74 mg after
frying (Mahardika, Amin, & Risdiyono, 2020). Helmyati et al. (2016) fortified tempeh
with 50 ppm of FeSO4 and synbiotics (Lactobacillus plantarum Dad13 and fructooligosaccharides) resulting in significantly increased blood hemoglobin and body weight
in anemic Wistar rats (Helmyati et al., 2016).

Enzymatic activity
Physical and chemical changes during tempeh fermentation were led by the
penetration of mold mycelium into substrate (approximately 2 mm deep in 40 h of
fermentation) (Jurus & Sundberg, 1976; Varzakas, Pyle, & Niranjan, 1997), in which
enzymes play an important role. Cellulase, pectinase, amylase, protease, and lipase have
been identified throughout the tempeh fermentation process (Manurukchinakorn & Fujio,
1997; Ruiz‐Terán & Owens, 1996), with the first four having the strongest correlation

38

with degree of maceration (Manurukchinakorn & Fujio, 1997). These enzymes promoted
degradation of protein, crude lipid, triglycerides, glycerol, and production of free
ammonia, and free fatty acids (Ruiz‐Terán & Owens, 1996). Heskamp & Barz (1998)
identified intracellular, extracellular, and cell wall-bound proteases in 9 strains of
Rhizopus spp., including Rhizopus oryzae (Went & Prinsen Geerligs, YEAR), R.
microsporus var. chinensis, R. stolonifer, R. oligosporus (isolates Sama, J16, MS5), and
Rhizopus oligosporus strain NRRL 2710. The major protease activity was in the cell
walls of fungal hyphae (Heskamp & Barz, 1998).

pH Level
Sparringa & Owens (1999) observed that alkalization in tempeh was mainly promoted by
the release of ammonia, which accounted for approximately 40% of alkalization in
mature tempeh (46 hours of fermentation) and almost entirely in aging tempeh (46-72
hours of fermentation) at 30 degrees Celsius. This fermentation increased the initial pH of
4.6 to 6.6 in mature tempeh (46 hours of fermentation) and to 7.1 in aging tempeh (72
hours of fermentation) (Sparringa & Owens, 1999). Ammonia production contributed
more to alkalization compared to the 80% digestion of lactic acid, which accounted only
for 3% (Sparringa & Owens, 1999d). The pH rapidly increased after 18 hours of
fermentation (Matsumoto & Imai, 1990).

Moisture and water activity
The optimum water activity (aw) for tempeh fermentation with R. oligosporus
(NRRL 5905) in soy ranged from 0.98 to 1.00, where 0.99-1.00 was optimum for

39

mycelial growth, polygalacturonase activity, and xylanase activity, and 0.98 was
optimum for endocellulase but also reduced mycelial growth (Sarrette, Nout, Gervais, &
Rombouts, 1992). The optimum humidity for tempeh fermentation with 3.5 ´ 104 CFU/g
substrate of R. oligosporus (UCW-FF8001) was 620 g/kg humidity (Penaloza, Davey,
Hedger, & Kell, 1992). For the germination phase at 40°C, 0.995 aw was optimum, 0.5%
v/v oxygen was tolerable, and 5-10% v/v CO2 could be inhibitory (Han & Nout, 2000).

Substrate: beyond soy
Although not yet standardized like soybean tempeh, other kinds of tempeh exist
that are not made of soybeans completely or partially. These other tempehs are referenced
with the substrate name before the word ‘tempeh’, e.g. pigeon pea tempeh. Studies have
described tempeh made of chickpeas (Ashenafi & Busse, 1991d; Erkan, Gürler, Bilgin,
Germec, & Turhan, 2020; Paredes-López, González-Castañeda, & Cárabez-Trejo, 1991;
Reyes-Moreno, Romero-Urias, Milan-Carrillo, & Gomez-Garza, 2000; Robinson & Kao,
1977), lentils (Erkan, Gürler, Bilgin, Germec, & Turhan, 2020), white beans (Erkan,
Gürler, Bilgin, Germec, & Turhan, 2020), black beans (Erkan, Gürler, Bilgin, Germec, &
Turhan, 2020; Paredes‐López & Harry, 1989; Rochín-Medina et al., 2015), broad beans
(Erkan, Gürler, Bilgin, Germec, & Turhan, 2020), black gram (Yadav & Khetarpaul,
1994), green grams (Lakshmy & Usha, 2010), yam-beans (Azeke, Fretzdorff, BueningPfaue, & Betsche, 2007; Njoku, Ofuya, & Ogbulie, 1991), velvet beans (Pugalenthi,
Vadivel, & Siddhuraju, 2005), rice bran (Nurrahma et al., 2018), barley (Feng, Eriksson,
& Schnürer, 2005), peanuts (Matsuo, 2006b), sunflower seeds (Vaidehi, Annapurna, &
Vishwanath, 1985), lupin beans (Agosin, Diaz, Aravena, & Yañez, 1989; Fudiyansyah,
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Petterson, Bell, & Fairbrother, 1995; Jiménez‐Martínez, Hernández‐Sánchez, & Dávila‐
Ortiz, 2007), pigeon peas (Ali, 2008), quinoa (Matsuo, 2006a; Penaloza, Davey, Hedger,
& Kell, 1992), oats (Cai et al., 2014), millet (Anandito, Kurniawan, & Nurhartadi, 2018),
cowpeas (Lakshmy & Usha, 2010), koro benguk (Mucuna pruriens) (Winarni &
Dharmawan, 2017), buckwheat kernels (Wronkowska, Christa, Ciska, & Soral-Śmietana,
2015), red sorghum (Hachmeister & Fung, 1993), wheat (Hachmeister & Fung, 1993;
Wang & Hesseltine, 1966), fava beans (Berghofer, Grzeskowiak, Mundigler, Sentall, &
Walcak, 1998; Robinson & Kao, 1977), peas (Ashenafi & Busse, 1991d), koro kratok
bean (Phaseolus lunatus) (Pertiwi, Marsono, & Indrati, 2020), jack bean (Canavalia
ensiformis) (Puspitojati, Cahyanto, Marsono, & Indrati, 2019), okara (filtration residue of
soymilk production) (Matsuo, 1996), finger millet (Eleusine coracana) (Mugula &
Lyimo, 1999), cottonseed kernels, and corn grits (Matsuo, 2000).

Other uses
The principle mechanisms of tempeh fermentation that increased protein content
and bioavailability, antinutrient content, and mycelium mass; produced enzymes; and
decreased antinutrient have also been applied in animal feed, high-protein fungal mass,
and enzyme productions. Tilapia feed produced by fermenting chickpeas with Rhizopus
oligosporus NRRL 2710 increased protein content by 13.1%, apparent digestibility of dry
matter (ADM) by 23.2%, and apparent digestibility of protein (ADP) by 41.9%, as well
as decreased phytate content by 45% (González, Dorado, Ulloa, Rodríguez, & González,
2018).
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Water-soluble fibrinolytic enzymes with thrombolytic activity were detected in
black soybean tempeh (Poernomo, 2017), leading to isolation of fibrinolytic enzymeproducing organisms from tempeh i.e. Bacillus licheniformis RO3, B. pumilus, Fusarium
sp. BLB, and B. subtilis (Afifah, Rustanti, Anjani, Syah, & Suhartono, 2017; Kim et al.,
2006; Sugimoto, Fujii, Morimiya, Johdo, & Nakamura, 2007).

Effects of tempeh fermentation on health-promoting effects of food ingredients
On nutritional content
Different kinds of tempeh demonstrated different characteristics and nutritional
change (Table 5). In general, tempeh fermentation can increase the contents of crude
protein, soluble protein, amino acid, antioxidant, crude fiber, ash; decrease the levels of
antinutrients and crude lipid; and promote vitamins.

Table 5 Nutritional effects of tempeh fermentation on different substrates.
Substrate
Soybean
(Glycine max)

Effect of tempeh fermentation
Increased crude and soluble protein,
mineral, antioxidant bioavailability and
activity, crude fiber, and ash levels;
added vitamin B12 content; decreased
antinutrient levels (phytate, trypsin
inhibitor, oxalate, and
oligosaccharides)
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Source
(Ahmad, Ramasamy,
Majeed, & Mani, 2015;
Areekul et al., 1990;
Ashenafi & Busse, 1991d;
Berghofer, Grzeskowiak,
Mundigler, Sentall, &
Walcak, 1998; Borges et
al., 2016; Chang et al.,
2009; Esaki, Onozaki, &
Osawa, 1994; Ferreira et
al., 2011; Kuligowski,
Pawłowska, JasińskaKuligowska, & Nowak,
2017; Liem, Steinkraus, &
Cronk, 1977; Paredes‐
López & Harry, 1989;
Stodolak & Starzynska-

Chickpea
(Cicer
arietinum)

Increased crude and soluble protein,
antioxidant activity, fiber content, and
ash levels; decreased antinutrient
(oligosaccharides) level

Black gram
(Vigna
mungo)
Yam-bean
(Pachyrhizus
erosus)
African yambean
(Sphenostylis
stenocarpa)
Velvet bean
(Mucuna
pruriens)

Increased protein digestibility;
decreased antinutrient (phytate) and
polyphenol levels
Decreased antinutrient (cyanogenic
glycoside) content

Common bean
(Phaseolus
vulgaris)

Barley
(Hordeum
vulgare)
Lupin
(Lupinus spp.)
Peanut
(Arachis
hypogaea)

Decreased antinutrient (cyanogenic
glycoside) content
Increased soluble protein, amino acid,
and L-dopa contents, decreased
antinutrient content (phytate)

Janiszewska, 2008;
Sudarmadji & Markakis,
1977; van der Riet, Wight,
Cilliers, & Datel, 1987;
Wang & Murphy, 1996;
Xiao et al., 2016)
(Ashenafi & Busse, 1991d;
Reyes-Moreno, RomeroUrias, Milan-Carrillo, &
Gomez-Garza, 2000;
Sánchez-Magana et al.,
2014; Tewari, 2002)
(Yadav & Khetarpaul,
1994)
(Njoku, Ofuya, & Ogbulie,
1991)
(Azeke, Fretzdorff,
Buening-Pfaue, & Betsche,
2007)

(Ariani, Matsjeh, Mustofa,
& Purwono, 2016; Higasa,
Negishi, Aoyagi, &
Sugahara, 1996;
Pugalenthi, Vadivel, &
Siddhuraju, 2005)
Increased in vitro protein
(Paredes‐López & Harry,
bioavailability, protein efficiency ratio, 1989; Rochín-Medina et
antioxidant activity and content;
al., 2015)
decreased antinutrient
(oligosaccharides, trypsin inhibitor)
content
Decreased antinutrient (phytate)
(Eklund-Jonsson,
content
Sandberg, & Alminger,
2006)
Increased amino acid lysine content,
(Chango et al., 1993)
decreased antinutrient
(oligosaccharides and quinolizidine
alkaloids) content
Increased amino acid and fatty acid
(Bujang & Taib, 2014;
contents
Matsuo, 2006c)
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Quinoa
(Chenopodium
quinoa)

Increased the levels of protein, free
amino acid, fiber, phenolic acids, in
vitro antiradical activity and ex vivo
antioxidant activities in the liver

Buckwheat
(Fagopyrum
esculentum)
groat
Bambara nut
(Vigna
subterranea)
Oat (Avena
sativa)

Increased protein content and
digestibility

Wheat
(Triticum
spp.)
Fava bean
(Vicia faba)

Rapeseed
(Brassica
napus)
Pea (Pisum
sativum)
Grass pea
(Lathyrus
sativus)
Koro kratok
(Phaseolus
lunatus)
Jack bean
(Canavalia
ensiformis)
Spelt wheat
(Triticum
aestivwn)

(Matsuo, 2006a;
Starzynska-Janiszewska,
Baczkowicz, Sabat,
Stodolak, & Witkowicz,
2017)
(Wronkowska, Christa,
Ciska, & Soral-Śmietana,
2015)

Increased protein and fat levels,
decreased carbohydrate content

(Amadi, Uneze, Barimalaa,
& Achinewhu, 1999)

Increased antioxidant activity and
content, decreased antinutrient
(phytate) content
Increased vitamins B1, B2, and B3

(Cai et al., 2014)

Increased the levels of crude and
soluble protein, crude fiber, ash, and
phenolics as well as antioxidant
activity; decreased crude fat content

(Ashenafi & Busse, 1991d;
Berghofer, Grzeskowiak,
Mundigler, Sentall, &
Walcak, 1998; Polanowska,
Grygier, Kuligowski,
Rudzinska, & Nowak,
2020)
(Bau et al., 1994)

Increased levels of aromatic amino
acids and ammonia, decreased
antinutrient (alpha-galactosides)
content
Increased or decreased crude protein
content; increased soluble protein,
crude fat, crude fiber, ash levels
Increased protein bioavailability;
decreased antinutrient (phytate, trypsin
inhibitor, ODAP) content

(Wang & Hesseltine, 1966)

(Ashenafi & Busse, 1991d;
Reiss, 1993)

Increased angiotensin converting
enzyme (ACE) inhibitory activity

(Kebede, Urga, & Nigatu,
1995; Stodolak &
Starzynska-Janiszewska,
2008)
(Pertiwi, Marsono, &
Indrati, 2020)

Increased angiotensin converting
enzyme (ACE) inhibitory activity

(Puspitojati, Cahyanto,
Marsono, & Indrati, 2019)

Increased soluble protein, phenolic
(Starzynska-Janiszewska,
acid, and ash contents; decreased starch Stodolak, Socha,
content
Mickowska, & WywrockaGurgul, 2019)
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Protein content and bioavailability
Tempeh fermentation increased the amounts of crude and soluble protein and in
tempeh made from soybeans (9.6-16% and 25-66.4%), chickpeas (6.2% and 62.7%,
respectively), buckwheat kernels (13.3% and 87%, respectively), fava beans (4.6% and
60.7%), peas (12.1% and 62.3%), black beans (9.5-24.5%), bambara nuts (38% and
73.1%) (Ashenafi & Busse, 1991d; Bavia et al., 2012; Paredes‐López & Harry, 1989;
Pugalenthi, Vadivel, & Siddhuraju, 2005; Wronkowska, Christa, Ciska, & SoralŚmietana, 2015). In soy, protein solubility slightly increased within the first 18 hours and
significantly increased after 18 hours of tempeh fermentation, while most amino acid
content significantly increased after 16 hours of tempeh fermentation at 27 degrees
Celsius¾ aspartic acid, cysteine, methionine, phenylalanine, and arginine remained
constant throughout fermentation (Matsumoto & Imai, 1990). Rhizopus spp. produced
intracellular, extracellular, and cell wall-bound proteases, with the latter exhibiting the
main proteolytic activity (Heskamp & Barz, 1998).
Activity of protease and production of free ammonia were detected in the first 32
hours of tempeh fermentation (Ruiz‐Terán & Owens, 1996). After 46 hours of tempeh
fermentation at 30 degrees Celsius, 25% of the initial protein content was hydrolyzed, in
which 65% remained in tempeh as amino acids and peptides, and 25% was assimilated
into mold biomass, and 10% was oxidized (Sparringa & Owens, 1999d). Bioactive
peptides, which have been seen important due to their antihypertensive, antidiabetic,
antioxidative, and/or antitumor activities, were found in hygienic tempehs in higher
amounts compared to non-hygienic tempehs (Tamam et al., 2019).
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In fava bean, tempeh fermentation increased the levels of released GABA and total
amino acids by 10-fold (Polanowska, Grygier, Kuligowski, Rudzinska, & Nowak, 2020).
In spelt wheat, tempeh fermentation increased protein content, reaching 12.7 g per 100 g
dw (Starzynska-Janiszewska, Stodolak, Socha, Mickowska, & Wywrocka-Gurgul, 2019).
In white and colored quinoa, tempeh fermentation increased the levels of protein by 1520%, free amino acid by 5.5 to 9-fold, fiber by 48% (Starzynska-Janiszewska,
Baczkowicz, Sabat, Stodolak, & Witkowicz, 2017).

Lipid content, free fatty acids, and phytosterols
Decrease in crude lipids was observed in soybean (27.6%), chickpea (38.9%), fava
bean (60.8%), pea (37.5%), black bean (12.5-25%), and bambara nut (73.2%) tempehs
(Ashenafi & Busse, 1991d; Paredes‐López & Harry, 1989; Pugalenthi, Vadivel, &
Siddhuraju, 2005). In soy, production of free fatty acid and lipase activity were identified
in the first 32 hours of fermentation at 30 degrees Celsius, resulting in 30% loss of crude
lipid content (Ruiz‐Terán & Owens, 1996). Palmitic acid content was increased and
linoleic acid content was decreased in soy, while in chickpea linoleic acid was increased
(Paredes-López, González-Castañeda, & Cárabez-Trejo, 1991; Wagenknecht, Mattick,
Lewin, Hand, & Steinkraus, 1961). In fava bean, tempeh fermentation released
phytosterols i.e. stigmasterol and campesterol (Polanowska, Grygier, Kuligowski,
Rudzinska, & Nowak, 2020). Inversion of linolenic acid and increase of gamma-linolenic
acid content by 21% were also observed during tempeh fermentation (Hering, Bisping, &
Rehm, 1991).
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Carbohydrate
Tempeh fermentation left very little soluble carbohydrate in soy (van Veen &
Sohaefer, 1950), decreased carbohydrate content by 10.3% in the common bean (Paredes‐
López & Harry, 1989), decreased starch content in spelt wheat (Starzynska-Janiszewska,
Stodolak, Socha, Mickowska, & Wywrocka-Gurgul, 2019), and degraded ethanol-soluble
sugars (alpha-galactosides, flatulence generator included) in rapeseed (Bau et al., 1994).
In soy, the proportion of reducing sugar to total sugar was increased between 8 hours to
20 hours of tempeh fermentation at 27 degrees Celsius (Matsumoto & Imai, 1990). In
bambara nut, tempeh fermentation decreased carbohydrate content by 50% (Amadi,
Uneze, Barimalaa, & Achinewhu, 1999).

Ash and mineral content
After tempeh fermentation, increased ash content was found in soybean (21.6%),
chickpea (26.2%), fava bean (15.2%), spelt wheat (1.9%), and pea (17.4%) tempehs
(Ashenafi & Busse, 1991d; Starzynska-Janiszewska, Stodolak, Socha, Mickowska, &
Wywrocka-Gurgul, 2019), and decreased ash content was found in bambara nut (44.8%)
and black bean (4.3%) tempehs (Paredes‐López & Harry, 1989; Pugalenthi, Vadivel, &
Siddhuraju, 2005). In buckwheat kernels, tempeh fermentation increased Fe (31.635.9%), Cu (82%-86.8%), P (16.3-17.8%), Mg (25.6-31.8%), K (24.9-30.9%), and Zn
(13.7-22.7%); and maintained or decreased Ca content by 11.8% (Wronkowska, Christa,
Ciska, & Soral-Śmietana, 2015). In terms of iron, tempeh fermentation improved Fe
content and bioavailability by increasing iron(II)-species as well as decreasing complexed
iron and iron(III)-species (Tawali & Schwedt, 1998).
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Vitamin B12
Vitamin B12 deficiency has been a severe problem in the Indian subcontinent,
Mexico, Central and South America, selected areas in Africa, and among vegetarians in
Asia (Stabler & Allen, 2004). Vitamin B12 deficiency can lead to hazardous health
conditions e.g. pernicious anemia, megaloblastic anemia, and hyperhomocysteinemia
(Stabler & Allen, 2004).. One of the main reasons of such a prevalence has been the
limited number of dietary sources of vitamin B12, especially in the plant-based category,
which has been regarded as a more sustainable option compared to meat in terms of
public health and environment (Godfray et al., 2018; Stabler & Allen, 2004). Having
been regarded as the richest plant-based source of vitamin B12 (Shurtleff & Aoyagi,
1979), tempeh has the potential to the a solution to the need for plant-based source of
protein containing vitamin B12.
Vitamin B12 in tempeh was produced by bacteria e.g. Klebsiella pneumoniae and
Citrobacter freundii (Areekul et al., 1990; Keuth & Bisping, 1993; Liem, Steinkraus, &
Cronk, 1977; Okada, 1989). The vitamin B12-producing K. pneumoniae strains in
tempeh were not pathogenic given that they did not produce enterotoxin and had different
genetic profiles compared to those pathogenic to humans (Keuth & Bisping, 1993;
Yulandi, Sugiokto, & Suwanto, 2016). In Indonesia, harmless Klebsiella spp. that did not
have rmpA and other virulence-associated genes could be found in most tempehs
(Cesrany, M., Yulandi, A., Rusmana, I., & Suwanto, A., 2017).
Vitamin B12 content in tempeh can be highly varied (0.07-12.4 µg/100 g tempeh)
since the presence of vitamin B12-producing bacteria has been mostly coincidental or due
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to contamination (Liem, Steinkraus, & Cronk, 1977; United States Department of
Agriculture, 2019). Commercial tempehs were found to contain 0.34-2.44 µg/100 g in
Indonesia, 5.29 µg/100 g in Canada, and 15 µg/100 g in the US; while the USDA listed
the vitamin B12 content in tempeh to be 1.26 µg/100 g (Liem, Steinkraus, & Cronk,
1977; United States Department of Agriculture, 2019). In lupin, in situ co-inoculation of
Propionibacterium freudenreichii with Rhizopus oryzae or Rhizopus oligosporus resulted
in 0.97 µg/100 g and 103.32 µg/100 g vitamin B12, respectively (Signorini et al., 2018;
Wolkers–Rooijackers, Endika, & Smid, 2018). Applicable technology to produce vitamin
B12-containing tempeh consistently is needed since fulfilling the RDA of 1.8 µg is
within reach.

Other vitamins
Tempeh fermentation can promote the content of B vitamins in soy, barley, and wheat
tempeh due to the ability of Rhizopus spp. to biosynthesize riboflavin, niacin,
nicotinamide, and vitamin B6 (Feng, Passoth, Eklund-Jonsson, Alminger, & Schnürer,
2007; Keuth & Bisping, 1993; Roelofsen & Talens, 1964; Wang & Hesseltine, 1966). In
pure culture models, R. oligosporus produced riboflavin, nicotinic acid, nicotinamide,
and vitamin B6 in greater quantities than R. arrhizus, and R. stolonifer (Keuth & Bisping,
1993). In wheat, tempeh fermentation increased riboflavin and niacin, but decreased
vitamin B1 levels (Wang & Hesseltine, 1966). Tempeh fermentation could also increase
beta-cartone and ergosterol, and decrease free tocopherols (Denter, Rehm, & Bisping,
1998).
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In barley, production of vitamin B6 and niacin was increased by S. cerevisiae coinoculation, although vitamin B1 and biotin were decreased (Feng, Passoth, EklundJonsson, Alminger, & Schnürer, 2007). Nicotinic and nicotinamide contents could also be
increased by the presence of Lactobacillus spp. and C. freundii, which the latter can also
produce vitamin B1 (Denter & Bisping, 1994). In buckwheat groats, tempeh fermentation
increased thiamine and riboflavine contents by 2.5 and 7.5-fold, respectively (StarzynskaJaniszewska et al., 2016).
Total folate was found to be 4-5 times higher after tempeh fermentation (Ginting &
Arcot, 2004; Murata, Kokufu, & Sanke, 1970). This result was due to de novo formation
of folate compounds i.e. N5-formyl-5, 6, 7, 8-tetrahydropteroyl-glutamic acid, 5-formyltetrahydrofolate, 10-formyl tetrahydrofolate, and rhizopterin/N10-formylpteroic acid by
R. oligosporus (Ginting & Arcot, 2004; Sanke, Miyamoto, & Murata, 1971). Tempeh
fermentation also increased biotin content by 2.3-fold (Murata, Kokufu, & Sanke, 1970).

On bioactive compounds
In soybean
Most of the biological activities of tempeh related to cancer inhibition, cognitive
function, lung health, cardiovascular health, liver health, type II diabetes mellitus,
skeletal muscle recovery, and malnutrition, were hypothesized to be due to its soy
isoflavone content. Tempeh can be one of the most bioavailable sources of isoflavones in
comparison to other soy foods. Whole soybean foods e.g. soymilk, tofu, and tempeh
contained higher concentrations of isoflavones compared to the ‘second-generation
soyfoods’ e.g. soy-based hot dog, burger, or noodles (Baiano, 2010). Among whole
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soybean foods, isoflavones in fermented soy foods e.g. miso and tempeh were found to
be more bioavailable compared to unfermented soy products e.g. soy protein and soymilk
derivatives, by being higher in unconjugated isoflavone aglycone levels and lower in
conjugated isoflavone glycosides such as malonyl glycosides (Baiano, 2010). Compared
to some other fermented soy foods i.e. tofu and bean curd sheet, tempeh contained
significantly higher levels of isoflavones in both raw and cooked forms (Haron, Shaari, &
Keng, 2016).
In yellow and black soybean, tempeh fermentation decreased conjugated isoflavones
e.g. malonyl glycosides and increased unconjugated isoflavones e.g. daidzein and
genistein. Tempeh fermentation decreased malonyl-genistin after soaking and cooking,
generated acetyl-daidzin and acetyl-genistin during heat processing (Wang & Murphy,
1996), and increased daidzein and genistein concentrations after fermentation due to
fungal enzymatic hydrolysis (Berghofer, Grzeskowiak, Mundigler, Sentall, & Walcak,
1998; Borges et al., 2016; Esaki, Onozaki, & Osawa, 1994; Kuligowski, Pawłowska,
Jasińska-Kuligowska, & Nowak, 2017; Rochín-Medina et al., 2015; Sánchez-Magana et
al., 2014; Wang & Murphy, 1996). After 48 hours of fermentation the levels of daidzein
and genistein increased by approximately 4-fold and 6-fold respectively with increased
antioxidant activity by 4 to 6-fold; meanwhile 4-5 days of fermentation increased the
levels of daidzein and genistein by up to 6-fold and 9-fold respectively with increased
antioxidant activity by up to 12-fold in 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) tests (Kuligowski, Pawłowska, Jasińska-Kuligowska, & Nowak, 2017).
In DPPH tests, tempeh fermentation also increased free-radical and superoxide
scavenging activities, reducing power, and inhibitory activity towards lipid peroxidation
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(Ahmad, Ramasamy, Majeed, & Mani, 2015; Chang et al., 2009; Xiao et al., 2016).
While the studies mentioned mostly used chromatography techniques, a contradictive
result was found in a study using enzyme-linked immunosorbent assay (ELISA),
reporting that tempeh only contained 18.07% of the original soybean isoflavones
(Fernandez-Lopez, Lamothe, Delample, Denayrolles, & Bennetau-Pelissero, 2016).
Another factor that may affect the detectability and bioavailability of phenolic
compounds in tempeh is the binding with protein (Bartolomé, Estrella, & Hernández,
2000; Ushijima, Nozawa, Tanaka, Nonaka, & Ishimaru, 2001).
Bacteria present in tempeh fermentation can also modulate soy phenolic composition.
Micrococcus spp. and Arthrobacter spp. can hydroxylate soy phenolics i.e. genistein to
5,6,7,4'-tetrahydroxyisoflavone and 5,7,8,4'-tetrahydroxyisoflavone, biochanin A to 4'methoxy-5,7,8,-trihydroxyisoflavone, and biochanin A to 4'-methoxy-5,6,7trihydroxyisoflavone (Klus & Barz, 1998). The same bacteria also could convert glycitein
and daidzein to 6,7,4'-trihydroxyisoflavone (factor 2) and 7,8,4'-trihydroxyisoflavone,
daidzein to 7,8,3',4'-tetrahydroxyisoflavone and 6,7,3',4'-tetrahydroxyisoflavone, as well
as glycitein to factor 2 and 6,7,3',4'-tetrahydroxyisoflavone (Klus & Barz, 1995).
Brevibacterium epidermidis and Micrococcus luterus can transform isoflavone glycitein
to factor 2, while Microbacterium aborescens converted daidzein to factor 2 and glycitein
(Klus, Borgerpapendore, & Barz, 1993).

In humans
In human studies, supplementation of tempeh showed higher recovery of daidzein and
genistein in saliva and urine compared to solid soy foods (Table 6). Compared to
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soybean, tempeh supplementation resulted in significantly higher levels of genistein and
daidzein in saliva after 24 hours of treatment in males (20-40 years, n = 22) (Hutchins,
Slavin, & Lampe, 1995). Compared to texturized soy protein, tempeh supplementation in
postmenopausal women promoted higher urinary recovery levels of genistein and equol
as well as higher or similar levels of daidzein; while in premenopausal women it
promoted similar or higher urinary recovery levels of genistein and daidzein as well as
higher level of equol; and in men it promoted higher urinary levels of genistein and
daidzein (Cassidy et al., 2006; Faughnan et al., 2004).
Compared to soymilk, tempeh supplementation increased urinary levels of equol in
postmenopausal, premenopausal women, and men (Cassidy et al., 2006; Faughnan et al.,
2004); and increased urinary level of daidzein in premenopausal women only (Cassidy et
al., 2006). In general, soymilk supplementation promoted earlier and higher maximum
concentration of isoflavones in urine compared to tempeh and texturized vegetable
protein at equalized dose (0.44 mg isoflavone per kg bodyweight). Further research is
needed to compare the effects across similar food forms i.e. soybean vs. tempeh or
soymilk vs. tempeh milk.

Table 6 Recovery of isoflavone after soy food consumption in humans.
Subject

Sample

Study

Premenopausal
Women

Urine

(Faughnan
et al.
2004)

Urine

(Cassidy
et al.
2006)
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Amount of soy isoflavone
Genistein Daidzein Equol
Soymilk
Tempeh
Tempeh >
>
=
soymilk >
Tempeh,
soymilk
TVP
TVP
= TVP
Soymilk
Tempeh
NA
>
>

Postmenopausal
Women

Men

Tempeh
> TVP

Soymilk
> TVP
Tempeh
=
Soymilk
= TVP
Soymilk
>
Tempeh
> TVP
Soymilk
>
Tempeh
> TVP
Tempeh
=
soymilk
= TVP
Tempeh
>
soybean

Urine

(Faughnan
et al.
2004)

Tempeh,
Soymilk
> TVP

Urine

(Cassidy
et al.
2006)

Urine

(Cassidy
et al.
2006)

Urine

(Faughnan
et al.
2004)

Saliva

(Hutchins
et al.
1995)

Soymilk
>
Tempeh
> TVP
Soymilk
>
Tempeh
> TVP
Tempeh
=
soymilk
= TVP
Tempeh
>
soybean

Tempeh >
soymilk >
TVP
NA

NA

Tempeh >
soymilk >
TVP
NA

In non-soy substrates
In non-soy substrates, tempeh fermentation also increased total phenolic content and
antioxidant capacity. In chickpeas, tempeh fermentation increased total phenolic content
by 2.78-fold and antioxidant activity by 1.80 to 1.94-fold (Sánchez-Magana et al., 2014).
In grass peas (Lathyrus sativus), tempeh fermentation increased DPPH radicalscavenging activity (Starzyńska-Janiszewska, Stodolak, & Jamróz, 2008). In fava beans
and oats, tempeh fermentation released phenolic acids (Polanowska, Grygier,
Kuligowski, Rudzinska, & Nowak, 2020) and increased antioxidative potential using lard
and sunflower oil oxidations tests (Berghofer, Grzeskowiak, Mundigler, Sentall, &
Walcak, 1998). In spelt wheat, tempeh fermentation increased soluble phenolic acid and
ferulic acid contents by 25% and 300%, respectively (Starzynska-Janiszewska, Stodolak,
Socha, Mickowska, & Wywrocka-Gurgul, 2019). In buckwheat groats, tempeh
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fermentation increased antioxidative activity by up to 124% in ABTS assay (StarzynskaJaniszewska et al., 2016). In dark common bean, tempeh fermentation increased the
levels of soluble phenols by 29%, condensed tannins by 140%, flavonoids to 0.35 g/kg,
and antioxidative activity by 45% (Starzynska-Janiszewska, Stodolak, & Wikiera, 2015).
In quinoa, tempeh fermentation increased soluble phenol content (vanillic acid,
protocatechuic acid, and rutin) and antiradical activity by 160% (Starzynska-Janiszewska,
Baczkowicz, Sabat, Stodolak, & Witkowicz, 2017; Starzynska-Janiszewska, Dulinski,
Stodolak, Mickowska, & Wikiera, 2016).

On toxins and antinutrients
Tempeh fermentation has been shown to reduce the levels of antinutrients,
including phytate, oxalate, 3-N-oxalyl-L-2,3-diaminopropionic acid (β‐ODAP), trypsin
inhibitor, flatulence-causing oligosaccharides, and antinutritive phenols. Compared to
other soy foods, tempeh contained relatively low amounts of phytates (approximately
4.31-6.17 mg per serving), which have the potential to disrupt mineral absorption in the
body and cause micronutrient malnutrition (Al-Wahsh, Horner, Palmer, Reddy, &
Massey, 2005; Amarakoon, Thavarajah, McPhee, & Thavarajah, 2012). The soaking,
cooking, and fermentation steps in tempeh production reduced the phytate content, with
fermentation showing the highest level of reduction (Abu-Salem, Mohamed, Gibriel, &
Rasmy, 2014; Tawali, Hain, & Schwedt, 1998). Reduction in phytate content was also
observed in common bean tempeh (Paredes‐López & Harry, 1989). During tempeh
fermentation, Rhizopus oligosporus produced intracellular, extracellular, and active
phytases that were thermostable (some had the optimum temperature of 44°C), active at
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pH 3.0-5.0, and partly inhibited by high concentrations of substrate (Azeke, Greiner, &
Jany, 2011; Sutardi & Buckle, 1988).
In grass pea tempeh, traditional tempe gembus or tofu curd tempeh, soy, lamtoro
(Leucaena leucocephala), and common bean tempehs in Indonesia, phytate-degrading
activities might come from lactic acid bacteria (Damayanti, Ratisiwi, Istiqomah,
Sembiring, & Febrisiantosa, 2017). Phytase-producing lactic acid bacteria have also been
found in other fermented foods such as sourdough bread (Reale, Konietzny, Coppola,
Sorrentino, & Greiner, 2007).
Tempeh contained relatively low amounts of oxalate, which can promote the
formation of kidney stones by binding with calcium (Al-Wahsh, 2005; Massey, Palmer,
& Horner, 2001). The level of oxalate in tempeh (23 mg/serving) was relatively low
compared to other soy food products such as texturized vegetable protein (496-638
mg/serving), soy beverage (336 mg/serving), tofu (43-235 mg/serving), soy burger (58
mg/serving), and peanut butter (225 mg/serving) (Massey, Palmer, & Horner, 2001).
In grass peas, the main toxic compound is the non-protein amino acid (β‐ODAP),
in which overconsumption of the neurotoxin can cause lathyrism in humans and animals
(Yan et al., 2006). Tempeh fermentation can greatly reduce or diminish ODAP content in
grass peas, where the processes prior to inoculation were more efficient in achieving this
goal - the cooking step resulted in approximately 77% of reduction (Kebede, Urga, &
Nigatu, 1995; Stodolak & Starzynska-Janiszewska, 2008).
In soybeans and grass peas, tempeh fermentation can diminish trypsin inhibitors,
which can directly interact with proteolytic enzymes secreted by the pancreas and reduce
the digestibility of proteins in the diet (Hajos et al., 1995). In grass peas, tempeh
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fermentation reduced the level of trypsin inhibitor by 99%, with the cooking step
contributing to the greatest level of reduction (Stodolak & Starzynska-Janiszewska,
2008). In soy, tempeh fermentation increased the anti-tryptic activity of the 85% ethanol
extract, suggesting that tempeh fermentation released and increased the solubility of
trypsin inhibitor compounds (Liu & Markakis, 1991).
In African yam bean (Sphenostylis stenocarpa), tempeh fermentation with 1%
(v/v) citric acid added during soaking diminished cyanogenic glycoside content, which
can be enzymically hydrolyzed to release cyanohydric acid that is toxic due to its ability
to bind with metals e.g. Fe, Mn, and Cu (Azeke, Fretzdorff, Buening-Pfaue, & Betsche,
2007; Francisco & Pinotti, 2000). Tempeh fermentation is a more effective and less
energy intensive method of preparing the African yam bean for consumption compared
to the traditional preparation which involves boiling the yam for 4 hours (Azeke,
Fretzdorff, Buening-Pfaue, & Betsche, 2007).
In lupin (Lupinus mutabilits and L. campestris), tempeh fermentation diminished
the quinolizidine alkaloid content, which is a toxic factor (Jiménez‐Martínez, Hernández‐
Sánchez, & Dávila‐Ortiz, 2007). In soy, chickpea, pea, faba bean, and lupin, tempeh
fermentation can greatly reduce or diminish undigestible and flatulence-causing
oligosaccharide content, including alpha-galactooligosaccharides, stachyose, raffinose,
and verbascose (Nassar, Mubarak, & El‐Beltagy, 2008; Ruiz-Teran & Owens, 1999;
Tewari, 2002; van der Riet, Wight, Cilliers, & Datel, 1987). In dark common bean,
tempeh fermentation can decrease the levels of stachyose, raffinose, and verbascose by
57%, 67%, and 53%, respectively (Starzynska-Janiszewska, Stodolak, & Wikiera, 2015).
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Tempeh fermentation was also reported to remove 70% of total cyanide content in bitter
apricot seeds (Tunçel, Nout, Brimer, & Göktan, 1990).

On allergens
In general, tempeh had negligible/very low immunoreactivity similar to other
hydrolyzed or fermented soy foods such as soy yogurt and miso, likely due to the cooking
and fermentation process that breaks down allergenic proteins (Song, Frias, MartinezVillaluenga, Vidal-Valdeverde, & de Mejia, 2008). Tempeh contained relatively low
antigenicity of protein P34, the immunodominant allergen in soybean, compared to other
commercial soy ingredients i.e. soy flour, soy protein isolate, extracted soy protein, and
soy protein concentrate (Wilson, Martinez-Villaluenga, & De Mejia, 2008). Selection of
soy cultivar with low levels of protein P34 can further reduce the level of P34 protein in
soy tempeh (Wilson, Martinez-Villaluenga, & De Mejia, 2008).
Tempeh fermentation with co-inoculation of Actinomucor elegans, Neurospora
crassa, and Rhizopus oryzae can significantly reduce IgE immunoreactivity in vitro
(Huang et al., 2019). Fermenting buckwheat into tempeh before processing soba noodles
can also decrease allergenic protein levels significantly (Handoyo, Maeda, Urisu, Adachi,
& Morita, 2006). Compared to hydrolyzed vegetable protein, acid-hydrolyzed soy sauce,
and soybean sprouts, tempeh showed lower allergenicity in radioallergosorbent (RAST)
inhibition assays and most importantly, did not contain the antigens common in raw
soybean (Herian, Taylor, & Bush, 1993).
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Health benefits of tempeh
There is a limited number of in vitro, ex vivo, in vivo, clinical, and population
studies on the health benefits of tempeh (Figure 13). The current literature body consists
of evidence on the potential health benefits of tempeh on gut health, cancer, cognitive
function, lung health, cardiovascular health, anemia, liver health, bone health, type 2
diabetes mellitus, skeletal muscle recovery, and malnutrition. Most of the health benefits
can be linked to the isoflavone, protein, mineral, as well as para- and probiotic contents in
tempeh (
Figure 14).
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Figure 13 Number of citation per health benefit topic.
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In vitro

Figure 14 Tempeh fermentation and its related health-promoting potential.

Effects of tempeh on gut health
Tempeh exhibited potent therapeutic effects in the gut by increasing the amount
of beneficial microorganisms, metabolites, as well as supplying paraprobiotics i.e. heatkilled probiotics that can stimulate immune response (Soka, Suwanto, Sajuthi, &
Rusmana, 2015; Taverniti & Guglielmetti, 2011). In a human study, supplementation of
steamed tempeh for about two weeks in eight (8) healthy males and females (20-23 years
of age) enhanced the production of IgA and increased the fecal number of A. muciniphila
(Stephanie, Ratih, Soka, & Suwanto, 2017). In a simulated human digestive tract, raw soy
tempeh stimulated most the growth of Bifidobacterium spp.; raw black bean tempeh
stimulated most the growth of Escherichia coli; fried soy tempeh stimulated an increase
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in Lactobacillus; and fried black beans stimulated the highest increase of Bifidobacterium
and E. coli (Kuligowski, Jasińska-Kuligowska, & Nowak, 2013).
Different tempeh fungi resulted in different gut health effects. In male SpragueDawley rats fed a high-fat diet, a three week supplementation of 20% tempeh fermented
with R. stolonifer increased the cecal numbers of Akkermansia muciniphila,
Bifidobacterium, and Lactobacillus, while that of tempeh fermented with Rhizopus
microsporus increased the level of Akkermansia muciniphila and fecal mucin (Yang et
al., 2018). Both forms of tempeh as well as the tempeh fermented with R. oryzae
decreased the cecal numbers of Enterobacteriaceae and increased cecal propionate and
acetate levels (Yang et al., 2018). Tempeh supplementation also resulted in improvement
on the fecal levels of bile acid, lithocholic acid (a risk factor of colon cancer), fecal
mucins (indices of intestinal barrier function), and IgA (index of intestinal immune
function) (Utama, Okazaki, Tomotake, & Kato, 2013). The constipation-preventing
activity of tempeh could be due to beyond its fiber content, since supplementation of
okara tempeh in rats resulted in shorter gut transit time compared to that of cellulose
(Matsuo, 1995b). In terms of probiotics, supplementation with Lactobacillus plantarum IUL4 isolated from tempeh showed suppressed growth of colonic Enterobacteriaceae in
Sprague-Dawley rats (Foo et al., 2003).
Tempeh supplementation alleviated severity of diarrhea. In 6-24 month-old
Indonesian children with acute diarrhea (N=304), supplementation of formula food
containing tempeh shortened the duration of diarrhea, improved body weight gain, and
nutritional status (Partawihardja, 1990). In a study in Kenya, supplementation of tempehyellow maize porridge in malnourished children (N=56) resulted in shorter diarrhea
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duration (15 days) compared to that of milk-yellow maize porridge 20 days) (Kalavi,
Muroki, Omwega, & Mwadime, 1996). In piglets, supplementation of a high molecular
weight soluble fraction of tempeh significantly reduced fluid loss in E. coli-infected small
intestine compared to saline control, but the effect was not significantly different than
cooked soybean (Kiers et al., 2006; Kiers, Nout, Rombouts, Nabuurs, & van der Meulen,
2007).
Anti-adhesion activity against enterotoxigenic Escherichia coli (ETEC) of tempeh
has been observed in hemagglutinated hamster red blood cell, piglet small intestinal
brush-border membrane, and Caco-2 cells (Kiers, Nout, Rombouts, Nabuurs, & van der
Meulen, 2002; Mo, Zhu, & Nout, 2012; Roubos-van den Hil, Nout, van der Meulen, &
Gruppen, 2010; Roubos-van den Hil, Schols, Nout, Zwietering, & Gruppen, 2010).
Administration of black soybean tempeh also improved serum composition in
enteropathogenic E. coli (EPEC)-induced rats (Nurrahman & Mariyam, 2019).

Effects of tempeh on cancer
Tempeh fermentation displayed the capability to transform isoflavone glycosides
into their more-bioavailable form, isoflavone aglycones (Ahmad, Ramasamy, Majeed, &
Mani, 2015; Berghofer, Grzeskowiak, Mundigler, Sentall, & Walcak, 1998; Borges et al.,
2016; Chang et al., 2009; Cheng, Lin, Wu, & Liu, 2010; Esaki, Onozaki, & Osawa, 1994;
Ferreira et al., 2011; Kuligowski, Pawłowska, Jasińska-Kuligowska, & Nowak, 2017;
Murakami, Asakawa, Terao, & Matsushita, 1984; Rochín-Medina et al., 2015; SánchezMagana et al., 2014; Starzyńska-Janiszewska, Stodolak, & Jamróz, 2008; Wang &
Murphy, 1996; Xiao et al., 2016).
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On T47D breast cancer cells, ethanol extraction of tempeh containing 0.681%
w/w genistein showed inhibitory activity with IC50 value of 196.066+/- 15.956 µg/mL
(Yuliani, Istyastono, & Riswanto, 2016). On Caco-2 human colon adenocarcinoma cells,
water extraction of tempeh showed inhibitory effects (Hsu, Yu, & Chung, 2009). In other
human carcinoma cell lines, Cheng et al. (2011) reported that the extract of black bean
tempeh milk exhibited cytotoxic activity towards human carcinoma cells Hep 3B
(IC50=150.2 mg/mL) but not in human carcinoma cells HeLa, Hep G2, CL-1 and normal
human lung fibroblast cells MRC-5 (Cheng, Lin, & Liu, 2011). On HuH-7 human
hepatocellular carcinoma cells, an antioxidant isolated from tempeh, 3hydroxyanthranilic acid (HAA), showed cytotoxic activity and induced apoptosis at 600700 uM supplementation concentrations (Matsuo et al., 1997). On MCF-7 breast cancer
cells, extracts of overripe tempeh fermented for 60 h and 180 h showed cytotoxic
activities with IC50 values of 8.70 µg/mL and 5.2 µg/mL, respectively (Athaillah et al.,
2019; Muzdalifah, Athaillah, Devi, & Udin, 2018).
Although showing some potential, the significance of tempeh fermentation in
modulating chemo-preventive potential of soybean is still largely unknown because no
unfermented control was tested in most of the studies reviewed, except for one study by
Kiriakidis et al. (1997). In mouse myeloma cells, tempeh glycolipid showed higher
inhibitory activity (reaching 96% at 100 µg/mL of concentration) compared to soybean
(Kiriakidis, Stathi, Jha, Hartmann, & Egge, 1997).
In chicken chorioallantois membrane assays, supplementation of tempeh
genistein, daidzein, 3-hydroxygenistein, 8-hydroxydaidzein, and inhibited in vivo
angiogenesis by 75.09%, 48.98%, 67.96%, and 24.42%, respectively (Kiriakidis et al.,
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2005). All isoflavones also inhibited the expression of Ets 1, a blood vessel formation
transcription factor (Kiriakidis et al., 2005). In male Sprague Dawley rats, 12 weeks of
supplementations of 300mg/kg BW of soybean or 600 mg/kg BW of tempeh significantly
reduced the number of aberrant crypt foci (ACF) in the colon of 1,2-Dimethylhydrazine
Dihydrochloride (DMH)-treated rats. In particular, tempeh supplementation, daily intake
of 600 mg tempeh/kg BW, reduced the number of ACF which was composed by more
than 4 crypts. Increase in superoxide dismutase activity was only observed in rats fed
with 300 mg soybean/kg BW (Hsu, Yu, & Chung, 2009). Although soybean and tempeh
supplementations have shown chemo-preventive effects in animal studies, the efficacy in
clinical studies and the mechanisms of action are still largely unknown.

Effects of tempeh on cognitive function
In Indonesian elders (N=15), tempeh flour supplementation resulted in increases
in mini-mental state examination (MMSE) and Hopkins verbal learning test (HVLT)
scores compared to that of casein (Kridawati, Rahardjo, & Hogervorst, 2019). A
population-based study (N=142) by Hogervorst et al. (2010) showed that both tofu and
tempeh consumption was associated with better immediate memory recall in younger, but
not in older, rural Indonesian elderly. Tempeh consumption ranged from 0 to 3 times a
day with the median consumption of 7±5 times week. In a previous study with a larger
sample (N=719) in the same region of Indonesia, Hogervorst et al., (2008) found that
high tofu consumption was associated with poorer memory test scores and high tempeh
consumption was associated with better memory scores among elderly Indonesians. The
relatively better benefits of tempeh in improving memory could be due to its higher folate
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and vitamin B12 levels, which are enhanced by the fermentation process (Mo et al.,
2013).
In rats with scopolamine-induced cognitive dysfunction, supplementation of total
isoflavones from tempeh at 40 mg/kg, p.o. significantly improved memory, reversed the
scopolamine effect, and reduced inflammation compared to that of unfermented
soybeans. Similar results were observed at 10, 20, and 40 mg/kg, p.o. Tempeh total
isoflavones significantly increased acetylcholine and reduced acetylcholinesterase levels
compared to unfermented soybeans. Soybean total isoflavones only showed significantly
better improvements in cholinergic activities than those of tempeh (Ahmad, Ramasamy,
Jaafar, Majeed, & Mani, 2014). In normal 12-month-old female rats, supplementation of
tempeh flour resulted in faster maize completion time compared to those of tofu,
estradiol, and casein (Kridawati et al., 2013).

Effects of tempeh on lung health
Soy consumption has been linked to better lung function in several population and
meta-analysis studies (Seow et al., 2002; Smith et al., 2004; Yang, Va, Wong, Zhang, &
Xiang, 2011). However, the association with tempeh has not been extensively studied.
Matsuo et al. (1997) reported that 3-hydroxyanthranilic acid (HAA), an antioxidative
intermediate metabolite of tryptophan that can be found in tempeh, inhibited the
formation of a lipid oxidation product 12-hydroxyeicosatetraenoic acid (12-HETE) at a
high concentration (1000 uM) but not at low concentrations (0.1-100 uM) in ex vivo rat
lung models. This result suggests that regular tempeh consumption might not provide any
protective effect from oxidation in the lung, if HAA is the sole responsible compound.
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Another in vitro study by Cheng et al. (2011) reported that extracts of black bean tempeh
milk exhibited cytotoxic activity towards human carcinoma cells Hep 3B (IC50=150.2
mg/mL) but neither towards human carcinoma cells HeLa, Hep G2, CL-1 nor normal
human lung fibroblast cells MRC-5. Phenolic compounds were hypothesized to be
responsible in promoting anticarcinogenic activity (Cheng, Lin, & Liu, 2011). In one in
vivo study, decrease in angiotensin-converting enzyme (ACE) activity in the lungs of
spontaneously hypertensive rats resulted from the supplementation of tempeh-natto, a
product made by co-inoculating soybeans with Rhizopus oligosporus and Bacillus subtilis
(Chung, Hsu, Huang, & Lin, 2009).

Effects of tempeh on cardiovascular health
A quasi-experimental clinical study where women with hyperlipidemia (N=41)
were given 103 g/day and 206 g/day of tempeh gembus, which is made of soymilk curd,
reported a decrease in low-density LDL (27.9% and 30.9%, respectively) and total
cholesterol (17.7 and 19.8%, respectively) and an increase in HDL (3.91 and 8.79%,
respectively) and triglycerides (2.3 and 3.1%, respectively) (Afifah et al., 2020). Similar
results were observed in a study using tempeh drink supplementation, which resulted in
decreased total cholesterol, LDL, and triglyceride levels in male and female subjects
(N=51) (Wirawanti, Hardinsyah, Briawan, & Astawan, 2017). In subjects with
hypertension and hypercholesterolemia (N=30), supplementation of germinated tempeh
decreased systolic blood pressure (Ansarullah, Hardinsyah, Marliyati, & Astawan, 2017).
These studies suggest that the hypolipidemic effects of tempeh may be exhibited in
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hyperlipidemia, but not in normal subjects. Further studies on the potential hypolipidemic
effects of tempeh fermentation on are needed.
Tempeh fermentation can increase soy isoflavone content, which has been
associated with the improvement of hyperlipidemia (Chen, Wu, Yang, Xu, & Meng,
2017; Chen et al., 2014; Eslami & Shidfar, 2019; Kohno, 2017), a risk factor for
cardiovascular disease (Nelson, 2013; Nordestgaard, Langsted, & Freiberg, 2009;
O’Keefe & Bell, 2007). In koro kratok bean (Phaseolus lunatus) and jack bean
(Canavalia ensiformis), tempeh fermentation process improved the release of peptides
that inhibit angiotensin converting enzyme (ACE) in in vitro gastrointestinal digestion
process, resulting in a capacity of 90.5% and 88.2% ACE inhibition, respectively
(Pertiwi, Marsono, & Indrati, 2020; Puspitojati, Cahyanto, Marsono, & Indrati, 2019).
In Wistar male rats, plasma cholesterol and phospholipid levels were significantly
higher in groups fed with tempeh and casein compared to unfermented soybeans
(Guermani, Villaume, Bau, Nicolas, & Mejean, 1993). In contrast, supplementation of
tempeh co-inoculated with Lactobacillus plantarum in high-fat diet-induced
hyperglycemic rats significantly reduced serum total cholesterol, triglycerides, free fatty
acid, and low-density lipoprotein cholesterol (LDL) levels while increasing high-density
lipoprotein (HDL) content (Huang, Wu, Chu, Chang, & Wu, 2018). In normal rats,
supplementation of okara tempeh lowered liver cholesterol level more than that of okara
(2.8 mg/g compared to 4.7 mg/g), as well as lowered plasma cholesterol (69 mg/100 mL
compared to 92 mg/100 mL) and bile acid levels compared to that of casein-cellulose mix
(Matsuo & Hitomi, 1993). In spontaneously hypertensive rats, although supplementation
of tempeh enriched with gamma-aminobutyric acid (GABA) did not result in apparent
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effect on plasma cholesterol and triacylglycerol, it significantly lowered blood urea
nitrogen levels (Aoki, Furuya, Endo, & Fujimoto, 2003). Elevated blood urea nitrogen
level can be a predictor of mortality in decompensated heart failure patients (Aronson,
Mittleman, & Burger, 2004).

Effects of tempeh on anemia
In a quasi-experimental study with pregnant Indonesian women in the third
trimester of pregnancy (N=32), 100 g/day tempeh milk + iron supplementation for 30
days increased serum hemoglobin level as well as protein and iron uptake compared to
iron-only supplementation (Novianti, Asmariyah, & Suriyati, 2019). In a randomized
controlled clinical trial with undernourished Indonesian children (N=30),
supplementation of tempeh-based formula promoted levels of blood hemoglobin and iron
similar to supplementation with the World Health’s Organization’s (WHO) F100, which
is made of skim milk (Iva, Prawirohartono, & Lestari, 2012). F100 is a WHOstandardized ready-to-use therapeutic food for severely malnourished infants aged less
than 6 months in the rehabilitation phase of severe acute malnutrition (SAM) (World
Health Organization, 2005). Iva, Prawirohartono, & Lestari (2012) provide supportive
evidence for the prospect of tempeh as a food intervention for malnourished children.
Tempeh can be a good or excellent source of iron, containing about 10.6-28.69%
of the recommended dietary allowance (RDA) (8-18 mg for adults) in 85 g of food, the
reference amount customarily consumed (RACC) (Food and Drug Administration, 2019;
National Institute of Health, 2019; United States Department of Agriculture, 2019). Iron
in tempeh can also be in more bioavailable forms, given that tempeh fermentation can
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decrease iron(III)-species and complex iron as well as increase iron(II)-species (Tawali &
Schwedt, 1998).
Iron-deficient rats had significantly higher liver iron concentrations and
superoxide dismutase (SOD) activity with tempeh supplementation compared to
unfermented soybeans (Kasaoka, Astuti, Uehara, Suzuki, & Goto, 1997). Levels of
thiobarbituric acid-reactive substances (TBARS), a biomarker for lipid peroxidation,
were higher for rats supplemented with unfermented soybean, but no significant
difference in TBARS was observed between tempeh- and casein supplemented rats
(Kasaoka, Astuti, Uehara, Suzuki, & Goto, 1997).
In healthy rats, tempeh supplementation reduced hemolysis by dialuric acid by
about 20% compared to unfermented soybean supplementation which showed no
reduction (Murata, Ikehata, Edani, & Koyanagi, 1971). In an older study, a contradictive
result was found in rats fed with a vitamin E-deficient diet supplemented with 6hydroxydaidzein, a tempeh antioxidant (Ikehata, Wakaizumi, & Murata, 1968). However,
this result needs more evaluation given recent studies that have reported that isoflavones
in tempeh are mainly genistein and daidzein in terms of amount (Cassidy et al., 2006;
Setchell et al., 2011).

Effects of tempeh on liver health
In vitro and in vivo studies on the benefits of tempeh on liver health demonstrate
correlation between increased antioxidative activities and hepatoprotective effects. In
human hepatocellular carcinoma HuH-7 cells, 3-hydroxyanthranilic acid (HAA), an
antioxidant isolated from tempeh, showed cytotoxic, apoptotic, and cell growth inhibitory
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activity (Matsuo et al., 1997). In mice, alcohol-induced liver damage was reversed by
significant reduction of aminotransferase, alanine aminotransferase, cholesterol,
triglyceride, malondialdehyde, and nitric oxide levels after supplementation of
lyophilized tempeh fermented normally and then anaerobically (Yusof et al., 2013). In
healthy rats, liver lipid peroxidation biomarker, thiobarbituric acid (TBA), values were
significantly lower after tempeh supplementation compared to unfermented soybean
supplementation (0.20±0.05 O.D./g and 0.65±0.13 O.D./g, respectively) (Murata,
Ikehata, Edani, & Koyanagi, 1971). Glutathione peroxide activity was also lowered in
rats after okara tempeh supplementation (Matsuo, 1995a). In spontaneously hypertensive
rats, increase in liver α,α-diphenyl-β-picryl hydrazyl (DPPH) scavenging activity and
angiotensin converting enzyme (ACE) inhibitory activity were observed after
supplementation with 0.4-0.8 g/kg of tempeh-natto, which was co-inoculated with
Bacillus subtilis (Chung, Hsu, Huang, & Lin, 2009).

Effects of tempeh on bone health
The quantity of calcium intake and its bioavailability are critical factors in
maintaining healthy bone mass and functionality (Cashman, 2002). Tempeh contained
81.6-94.35 mg of calcium, which can fulfill 6.80-7.86% of the RDA per 85 g RACC
(Food and Drug Administration, 2019; National Institute of Health, 2020; United States
Department of Agriculture, 2019).
In postmenopausal Malay women (N=20), calcium absorption from tempeh
supplementation was slightly higher, although did not differ significantly from milk
containing an equal amount of calcium (36.9 ± 10.6% vs. 34.3 ± 8.6% of urinal calcium
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level after 24 hours of intake, respectively) (Haron et al., 2010). In Sprague-Dawley rats,
tempeh supplementation promoted a higher calcium absorption ratio, by up to 20%
higher compared to unfermented soybeans (Watanabe, Aoki, & Fujimoto, 2008).

Effects of tempeh on type 2 diabetes mellitus
Tempeh fermentation can improve isoflavones, probiotics, and low fat content,
which have been associated with amelioration of type II diabetes e.g. decrease in blood
glucose level, total cholesterol, body weight (Hsu, Chiu, & Yeh, 2003; Huang et al.,
2013; Jayagopal et al., 2002; Lee, 2006). In high-fat diet-induced hyperglycemic rats,
supplementation of tempeh fermented with Rhizopus oligosporus and Lactobacillus
plantarum improved serum glucose and lipid levels by inhibiting cholesterol synthesis
and promoting lipolysis through the modulation of gut lactic acid bacteria content
(Huang, Wu, Chu, Chang, & Wu, 2018). In a cohort population study (N=) in West Java,
Indonesia, homeostatic model assessment of insulin resistance was negatively correlated
with tempeh consumption, but not tofu only or tofu and tempeh combined (Febrianti,
Hardinsyah, Khusun, & Mansyur, 2019).

Effects of tempeh on obesity
The benefits of tempeh on obesity have been minimally studied. To the best of
our knowledge, there has been only 1 in vivo study by Harun et al. (2017) and 1 clinical
study conducted by Astuti (1997) in Astawan et al. (2008) that used tempeh instead of
soybean ingredients and targeted obesity biomarkers, which in this case are serum lipid
composition and malondialdehyde (MDA) for oxidative stress (Sankhla et al., 2012).
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Astuti (1997) reported that daily consumption of tempeh-based drink for 3 months
decreased total cholesterol in human subjects (N=24) (by 8.6% in men and 10.25% in
women), LDL (by 12% in men and 9.67% in women), and MDA levels (by 23% in men
and 15% in women) (Astawan, Mardhiyyah, & Wijaya, 2018). In highly-active rats,
supplementation of 3 g tempeh per 200 g bw per day for 1 month improved serum MDA
level (Harun, Susanto, & Rosidi, 2017). In an in vivo study by Watanabe et al. (2006) in
Astawan et al. (2008), high-GABA tempeh supplementation resulted in greater
improvement of triacylglyceride, HDL, and LDL levels compared to unfermented
soybean and casein. The anti-obesity effects discussed were hypothesized to be due to the
enhancement of antioxidative and glycolytic enzyme (amylase and glycosidase)
inhibitory activities (Gibbs, Zougman, Masse, & Mulligan, 2004; McCue & Shetty,
2003).

Effects of tempeh on skeletal muscle recovery
The potential use of tempeh to expedite muscle recovery and improve strength is
due to its branched-chain amino acid (BCAA) and antioxidative isoflavone contents.
BCAA consumption has been associated with reduction of creatine kinase and muscle
soreness as well as increase in muscle strength (Howatson et al., 2012; Jackman, Witard,
Jeukendrup, & Tipton, 2010). Tempeh fermentation released more bioavailable soy
isoflavones, which can inhibit inflammation (Kuligowski, Pawłowska, JasińskaKuligowska, & Nowak, 2017), a marker for muscle damage during post-exercise
recovery (Peake, Neubauer, Della Gatta, & Nosaka, 2016).
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In active pulmonary tuberculosis patients in Indonesia (N=128), daily
consumption of 166.5 g of boiled tempeh for 2 months along with standard therapy
improved body weight and physical function parameters i.e. handgrip strength and 6minute walk test scores (Setiawan, 2016). The improvements in body weight and physical
function were not associated with additional protein and caloric intake provided by the
tempeh consumption, suggesting that the high isoflavone contents detected in tempeh
may be responsible for recovery due to their antioxidative properties (Kuligowski,
Pawłowska, Jasińska-Kuligowska, & Nowak, 2017; Setiawan, 2016). In Indonesian
student athletes (N=18), post-exercise tempeh drink supplementation resulted in
significantly lower serum creatine kinase, an indicator for muscle damage, and maximal
strength at 24 hours after exercising compared to supplementation with whey and a
placebo (Jauhari, Sulaeman, Riyadi, & Ekayanti, 2013). The tempeh drink contained 23 g
of protein per portion with 4.16 g of branched chain amino acids (BCAAs) (Setiawan,
2016), which have been associated with reduction of creatine kinase and muscle soreness
as well as increase in muscle strength (Howatson et al., 2012; Jackman, Witard,
Jeukendrup, & Tipton, 2010).

Effects of tempeh on malnutrition
Several studies have examined tempeh as the main source of nutrients and as an
ingredient of formulated food or diet for addressing malnutrition. In a randomized
controlled clinical trial with undernourished Indonesian patients aged 1-10 years (N=30),
Iva et al. (2012) reported that the supplementation of a tempeh flour-based formulation
improved serum iron and hemoglobin levels similarly to the World Health Organization’s
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F100 milk-based formula (Iva, Prawirohartono, & Lestari, 2012). F100 is widely
regarded as the gold standard formula for addressing severe malnutrition in infants aged
younger than 6 months (World Health Organization, 2005).
In a protein-energy malnutrition (PEM) intervention model with Indonesian
toddlers (N=70) in Malang, East Java, Java Island, Indonesia, increase in weight, height,
and blood hemoglobin levels as well as a decrease in blood albumin levels were observed
after supplementation of biscuits made from dates, modified cassava flour, and tempeh as
the main source of protein (Fatmah, 2018). In a quasi-experimental study with
underweight children (N=19) in Padang, Sumatera Island, Indonesia, 100 g/day
supplementation of a mixture of tempeh and jicama (Pachyrhizus erosus) significantly
increased body weight and blood albumin levels compared to a biscuit control
(ingredients) (Symond, Oenzil, Darwin, & Lipoeto, 2016). Along with body weight,
blood albumin levels are an alternate indicator of malnutrition (Cooper, Penne, Bartlett,
& Pollock, 2004; Gitlin et al., 1958). In pregnant women with iron deficiency (N=252),
daily intake of a tempeh-dominant supplementary food (600 g of tempeh, 30 g of meat,
350 g of guava, 300 g of papaya and 100 g of orange per week) during pregnancy
resulted in small decrease in blood hemoglobin, ferritin and body iron compared to no
intervention (Wijaya-Erhardt, Muslimatun, & Erhardt, 2011). In underweight children
younger than 5 years of age (N=46), provision of tempeh nuggets (containing 276.53
calories, 8.6 g of protein, 28.41 g of carbohydrate, 13.28 g of lipid, and 44.38 g of fiber
per 100 g) for 30 days significantly increased energy intake (P<.001) compared to no
provision (Permatasari, Murwani, & Rahfiludin, 2018). In rats (N=18), supplementation
of 20 g/day of tempeh-based enteral formula for 30 days resulted in higher weight gain
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and serum albumin level compared to commercial product for malnutrition (Khasanah,
Ratnayani, Ariani, Angwar, & Nuraeni, 2015).
These studies discussed prospective use of tempeh as a food to ameliorate
malnutrition, especially protein-energy malnutrition and iron deficiency. However,
further research on tempeh as the sole source of nutrients are needed, as well as clinical
trials on the use of tempeh to address malnutrition in children under five years.

Food application as functional ingredient
Meat alternative and extender
Due to its meat-like consistency and high protein content, tempeh has been eaten
like meat in the Western diet e.g. as burger patties, sausages, nuggets, and in stews
(Permatasari, Murwani, & Rahfiludin, 2018; Sihite, Rusmarilin, Suryanto, & Sihombing,
2018; Wang, 1984). Thiébaud et al. (1995) reported that tempeh burger produced
significantly lower carcinogenic heterocyclic amines during frying compared to beef
burger and bacon. The amounts of heterocyclic amines in the smoke condensates were
0.11 ng/g from fried tempeh burger, 0.37 ng/g from fried beef burger, and 3 ng/g from
fried bacon (Thiébaud, Knize, Kuzmicky, Hsieh, & Felton, 1995). In a mutagenicity
assay on Salmonella typhimurium strain TA98, bacon was 350 times more mutagenic
than a tempeh burger (Thiébaud, Knize, Kuzmicky, Hsieh, & Felton, 1995).
In Brazil, burger patty made of white bean tempeh was sensorially accepted as
much as soybean burger by 82 untrained panelists. The white bean tempeh burger had a
similar appearance and crispy consistency compared to the soy tempeh burger, although
it had lower flavor scores (Vital et al., 2018). In Ethiopia, wot, a traditional Ethiopian hot
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spiced stew, made of fava bean, pea, or chickpea tempehs, respectively, were sensorially
favorable and comparable to meat or egg yolk stews (Ashenafi & Busse, 1991d).
Tempeh has been used as meat extender for its low production costs and nutrient
profile i.e. fiber, vitamin, and minerals (Kuo, Wang, Peng, & Ockerman, 1989; Taylor,
Bekhit, & Chandraratne, 2013). Taylor et al. (2013) reported beef patties mixed with 10%
and 20% tempeh resulted in better color stability by retaining a lighter color throughout
storage and reduction in redness, but with significantly lower protein content. Kuo et al.
(1989) incorporated tempeh into ham, where hams made with 2-3.5% tempeh obtained
lower sensory acceptance levels and had lower moisture levels.

Flavoring ingredient
Seasoning powder made of overripe tempeh had higher levels of sourness,
umami, bitterness, saltiness, and pungent aroma compared to fresh tempeh (GunawanPuteri, Hassanein, Prabawati, Wijaya, & Mutukumira, 2015). Oven drying of overripe
and fresh tempeh powders resulted in higher glutamic acid content (14.5% and 15.9%,
respectively) compared to freeze-drying (13.9% and 13.9%, respectively) and no drying
(12.8% and 12.6%, respectively) (Gunawan-Puteri, Hassanein, Prabawati, Wijaya, &
Mutukumira, 2015). Stock cube made of overripe tempeh resulted in the best sensory
results by mixing 27.35% of overripe tempeh powder with 2.34% of xantham gum, 20%
of oil, 16.83% of caramel syrup, 20.7% of salt, 6.48% of garlic powder, and 6.3% of
pepper (Setiadharmaa, Kartawiria, & Gunawan-Puteri, 2010). Through Rhizopus
oligosporus and Bacillus subtilis on malted rice (koji), miso made of tempeh had higher
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sensorial properties and antioxidant activities compared to that of unfermented soybeans
(Matsuo, 2006b).
Chickpea, corn, and common bean tempehs have been made into flours with
higher nutritional values compared to unfermented flours of the same ingredients. ReyesMoreno et al. (2004) showed that fermenting chickpeas into tempeh before producing
flour increased in vitro and in vivo protein digestibility by approximately 10% and 5%,
respectively. Tempeh fermentation also increased the in vivo protein efficiency ratio
(PER), net protein retention, protein digestibility corrected amino acid score (PDCAAS),
as well as the levels of isoleucine, methionine, cysteine, phenylalanine, tyrosine (ReyesMoreno, Cuevas-Rodriguez, Milan-Carrillo, Cardenas-Valenzuela, & Barron-Hoyos,
2004). Similar results were found in corn tempeh flour, in which tempeh fermentation
increased corn PER from 1.78 to 2.10 and PDCAAS from 0.55 to 0.83 (CuevasRodríguez et al., 2006). In common bean tempeh flour, tempeh fermentation improved
antioxidant capacity and total phenolic content by up to 2.2-fold (Gamboa-Gómez et al.,
2016; Reyes-Bastidas et al., 2010).

Pasta and noodles
To increase protein content and amino acid quality, tempeh has been incorporated
into sources of carbohydrates such as pasta and noodles. Soybean and mungbean tempehs
were mixed with nixtamalized yellow corn to produce pasta that helped accommodate the
delivery of enhanced folate content; the limiting amount to achieve favorable results was
33.3% tempeh in the pasta mixture (Susilowati, Maryati, & Aspiyanto, 2018). In noodles,
incorporation of tempeh can increase protein content but has been limited by sensory
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properties i.e. texture and taste (Aini, Prihananto, & Munarso, 2012). Aini et al. (2012)
reported that 20% of tempeh flour was the maximum dose in corn flour noodles to
produce acceptable sensory scores. In buckwheat soba noodles, Handoyo et al. (2006)
found that tempeh fermentation improved the protein digestibility by increasing the levels
of amino acids by up to 50-fold; this included isoleucine, leucine, lysine, valine, glycine,
histidine, tyrosine, and gamma-amino butyric acid. Tempeh fermentation also
significantly decreased phytate content and allergenic protein levels in buckwheat soba
noodles (Handoyo & Morita, 2006).

Bakeries
In bread, adding 5% of freeze-dried tempeh resulted in sensorially accepted bread
with increased protein content and polyunsaturated/saturated fatty acids ratio (Melo et al.,
2020). In vegan cookies, incorporation of tempeh paste to partially substitute wheat flour
(1/7) resulted in higher sensory acceptance scores compared to regular cookies without
tempeh (Budsabun, Panphut, & Chansukh, 2019). In Brazil, incorporation of lyophilized
tempeh flour for substitution of soy flour in coconut cookies improved the antioxidant
levels i.e. isoflavone aglycones, while retaining acceptable sensory scores in texture,
aroma, and flavor (Leite, Carrão-Panizzi, Curti, Dias, & Seibel, 2013). In cereal bars, the
addition of 15% of freeze-dried tempeh resulted in sensorially accepted products with
increased protein content and polyunsaturated/saturated fatty acids ratio (Melo et al.,
2020). In crackers, tempeh fortified with calcium was incorporated to produce sensorially
acceptable products (Haron & Halim, 2019).
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Dietary supplements
Syida et al. (2018) produced tempeh protein isolate by defatting tempeh flour with
hexane immersion then treating it with alkali and acid before neutralizing it. Compared to
tempeh flour, tempeh protein isolate had higher protein content (by 50.5%) and amounts
of essential as well as non-essential amino acids and lower levels of crude fat, total
carbohydrate, total ash, moisture, and crude fiber (Syida, Noriham, Normah, & Yusuf,
2018). Germinating soybean before being processed into tempeh protein isolate increased
protein content by 5-7% and protein digestibility by 1.2%, while decreasing fat content
by 1.3-1.5% (Astawan, Wresdiyati, Yoshari, & Fadilla, 2019).

Beverages
In green coffee beans, Lee et al. (2016) found that tempeh fermentation
modulated the levels of aroma precursors by increasing proline and aspartic acid content,
which exhibited high Maillard reactivity, by 1.5-fold. Tempeh fermentation also
degraded ferulic and caffeic acids, which led to a 2-fold increase in the levels of total
volatile phenolic derivatives (36% of total volatiles were generated during fermentation)
(Lee, Cheong, Curran, Yu, & Liu, 2016). In milk, extracts of black soybean tempeh milk
exhibited antioxidant and cytotoxic activities on human hepatoma cells Hep3B, but not
on normal human lung fibroblast cells MRC-5 (Cheng, Lin, & Liu, 2011).

Emergency food
In a human study, a tempeh-based emergency food formulae made by Iva et al.
(2012) matched the effects of promoting serum iron and hemoglobin levels compared to
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WHO’s F100 formula, which is the international standard for rehabilitation of severe
malnutrition among children younger than 6 months. The tempeh-based formula
consisted of 6.8 g of tempeh flour, 3 g of granulated sugar, 5 g of coconut oil, and 2 g of
electrolytes in 100 mL of water. In contrast, the WHO F100 formula consisted of 8.5 g of
skim milk, 5 g of granulated sugar, 6 g of coconut oil, 2 g of electrolytes in 100 mL of
water (Iva, Prawirohartono, & Lestari, 2012). Aini et al. 2018 created another tempehbased formula, using tempeh flour mixed with corn flour, whole milk powder, sugar, and
oil, producing an emergency food containing 8.1 g of protein, 20.67 g of lipids, 20.58 g
of carbohydrate, and 298.04 kcal of energy. According to the standard for emergency
foods (Zoumas et al., 2002), the nutritional content fulfilled the 7.9-8.1 g of protein and
233 kcal of energy per piece requirements, but not the 9.1-11.7 g of lipid and 23-25 g of
carbohydrate requirements (Aini et al., 2018).
Various tempeh-based biscuits have also been made for different purposes.
Targeted for protein-energy malnutrition (PEM), iron deficiency anemia, zinc deficiency,
and vitamin A deficiency, Lubis et al. (2018) formulated tempeh-based biscuits that could
provide protein adequacy for children aged 1-3 years and 4-6 years by 34-55.8% and
25.3-41.4%, respectively. The biscuits were also rich in iron, zinc, and beta-carotene
(Lubis, 2018). Similar biscuits were also made with soy or quinoa tempeh flour mixed
with fish, millet, and could be fortified with iron (Anandito, Kurniawan, & Nurhartadi,
2018; Setyawati, Dwiyanti, & Aini, 2018). In those biscuits, tempeh functioned in
masking the fishy aroma and metallic flavor, and increasing iron and alpha-tocopherol
concentrations (Anandito, Kurniawan, & Nurhartadi, 2018; Matsuo, 2006a; Setyawati,
Dwiyanti, & Aini, 2018). Matsuo et al. (2006) reported that biscuits made of 20% quinoa
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tempeh powder contained more than 2.5-fold higher iron and alpha-tocopherol content
and resulted in higher absorption of iron in rats. Due to its high fat content, peanut
tempeh can also be considered as an ingredient for emergency food (Matsuo, 2006c).

Foods for infants and the elderly
In Nigeria, Osundahunsi & Aworh (2002) formulated a tempeh-based weaning
food that consisted of 20% soy tempeh or 40% cowpeas (Vigna unguiculata), 50-80% of
ogi (a traditional Nigerian weaning food made of fermented maize flour) or maize flour,
and 10% of melon seed flour. The vanilla-flavored versions of both the ogi-cowpea
tempeh and the ogi-soy tempeh formulations resulted in very good overall acceptability
(8.2 in a 1-9 scale; 1 for dislike extremely and 9 for like extremely) (Osundahunsi &
Aworh, 2002). Both formulations contained approximately 18.6-18.62% of protein, 8.278.83% of fat, 1.72-1.83% of ash, 70.72-71% of carbohydrate, 6.70-7.61% of moisture,
and 435-437 kcal of energy per 100 g; and were cost-efficient given that they were 8-10
times cheaper than commercial products available in the area (Osundahunsi & Aworh,
2002). Another tempeh-based weaning food that was formulated by mixing 27% of
blackbean tempeh with 73% of cooked rice, resulted in 86% in vitro digestibility with
low content of oligosaccharides that could be indigestible and cause flatulence
(Rodriguez-Burger, Mason, & Nielsen, 1998). In Tanzania, fried tempehs made of the
combinations of sorghums, bambara nut, sesame, cowpea, pigeon pea, chickpea, mung
bean, sesame seed, finger millet, common bean, soybean, and groundnut were found
sensorially acceptable as weaning foods (Mugula & Lyimo, 1999, 2000).
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In elderly subjects, a tempeh drink was formulated by Kridawati et al. (2019) as a
source of folate and isoflavones to improve cognitive function. The supplementation of
the tempeh drink (35 g of tempeh flour) resulted in better Mini-Mental State Examination
(MMSE) and Hopkins Verbal Learning Test (HVLT) scores compared to casein
supplementation (17.5 g) (Kridawati, Rahardjo, & Hogervorst, 2019). Nakajima et al.
(2005) found that allowing soybeans to germ/hypocotyl in tempeh fermentation can
enrich isoflavone content in tempeh. This isoflavone-enriched tempeh could be
granulated to create a nutritious supplement suitable for elderly (Nakajima, Nozaki,
Ishihara, Ishikawa, & Tsuji, 2005).

Food safety
Outbreaks and policy implications
Bongkrekic acid toxin outbreaks in Indonesia in 1895-2014, as well as
gastroenteritis outbreaks in North Carolina, USA, in 2012 ,were the most published foodborne illness outbreaks related to tempeh consumption (Garcia, 1999; Griese et al., 2013;
Shurtleff & Aoyagi, 1979). Bongkrekic acid is a mitochondrial toxin produced by
Burkholderia gladioli pathovar cocovenans (B. cocovenans) that can grow in
incompletely fermented ‘tempe bongkrek’, a traditional kind of tempeh in Indonesia
made with coconut oil and/or coconut milk press cake (Anwar, Kasper, Steck, & Schier,
2017). Bongkrekic acid inhibits mitochondrial adenine nucleotide translocase that
disrupts adenosine triphosphate (ATP) and adenosine diphosphate (ADP) synthesis and
exchange, causing a wide range of symptoms including malaise, dizziness, jaundice, and,
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in extreme cases, shock, coma, and death (1-1.5 mg can be fatal in humans) (Anwar,
Kasper, Steck, & Schier, 2017; Deshpande, 2002).
In Indonesia, bongkrekic acid poisoning affected more than 9,000 people and
killed more than 1,000 people between 1951 and 2013; in which the number of cases
went down from 1,036 cases and 125 deaths in 1975 to 4 cases and 1 death in 2013
(Anwar, Kasper, Steck, & Schier, 2017). The public health policy implicaton included
avoiding the production of tempe bongkrek and use of coconut oil or milk press cake,
adjusting the soaking water pH to 4.5, as well as implementing hygienic food production
standards in tempeh production (Anwar, Kasper, Steck, & Schier, 2017; Buckle, 1985).
Griese et al. (2013) reported the gastroenteritis outbreak in North Carolina in
2012 caused by the consumption of unpasteurized tempeh, affecting 87 residents (8
hospitalized) from five states with symptoms including diarrhea, abdominal cramps,
fever, vomiting, and bloody diarrhea. The outbreak was the first case where tempeh was
the food vehicle of Salmonella enterica Paratyphi B variant L(+) tartrate(+) (formerly
Salmonella var. Java), which has mostly been associated with contaminated poultry or
eggs (Griese et al., 2013). The investigation of the source of contamination found
contaminated starter cultures of Rhizopus spp. produced in Indonesia (Griese et al.,
2013). The food safety policy implications included implementing pasteurization, which
can kill pathogens like Salmonella enterica Paratyphi B variant L(+) tartrate(+) (Silva &
Gibbs, 2012), especially those which are ready-to-eat (RTE), and controlling cross
contamination from contact with bare hands, surfaces, and raw materials (Griese et al.,
2013).
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Acidification and co-inoculation to prevent pathogens
Acidification with or without the addition of lactic acid bacteria during the
soaking step has been recommended by many studies to inhibit the growth of pathogens
in tempeh. Acidification reaching pH 4.85 can happen naturally during soybean
production, but it does not always occur (Nout, Beernink, & Bonants-van Laarhoven,
1987; Tunçel & Göktan, 1990). When natural acidification occurred (pH 4.85), it did not
inhibit the growth of Bacillus, Staphylococcus aureus, and Klebsiella pneumoniae in
tempeh consistently in ex situ experiments (Nout, Beernink, & Bonants-van Laarhoven,
1987; Tunçel & Göktan, 1990). When natural acidification does not occur, 105 CFU/g of
Bacillus cereus in the soaking water can grow to 108 CFU/g in tempeh, causing spoilage
(Nout, Beernink, & Bonants-van Laarhoven, 1987).
Acidification and co-inoculation are two separate control measures in improving
the microbial quality of tempeh, since acidification alone does not inhibit the growth of
pathogens such as Listeria monocytogenes, Salmonella infantis, Escherichia coli, and
Entrobacter aerogenes in tempeh (Table 7) (Ashenafi, 1991; Ashenafi & Busse, 1989,
1989, 1991c). Nout et al. (1987) observed that preventing Bacillus cereus growth in
tempeh through acidification of soak water was best done by adding lactic acid to reach
pH ≤ 4.4, although this process might reduce the quality of tempeh (Nout, Bonants-Van
Laarhoven, Dreu, & Gerats, 1985) in comparison to the addition of acetic acid reaching
pH levels ≤ 5.5 and inhibiting the growth of Rhizopus oligosporus. Co-inoculating R.
oligosporus with Lactobacillus plantarum, L. casei ssp. alactosus, and L. fermentum
produced tempeh of excellent quality, but did not prevent B. cereus growth and
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subsequent spoilage without acidification (Nout, Beernink, & Bonants-van Laarhoven,
1987).

Table 7 Effects of acidification and lactic acid bacteria co-inoculation on pathogen
inhibition in various tempehs (adapted from Adapted from Ashenafi
(1991); Ashenafi & Busse (1989, 1991b, 1991c, 1992)).

Tempeh
substrate

Pathogen

Level of inhibition
Acidification L. plantarum
Acidification +
co-inoculation L. plantarum
co-inoculation

Soy

Bacillus cereus
+
+
++
Listeria monocytogenes ++
++
Salmonella infantis
+++
+++
Escherichia coli
+++
+++
Enterobacter aerogenes +++
+++
Staphylococcus aureus
+
++
NA
Chickpea Bacillus cereus
+
+
++
Listeria monocytogenes ++
++
Salmonella infantis
+++
+++
Escherichia coli
+++
+++
Staphylococcus aureus
+
+
NA
Pea
Bacillus cereus
+
+
++
Listeria monocytogenes ++
++
Salmonella infantis
+
Escherichia coli
++
+++
Staphylococcus aureus
+
++
NA
Fava bean Bacillus cereus
+
++
Listeria monocytogenes +
+
Salmonella infantis
+
Escherichia coli
++
Staphylococcus aureus
+
+
NA
+ inhibition; ++ marked inhibition; +++ complete inhibition; - no inhibition.
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Similar results were observed in tempehs made from Ethiopian beans. Ashenafi &
Busse (1991) reported that B. cereus can grow reaching 106-107 CFU/g in unacidified
soy, chickpea, and pea tempehs within 40 hours, and 108 CFU/g in unacidified fava bean
tempeh to cause spoilage. In unacidified soy, chickpea, and pea tempeh, inoculation with
L. plantarum decreased the final B. cereus count by 2 log units but not in fava bean
tempeh (Ashenafi & Busse, 1991b). Combination of acidification (pH 5.5) and coinoculation with L. plantarum completely inhibited B. cereus growth (Ashenafi & Busse,
1991b).
According to Ashenafi (1991) and Ashenafi & Busse (1992), Listeria
monocytogenes and Staphylococcus aureus can grow to a level of 106 CFU/g in soybean,
chickpea, pea, and fava bean tempehs in an ex situ experiment, which can pose a
significant food safety hazard. Acidification alone did not show significant inhibitory
effects, while the co-inoculation with L. plantarum on unacidified or acidified beans
significantly or completely inhibited the growth of L. monocytogenes and S. aureus
(Ashenafi, 1991; Ashenafi & Busse, 1992).
L. plantarum co-inoculation with or without acidification promoted Salmonella
infantis growth inhibition completely in soybean and chickpea tempehs, but only
retardation until approximately 24 hours in pea and fava bean tempehs (Ashenafi &
Busse, 1991c). Similar results were observed on the growth of Enterobacter aerogenes in
soy tempeh (Ashenafi & Busse, 1989). The growth of Escherichia coli can be completely
inhibited by L. plantarum co-inoculation with or without acidification in soybean,
chickpea, and pea tempehs, but marked inhibition could only be achieved by coinoculation and acidification in fava bean tempeh (Ashenafi & Busse, 1989, 1991c).
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Besides the presence of acids, the inhibitory effects of L. plantarum coinoculation paired with acidification could be due to the presence of other compounds
produced by L. plantarum, possibly bacteriocin (Ashenafi, 1991; Ashenafi & Busse,
1989, 1991b, 1991c, 1992). Bacteriocins produced by L. plantarum i.e. plantaricins, have
been identified as broad-range antimicrobial glycolipoproteins that can be heat stable (60
min at 100°C and up to 10 min at 121°C) and be active in a pH range of 2.0 to 8.0.
Plantaricin can be produced by L. plantarum from sorghum beer, green olive
fermentation, and the Nigerian fermented food, ogi. Planctaricin exhibited inhibitory
effects on the growth of B. cereus, Staphylococcus spp., Enterococcus faecalis, Listeria
spp., E. coli, but not on Candida albicans and Klebsiella spp. (Diep, Håvarstein, & Nes,
1995, 1996; Jiménez-Díaz, Rios-Sánchez, Desmazeaud, Ruiz-Barba, & Piard, 1993;
Ogunbanwo, Sanni, & Onilude, 2003; Reenen, Dicks, & Chikindas, 1998).
In terms of substrates, fava bean tempeh required the highest measure of food
safety handling e.g. acidification and L. plantarum co-inoculation. Furthermore, the
growth of Salmonella infantis that cannot be inhibited by acidification and co-inoculation
is a food safety concern. A combination of acidification and L. plantarum co-inoculation
is recommended on top of implementing safe food production standards.

Contamination by closely-related strain or fermenter
In tempeh production, it is critical to avoid food intoxication hazard from
contamination by Rhizopus microsporus var. microsporus (R. microsporus), which has
been reported to be infectious and is closely related to the most commonly used and
researched tempeh fermenter, Rhizopus microsporus var. oligosporus (R. oligosporus)
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(Dolatabadi et al., 2015). Both organisms have been classified as Rhizopus microsporus
based on ITS and large subunit ribosomal ribonucleic acid (LSU rRNA) sequence
analysis (Walther et al., 2013). Based on sporulation ability as well as the DNA
sequences of ITS, ACT, and translation elongation factor 1-α (TEF) regions, there was no
difference found between R. microsporus and R. oligosporus (Dolatabadi, Walther,
Gerrits van den Ende, & de Hoog, 2014).
R. microsporus has been mostly isolated from environmental and clinical samples
such as soil, wood chips, saw mill dust, and human tissue, but it has also been isolated
from tempeh in Indonesia (Dolatabadi et al., 2015; Jennessen et al., 2005). Certain lines
of R. microsporus harbor Burkholderia rhizoxinica as an endosymbiont, which can
produce rhizoxin toxin that is antimitotic (Dolatabadi et al., 2015; Jennessen et al., 2005).
Out of 15 tempeh samples analyzed by Jennessen et al. (2005) and Dolatabadi et al.
(2015), in which 14 of them were from Indonesia and 1 was from The Netherlands, R.
microsporus was isolated from 3 of them and only 1 sample contained Burkholderia
rhizoxinica, while only R. oligosporus was isolated from the rest (including from the
tempeh from The Netherlands). In a laboratory experiment, R. microsporus with
rhizoxin-producing B. rhizoxinica endosymbiont can ferment cooked soybeans into
tempeh (Rohm, Scherlach, Möbius, Partida-Martinez, & Hertweck, 2010). Once tempeh
is contaminated with R. microsporus, it is technically impossible to prevent its growth or
selectively promote the growth of R. oligosporus given that the optimum growth
conditions for both were the same i.e. 40°C and aw 0.995; both R. microsporus and R.
oligosporus can grow at low oxygen level (0.5% v/v) (Han & Nout, 2000).
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Acidification and co-inoculation to prevent pathogens
Acidification with or without the addition of lactic acid bacteria during the
soaking step has been recommended by many studies to inhibit the growth of pathogens
in tempeh. Acidification reaching pH 4.85 can happen naturally during soybean
production, but it does not always occur (Nout, Beernink, & Bonants-van Laarhoven,
1987; Tunçel & Göktan, 1990). When natural acidification occurred (pH 4.85), it did not
inhibit the growth of Bacillus, Staphylococcus aureus, and Klebsiella pneumoniae in
tempeh consistently in ex situ experiments (Nout, Beernink, & Bonants-van Laarhoven,
1987; Tunçel & Göktan, 1990). When natural acidification does not occur, 105 CFU/g of
Bacillus cereus in the soaking water can grow to 108 CFU/g in tempeh, causing spoilage
(Nout, Beernink, & Bonants-van Laarhoven, 1987).
Acidification and co-inoculation are two separate control measures in improving
the microbial quality of tempeh, since acidification alone does not inhibit the growth of
pathogens such as Listeria monocytogenes, Salmonella infantis, Escherichia coli, and
Entrobacter aerogenes in tempeh (Table 7) (Ashenafi, 1991; Ashenafi & Busse, 1989,
1989, 1991c). Nout et al. (1987) observed that preventing Bacillus cereus growth in
tempeh through acidification of soak water was best done by adding lactic acid to reach
pH ≤ 4.4, although this process might reduce the quality of tempeh (Nout, Bonants-Van
Laarhoven, Dreu, & Gerats, 1985) in comparison to the addition of acetic acid reaching
pH levels ≤ 5.5 and inhibiting the growth of Rhizopus oligosporus. Co-inoculating R.
oligosporus with Lactobacillus plantarum, L. casei spp. alactosus, and L. fermentum
produced tempeh of excellent quality, but did not prevent B. cereus growth and
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subsequent spoilage without acidification (Nout, Beernink, & Bonants-van Laarhoven,
1987).
Similar results were observed in tempehs made from Ethiopian beans. Ashenafi &
Busse (1991) reported that B. cereus can grow reaching 106-107 CFU/g in unacidified
soy, chickpea, and pea tempehs within 40 hours, and 108 CFU/g in unacidified fava bean
tempeh to cause spoilage. In unacidified soy, chickpea, and pea tempehs, inoculation with
L. plantarum decreased the final B. cereus count by 2 log units but not in fava bean
tempeh (Ashenafi & Busse, 1991b). Combination of acidification (pH 5.5) and coinoculation with L. plantarum completely inhibited B. cereus growth (Ashenafi & Busse,
1991b).
According to Ashenafi (1991) and Ashenafi & Busse (1992), Listeria
monocytogenes and Staphylococcus aureus can grow to the concentration of 106 CFU/g
in soybean, chickpea, pea, and fava bean tempehs in an ex situ experiment, which can
pose a significant food safety hazard. Acidification alone did not show significant
inhibitory effects, while the co-inoculation with L. plantarum on unacidified or acidified
beans significantly or completely inhibited the growth of L. monocytogenes and S. aureus
(Ashenafi, 1991; Ashenafi & Busse, 1992).
L. plantarum co-inoculation with or without acidification inhibited Salmonella
infantis growth completely in soybean and chickpea tempehs, but only retarded the
bacterial growth until approximately 24 hours in pea and fava bean tempehs (Ashenafi &
Busse, 1991c). Similar results were observed on the growth of Enterobacter aerogenes in
soy tempeh (Ashenafi & Busse, 1989). The growth of Escherichia coli can be completely
inhibited by L. plantarum co-inoculation with or without acidification in soybean,
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chickpea, and pea tempehs, but marked inhibition could only be achieved by coinoculation and acidification in fava bean tempeh (Ashenafi & Busse, 1989, 1991c).
Besides the presence of acids, the inhibitory effects of L. plantarum coinoculation paired with acidification could be due to the presence of other compounds
produced by L. plantarum, possibly bacteriocin (Ashenafi, 1991; Ashenafi & Busse,
1989, 1991b, 1991c, 1992). Bacteriocins produced by L. plantarum i.e. plantaricins, have
been identified as broad-range antimicrobial glycolipoproteins that can be heat stable (60
min at 100°C and up to 10 min at 121°C) and be active in a pH range of 2.0 to 8.0.
Plantaricin can be produced by L. plantarum in sorghum beer, green olive fermentation,
and the Nigerian fermented food, ogi. Plantaricin exhibited inhibitory effects on the
growth of B. cereus, Staphylococcus spp., Enterococcus faecalis, Listeria spp., E. coli,
but not on Candida albicans and Klebsiella spp. (Diep, Håvarstein, & Nes, 1995, 1996;
Jiménez-Díaz, Rios-Sánchez, Desmazeaud, Ruiz-Barba, & Piard, 1993; Ogunbanwo,
Sanni, & Onilude, 2003; Reenen, Dicks, & Chikindas, 1998).
Compared to other tempeh substrates discussed, fava bean tempeh required the
highest measure of food safety handling e.g. the combination of acidification and L.
plantarum co-inoculation. Furthermore, the growth of Salmonella infantis that cannot be
inhibited by acidification and co-inoculation is a food safety concern. A combination of
acidification and L. plantarum co-inoculation is recommended on top of implementing
safe food production standards.
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Processing
Besides acidification and co-inoculation with L. plantarum to improve the food
safety aspects of tempeh production, improvement on time, nutrition, and nutrient
bioavailability can be achieved through pre-germination of inoculants, germination of
substrates, incorporation of hypocotyl, replacement of the boiling step with pressure
steaming, and choices of cooking methods. Pre-germinating the spores of Rhizopus
oligosporus on rice or in potato extract-yeast extract-glucose broth for 8-12 hours at 3035°C prior to inoculation can reduce the incubation time by up to 4 hours (Kronenberg,
1984). Germinating soybean for 12-24 hours on water-saturated filter paper at 25°C
resulted in tempeh with increased levels of crude protein and protein efficiency ratio
(from 2.26 to 2.19), as well as reduced levels of phytates, fat, and oligosaccharides (i.e.
sucrose, raffinose, and stachyose) (Suparmo & Markakis, 1987). Soaking soybean with
10% (v/v) trifluoroacetic acid resulted in higher peptide recovery (Rusdah, Suhartono,
Palupi, & Ogawa, 2017). Germination also lowered phytic acid content and increased
antiradical activity in soybean (Puteri, Astawan, Palupi, Wresdiyati, & Takagi, 2018). In
a protein isolate form, tempeh made of germinated soybeans had significantly higher in
vitro protein digestibility by 1.2% compared to tempeh made of non-germinated soybeans
(Astawan, Wresdiyati, Yoshari, & Fadilla, 2019).
Effects of modifications on standard tempeh-making steps are discussed.
Incorporation of defatted soybean germ increase the levels of isoflavone aglycones and
isoflavone glycosides (Nakajima, Nozaki, Ishihara, Ishikawa, & Tsuji, 2005). Replacing
the boiling step with pressure steaming can result in higher nutrient retention and
Rhizopus spp. growth due to minimized contact with and nutrient diffusion to water as
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well as (Kusumah, Kabuyama, & Maeda, 2018). Hygienic production may increase
bioactive peptide content in tempeh (Tamam et al., 2019).
Although a variety of cooking methods are utilized in tempeh prepation, frying
was the most popular cooking method in Indonesia (Karyadi & Lukito, 1996; Kristianto,
Fitriah, & Astuti, 2015). Fried tempeh contained more isoflavone aglycones (approx. 35
mg of daidzein and 31 mg of genistein per 100 g) than raw tempeh (approx. 26 mg of
daidzein and 28 mg of genistein per 100 g), but had less malonyl glycoside and total
isoflavone content (Ferreira et al., 2011; Haron, Ismail, Azlan, Shahar, & Peng, 2009).
These studies suggest that the frying process breaks down isoflavone glycosides into
isoflavone aglycones, which can increase their bioavailability. Frying tempeh in coconut
oil significantly reduced the levels of free fatty acids by releasing them into the frying oil,
however, final glyceride composition was not affected (Sudarmadji & Markakis, 1978).
Deep-fat frying also decreased the levels of amino acids after 5 minutes and moreover
after 7 minutes, where lysine and cysteine were the most susceptible to heat destruction
compared to other amino acids. In contrast, steaming did not affect amino acid content in
tempeh (Stillings & Hackler, 1965). Boiling and frying can change the flavor profiles of
tempeh by increasing aliphatic aldehydes and decreasing aliphatic esters and alcohols to
different degrees (Apriyantono, Nurkori, Nurjanah, & Satiawihardja, 2001). Application
of sous vide cooking method for 3 days at 45°C resulted in a more gel-looking tempeh
with strong sweet and umami tastes (Guixer, Frøst, & Flore, 2017).
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Sustainability and positive contributions to climate change
Protein delivery efficiency per unit energy and per unit greenhouse gas emissions
Total energy consumption (MJ/kg) and emission (kg CO2 eq./kg) of soy tempeh
were calculated by adding the values of soybean production by González et al. (2011)
with the values of wood- and kerosene-fueled tempeh production in Indonesia by
Supartono et al. (2014) (Table 8). Conversion rates between tempeh and fresh, dry, and
cooked soybeans were obtained from Sparringa & Owens (1999), Hurburgh et al. (2008),
and the USDA FoodData Central (2019).

Table 8 Energy consumption and greenhouse gas emission of soybean production
and tempeh processing
Production

Description

stage

Energy

Emission Reference

(MJ / kg) (kg CO2
eq. / kg)

Substrate

Soybean production

3.06

0.46

production

(González, Frostell, &
Carlsson-Kanyama,
2011)

Tempeh

Traditional processing

production

- firewood-fueled
Traditional processing

5.00

0.46

Purwadi, 2014)
5.62

0.46

- kerosene-fueled
Traditional processing

(Supartono, Widyasari, &

(Supartono, Widyasari, &
Purwadi, 2014)

NA

0.76

with electric boiling

(Putri, Waluyo, &
Setiawan, 2018)

and splitting
Traditional - firewood- NA

0.96

fueled
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(Wiloso et al., 2019)

Modern processing -

NA

1.14

fully-electric
Modern processing -

(Putri, Waluyo, &
Setiawan, 2018)

NA

1.04

8.37

0.92

(Wiloso et al., 2019)

hygienic
Average (soybean production +
average of tempeh production)

Conversion rates between fresh, dry, and cooked soybeans obtained from (Hurburgh Jr,
2008; Sparringa & Owens, 1999c; United States Department of Agriculture, 2019).
The calculated energy consumption and emission values of tempeh were 8.37
MJ/kg and 0.92 kg CO2 eq./kg, respectively (Table 8). Since raw tempeh contained
approximately 145 g of protein per 1000 kg (United States Department of Agriculture,
2019), the protein delivery efficiency energy and protein delivery efficiency greenhouse
gases (GHG) scores of tempeh would be 17.3 g protein/MJ and 124.8 g protein/kg CO2
eq., respectively (González, Frostell, & Carlsson-Kanyama, 2011). The protein delivery
efficiency energy score of tempeh is highly efficient compared to animal sources of
protein with a score that was 3.94-fold that of beef, 4.12-fold that of mutton and lamb,
2.37-fold that of pork, 2.47-fold that of chicken, 3.40-fold that of fish, 1.92-fold that of
eggs, 1.57-fold that of milk, and 2.66-fold that of cheese (Figure 15) (González, Frostell,
& Carlsson-Kanyama, 2011).
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Figure 15 Protein delivery efficiency energy of tempeh compared to other common
sources of protein (adapted from González, Frostell, & CarlssonKanyama (2011) and Table 8).
The protein delivery efficiency GHG score of tempeh was 22.22-fold that of beef,
20.76-fold that of mutton and lamb, 6.31-fold that of pork, 4.05-fold that of chicken,
2.35-fold that of fish, 3.76-fold that of eggs, 5.09-fold that of milk, and 5.63-fold that of
cheese (Figure 16) (González, Frostell, & Carlsson-Kanyama, 2011). Data were not
compared to that of other legumes due to the values provided per unit of dry food, which
required different handling procedures compared to tempeh and animal sources of
protein.
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Figure 16 Protein delivery efficiency GHG of tempeh compared to other common
sources of protein (adapted from González, Frostell, & CarlssonKanyama (2011) and Table 8).
Traditional tempeh production methods resulted in lower or similar energy usage
and GHG production compared to modern methods (Putri et al., 2018, Supartono et al.,
2014, and Wiloso et al., 2019. Traditional methods use fire wood, gasoline, and/or
kerosene as fuels; semi-traditional methods include the use of electricity; and modern
methods were usually fully-electric (Putri, Waluyo, & Setiawan, 2018; Supartono,
Widyasari, & Purwadi, 2014; Wiloso et al., 2019). Modern tempeh production had better
food safety ratings, with implementaton of good manufacturing practices and hazard
analysis critical control points (HACCP) (Table 8) (Putri, Waluyo, & Setiawan, 2018;
Wiloso et al., 2019).
Based on a life-cycle assessment, Wiloso et al. (2019) specified that the main
contributor to land use and eutrophication indicator results was soybean cultivation.
While traditional and modern tempeh production systems differed slightly, the main
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contributor to human toxicity, eco-toxicity, stratospheric ozone depletion, climate
change, photochemical oxidation, and acidification was the transport stages (Wiloso et
al., 2019). Thus, transportation in the tempeh supply and production chain is considered a
priority area for addressing climate impacts of tempeh production and consumption. For
example, sourcing local ingredients (Wiloso et al., 2019). As discussed in the previous
sections, utilization of locally grown legumes, grains, and nuts could be a more costeffective, sustainable way to produce tempeh and reduce the carbon footprint of tempeh
production in various regions of the world.

Utilization of food production by-products
Affordability of tempeh fermentation could come from the fact that tempeh can be
made from food production by-products. In Indonesia, traditional tempe gembus was
made of tofu or soymilk residue and tempe bongkrek, was made from coconut oil or milk
press cake (Damanik et al., 2018; Takeda et al., 2016). The fermentation in tempe
gembus increased monounsaturated fatty acid content by 0.2%, decreased
polyunsaturated fatty acid content by 8.11%, increased saturated fatty acid content by
0.14%, and decreased amino acid content by 0.60% (Damanik et al., 2018).
New types of tempehs made of food production by-products have been reported
with enhanced functionalities, for example on rice bran and flaxseed oil press cake
(Cempaka, Eliza, Ardiansyah, Handoko, & Astuti, 2018; Nurrahma et al., 2018). In
Sprague-Dawley rats fed with a fructose-supplemented high-fat diet, supplementation of
2205 mg/kg BW/day of rice bran tempeh extract increased HDL level (by 151%) and
lowered total cholesterol (by 46%), triglyceride (by 36%), and LDL (by 64%) levels
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compared to the control group (Nurrahma et al., 2018). Soybean tempeh made with up to
20% (w/w) rice bran was sensorially acceptable for human consumption (Cempaka,
Eliza, Ardiansyah, Handoko, & Astuti, 2018). In flaxseed oil press cake, tempeh
fermentation reduced phyate content by up to 48% and increased phenolic content by up
to 85%, radical scavenging activity by up to 200%, reducing power by up to 30%
(Duliński et al., 2017). Beneficial results were also observed on the slightly increased
protein content and significantly decreased lipid content (Duliński et al., 2017; Stodolak,
Starzynska-Janiszewska, Wywrocka-Gurgul, & Wikiera, 2017). Incorporation of flaxseed
oil press cake into grass pea seed tempeh resulted in increased omega-3 linolenic fatty
acid content by 10-fold, improved omega-6/omega-3 fatty acid ratios from 11/1 to 0.52.5/1, increased sulphur amino acids by 10-46%, and decreased lysine content by 6-12%
(Stodolak, Starzynska-Janiszewska, & Mickowska, 2013).

Treatment and utilization of production waste
Tempeh by-products can be utilized to produce animal feed, biogas, fertilizer, and
single cell proteins. Soybean hulls can be utilized for lamb, steer, and laying hen feeds as
energy and fiber sources (Anderson, Merrill, McDonnell, & Klopfenstein, 1988; Esonu,
Izukanne, & Inyang, 2005; Hartini, Letsoin, & Kristijanto, 2018). Microbial fuel cell
(MFC) system with methylene blue as a redox mediator can be used to treat tempeh
wastewater using its own gram positive and gram negative bacteria as well as the biofilm
formed (Arbianti, Utami, Leondo, Putri, & Hermansyah, 2018; Mariana, Elisabeth,
Utami, Arbianti, & Hermansyah, 2017; Siagian, Arbianti, & Utami, 2017; Zuhri,
Arbianti, Utami, & Hermansyah, 2016). Gram positive and gram negative bacteria from
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tempeh wastewater were grown on selective media and selected before being added to the
MFC reactor by 1 and 5 mL, resulting in reduction in chemical oxygen demand (COD)
and biochemical oxygen demand (BOD) levels by up to 29.32% and 51.32%,
respectively (Arbianti, Utami, Leondo, Putri, & Hermansyah, 2018). TiO2-N/bentonitealginate can also be used to decompose tempeh waste water for approximately 53.66%
degration (Nisaa, Wardhani, Purwonugroho, & Darjito, 2018).
For large scale tempeh industries that include soybean harvesting, up to 6.8 mL of
biohydrogen can be generated from each gram of soybean straw and sludge, which
contain carbohydrates (cellulose, hemicellulose, and lignin) and methane that can be
digested using microbial consortiums consisting of Clostridium butyricum and C. roseum
in an anaerobic digester (Rengga et al., 2017). Waste from small scale tempeh industries
can be mixed with household waste and digested using a biogas balloon digester to
produce biogas and fertilizer (Puspawati, Soesilo, & Soemantojo, 2019). In producing
single cell proteins by Chlorella sp., sea water-based cultivation mediums containing
30% tempeh waste yielded 37.1 x 106 cell/mL biomass with 52% protein content (Putri,
Ulhidayati, Musthofa, & Wardani, 2018).

Affordability
A comparative price analysis of tempeh compared to other common sources of
protein in Indonesia and the U.S.A was conducted. Commodity prices were sourced from
the Republic of Indonesia’s Ministry of Trade, the USDA Economic Research Service, as
well as five retail websites (cite the websites in a footnote or reference). Nutritional
content was obtained from product descriptions as well as the USDA FoodData Central
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(Ministry of Trade Republic of Indonesia, 2020; United States Department of
Agriculture, 2020).
In Indonesia, for the same amount of protein content, traditional tempeh can be
cheaper than beef (6.92 times), chicken (1.83 times), egg (2.29 times), and milk (10.56
times) in Indonesia (Figure 17). In the U.S.A., tempeh can be 33% cheaper compared to
beef, but can also be more expensive compared to beef (by 19%), pork (by 42%), chicken
(by 70%), and egg (by 98%) (Figure 18). The relatively cheaper price of tempeh
compared to other source of protein in Indonesia could be due to its production volume
supported by high demand, given that average tempeh consumption of 10.1 kg/person
annually and existence of 100,000 small household producers that can produce 10 kg to 4
metric tons of tempeh per day (Astawan, Mardhiyyah, & Wijaya, 2018; Astuti, Meliala,
Dalais, & Wahlqvist, 2000).
In other countries where tempeh has not been as widely produced and consumed
as it has in Indonesia, tempeh was not as affordable as other common sources of protein.
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Figure 18 Price of tempeh (per g protein) compared to other common sources of
protein in the U.S.A. (Adapted from USDA FoodData Central (2019),
USD ERS Meat Price Spreads (2020)).
In terms of price per kg of food, traditional tempeh was cheaper than beef (7.79 times),
chicken (1.88 times), egg (1.58 times), and milk (1.85 times) in Indonesia; and hygienic
tempeh was cheaper by 1.43 times compared to beef (Figure 19). In the U.S.A., tempeh
on average can be 10% cheaper than beef per kg of food (Figure 20).
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Figure 19 Price of tempeh (per kg food) compared to other common sources of
protein in Indonesia (adapted from (Ministry of Trade Republic of
Indonesia, 2020)).
Although the main positioning for tempeh could be as a plant-based source of
protein, tempeh contains other health-promoting aspects that other common sources of
protein, especially animal-based ones, might not have such as fiber and isoflavones.
Accurate valuation of food contribution might be difficult to assess, however, such work
might provide a rationale for positioning and marketing tempeh as a functional food.
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Figure 20 Price of tempeh (per kg food) compared to other common sources of
protein in the US (Adapted from USDA FoodData Central (2019), USD
ERS Meat Price Spreads (2020)).

Conclusion
Based on the semi-centennial literature body discussed, tempeh fermentation is a
low-cost and sustainable food processing technology that can produce meat-like sources
of protein from various beans, legumes, and grains from around the world with enhanced
the health-promoting potentials. This comprehensive semi-centennial review of tempeh
provides new research on tempeh, its health-promoting benefits, food safety issues,
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fermentation kinetics, current and future applications, sustainability, as well as
affordability. This review identifies areas for further research including the healthpromoting potential of tempeh, especially at clinical and epidemiological levels. To
disseminate access to benefitting from this promising fermentation technology, the need
is clear for the standardization of non-soy tempehs by the international food regulation
body, FAO-WHO CODEX Alimentarius Commission. To further improve the food
safety aspect of tempeh production in the industry, the evaluation of acidification and
lactic acid bacteria co-inoculation in the soaking process is critical. To establish more
sustainable tempeh production systems, the localization of ingredient sourcing in tempeh
production is essential. Altogether, tempeh and tempeh fermentation as plant-based
protein source and technology shall be considered and further studied as key parts of
feeding the world in a sustainable way environmentally, economically, and public healthwise.
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CHAPTER 2
TEMPEH FERMENTATION MODULATED SOY ANTICANCER, ANTIINFLAMMATORY, AND ANTIOXIDATIVE ACTIVITIES BY RELEASING
AND LOOSENING BOUND PHENOLICS

Abstract
Tempeh fermentation can improve anticancer activity of soybeans by modulating
free phenolics (FPs). We investigated the effects of tempeh fermentation on bound
phenolics (BPs), which have been ignored because of limited extractability. FP, enzymehydrolysable (EhBP), acid-hydrolysable, and base-hydrolysable BP extracts from
soybean and tempeh were obtained subsequentially through ethyl acetate extraction.
Total phenolic content (TPC), oxygen radical absorbance capacity (ORAC), nitric oxide
(NO) production in RAW 264.7, HCT116 cell viability, and phenolic composition were
evaluated. Tempeh fermentation increased extraction yield of FP by 7.14-fold; TPC of FP
and EhBP by 4.42 and 3.8-fold, respectively; ORAC of FP and EhBP by 9.2 and 1.75fold, respectively; NO-inhibiting activities of FP and EhBP by 53% and 4.82-fold,
respectively; anticancer activity of EhBP by 26.6%; and the levels of aglycones (168%314%), genistin (443%), and minor phenolics (277%-351%) in FP. Tempeh fermentation
may enhance antioxidative, anti-inflammatory, and anticancer activities of soybean by
releasing BPs into loosely-bound phenolics (LBPs) and FPs.
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Introduction
Anti-inflammatory and anticancer activities of soy isoflavones theoretically could
be enhanced by tempeh fermentation, a low-cost food processing technology to form
meat-like protein source from bean, legume, and/or grain that originated in Indonesia
more than 300 years ago (Ahnan-Winarno, Cordeiro, Winarno, Gibbons, & Xiao, 2020;
Nout & Kiers, 2005; Sparringa & Owens, 1999d). The potential of such an enhancement
is due to the fact that tempeh fermentation can increase the levels and bioavailability of
soy isoflavones (Borges et al., 2016; Kameda, Aoki, Yanaka, Kumrungsee, & Kato,
2018; Kuligowski, Pawłowska, Jasińska-Kuligowska, & Nowak, 2017; Wang & Murphy,
1996). Soy isoflavones are antioxidants that have been linked with lower incidence,
mortality, and recurrence of breast, uterus, ovary, and colon cancer in animal, clinical,
and epidemiological studies (Adlercreutz, 1995; Deping & others, 2001; Guha et al.,
2009; Hakkak, Korourian, Ronis, Johnston, & Badger, 2001; Tham, Gardner, & Haskell,
1998; Watanabe & Koessel, 1993).
Tempeh fermentation has been reported to convert free isoflavone glycosides i.e.
mainly genistin, daidzin, and glycitin into aglycones i.e. mainly genistein, daidzein, and
glycitein (Berghofer, Grzeskowiak, Mundigler, Sentall, & Walcak, 1998; Borges et al.,
2016; Esaki, Onozaki, & Osawa, 1994; Kuligowski, Pawłowska, Jasińska-Kuligowska, &
Nowak, 2017; Wang & Murphy, 1996). Compared to glycosides, aglycones have been
considered the bioactive forms, which means they are more readily available to be
absorbed by human body (Izumi et al., 2000; Okabe, Shimazu, & Tanimoto, 2011).
Tempeh fermentation also resulted in increased antioxidative activities (Ahmad,
Ramasamy, Majeed, & Mani, 2015; Berghofer, Grzeskowiak, Mundigler, Sentall, &
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Walcak, 1998; Kuligowski, Pawłowska, Jasińska-Kuligowska, & Nowak, 2017; RochínMedina et al., 2015; Xiao et al., 2016). In terms of anticancer potential, tempeh extracts
have shown significant in vitro cancer-inhibiting potential in T47D breast cancer cells
(Yuliani, Istyastono, & Riswanto, 2016), Caco-2 human colon adenocarcinoma cells
(Hsu, Yu, & Chung, 2009), as well as Hep-3B and HuH-7 human hepatocellular
carcinoma cells (Cheng, Lin, & Liu, 2011; Matsuo et al., 1997). In 1,2Dimethylhydrazine Dihydrochloride (DMH)-treated rats, supplementation of 600 mg/kg
bodyweight of tempeh significantly reduced the number of aberrant crypt foci (ACF)
(Hsu, Yu, & Chung, 2009).
However, regardless of the growing body of literature as mentioned, there are two
main gaps that could get in the way towards comprehensive understanding and
harnessing tempeh fermentation to enhance food’s chemopreventive potential. First, the
link between changes in distribution of phenolic compounds, antioxidative activity, and
anticancer activity during tempeh fermentation has not been investigated. For example,
most of the in vitro and animal studies mentioned did not include unfermented soybeans
as controls. Second, to the best of our knowledge, there has been no study on soybean or
tempeh bound phenolics (also called non-extractable phenolics). Bound phenolics are
dietary phenolic compounds that have been largely ignored because their limited
extractability and bioavailability due to being bound to fiber or other biomolecules
(Arranz, Silván, & Saura-Calixto, 2010; Saura-Calixto, 2012a). Bound phenolics are
important because they can be present in higher amounts than the more widely studied
free phenolics, and due to their survivability, can act as the main antioxidants in the GI
tract (Arranz, Silván, & Saura-Calixto, 2010; Saura-Calixto, 2012a).
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This experiment aimed to close those gaps by investigating the antioxidative, antiinflammatory, and anticancer activities as well as distribution of free and bound
phenolics before and after tempeh fermentation. Thus, the key changes in activities and
composition of bioactive compounds during tempe fermentation can be elucidated to
understand the mechanisms behind the how it enhanced health-promoting potentials of
food.

Materials and Methods
Soybean and tempeh samples preparation
Non-GMO soybeans (from Well Luck Co., Jersey City, New Jersey, USA) were
soaked overnight, boiled for 30 minutes, dried, and inoculated with tempeh starter
containing Rhizopus oligosporus (from Indonesian Institute of Sciences [LIPI], Bandung,
West Java, Indonesia). The dose of starter culture used was 2 g starter/kg soybean.
Soybeans were divided into fermented and non-fermented groups. Fermented group (in 23 repetitions) was incubated for 30 hours at 30°C, in 3 repetitions total, while nonfermented group was stored at -80°C. All groups were then freeze-dried overnight and
ground with commercial blender for 2 minutes. Samples were stored at -80°C for further
use.

Extraction
Extraction of free and bound phenolics was performed similarly as that of
extractable and non-extractable phenolics (Han et al., 2019). Each extraction step was
performed three times and coupled with shaking for 30 seconds, sonication for 15
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minutes, and centrifugation at 4000 g for 2 minutes. Ground soybean and tempeh samples
were extracted using 70% acetone and the supernatant was extracted using 1:1 ethyl
acetate at pH 2 to obtain free phenolic extract (FP). The pellet was washed with doubledistilled water before being hydrolyzed using 1.32 µL/mL of Viscozymeâ L (containing
b-glucanase, cellulase, hemicellulase, xylanase, and arabanase) (from Sigma Aldrich, St.
Louis, Missouri, USA) and 13.16 µL/mL of Pectinase from Aspergillus aculeatus (Sigma
Aldrich, Missouri, USA) at pH 5. Enzyme-hydrolyzed samples were extracted using 1:1
ethyl acetate at pH 2 to obtain enzyme-hydrolyzed bound phenolic extract (EhBP). The
leftover aqueous phase was hydrolyzed in 2M HCl for 1 hour at 85°C and then extracted
using 1:1 ethyl acetate at pH 2 to obtain acid-hydrolysable phenolic extract (AhBP). The
leftover aqueous phase was once again hydrolyzed in 4M NaOH for 2 hours at 37°C
before being extracted using 1:1 ethyl acetate at pH 2 to obtain base-hydrolysable
phenolic extract (BhBP). Ethyl acetate was evaporated using rotary evaporator at 45°C
and stored at -80°C until used.

Antioxidant, anti-inflammation, and anticancer assays
To measure antioxidant activity, oxygen radical absorbance capacity (ORAC)
assay was performed (Cao, Alessio, & Cutler, 1993; Cao & Prior, 1999). Antiinflammatory activities of samples were measured using nitric oxide (NO) assay on
lipopolysaccharide (LPS, at 1µg/mL)-induced RAW 267.4 murine macrophage cells at
the concentration of 2.5 × 105 cells/mL (from ATCC, Gaithersburg, Maryland, USA), as
previously described by Han et al. (2019). Nitric oxide levels were measured at 540 nm
using Griess reagents, consisting of 2% (w/v) sulfanilamide and 2.77% (v/v) phosphoric
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acid in reagent A and 0.2% (w/v) of N-(1-Naphthyl)ethylenediamine. Nitric oxide levels
were normalized with cell amount measured using MTT (3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide) from Thermo Fisher Scientific (Waltham,
Massachusetts, USA). Cell culture medium (pH 7.2) consisted of 10.4 g/L of RPMI-1640
(from VWR Scientific, Franklin, Massachusetts, USA), 2.6 g/L of HEPES, 0.11 g/L of
sodium pyruvate, 2.5 g/L of glucose, 1.5 g/L of sodium bicarbonate100 units/mL of
penicillin, and 0.1 mg/mL of streptomycin (Mediatech, Herndon, VA), and 10% fetal
bovine serum (from VWR Scientific, Franklin, Massachusetts, USA). Anticancer
activities of samples were measured using MTT assay on HCT116 human colorectal
carcinoma cells (from ATCC, Gaithersburg, Maryland, USA) grown in similar medium
composition but without HEPES (Han et al., 2019). Readings were performed using
Synergy™ 2 Multi-Mode Microplate Reader by BioTek Instruments, Inc. (Winooski,
Vermont, USA).

Phenolic compound measurements
Total phenol analysis was conducted using the Folin-Ciocalteu method
(Ainsworth & Gillespie, 2007; Slinkard & Singleton, 1977), with some modifications
according to Han et al. (2019). Samples were dissolved in 40% methanol to reach the
final concentration of 0.2 mg/mL. Readings were performed using Synergy™ 2 MultiMode Microplate Reader by BioTek Instruments, Inc. (Winooski, Vermont, USA).
Identification of phenolic compounds in samples were performed using liquid
chromatography connected to mass spectrometry (LC-MS) provided by the UMass
Spectrometry Center (Amherst, Massachusetts, USA). Ultimate 3000 UHPLC system
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was coupled to an Orbitrap Fusion mass spectrometer (Thermo Scientific, Waltham,
Massachusetts, USA) set in positive ESI mode with a spray voltage of 3500V, 100-700
m/z, and resolution of 120,000. Sheath and aux gas were set to 50 and 15 respectively,
and vaporizer and transfer tube both at 300C. HCD with stepped collision energy
(15,30,45 NCE) and 30k resolution were used to acquire data-dependent MS/MS data.
The method of Cavaliere et al. (2007) was adopted with modifications. A
reversed-phase Kinetex XB-C18 column (100 mm ×4.6 mm, 2.6 μm, Phenomenex,
Torrance, CA, USA) was used. Analytes were fractionated by using 95% acetonitrile in
water with 0.1% formic acid as mobile phase A and acetonitrile with 0.1% formic as
mobile phase B. The initial mobile phase composition was 15% B and linearly increased
to 100% B within 3 minutes and maintained for 10 minutes. Then, the mobile phase B
concentration was linearly decreased to 15% rapidly (within 0.01 minute) and maintained
for 1.99 minutes. Samples were run with the flowrate of 400 µL/min and an injection
volume of 5 µL.
Standard compounds were run for retention time and spectra references i.e.
genistin (m/z 433.38), daidzin (m/z 417.38), glycitin (m/z 447.4), genistein (m/z 299.29),
daidzein (m/z 431.36), glycitein (m/z 285.26), equol (m/z 274.27) sinapic acid (m/z
387.35), ferulic acid (m/z 195.186), caffeic acid (m/z 181.159), p-coumaric acid (m/z
165.16), protocatecuic aldehyde (m/z 139.123). All standards were obtained from
Shanghai Yuanye Biotechnology Co. (Shanghai, China). Spectra of samples were
verified by matching the retention times and MS spectra with those of the standards as
well as verified with matching with the records on the Mass Bank of North America
(http://mona.fiehnlab.ucdavis.edu/).
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Statistical analysis
Statistical analysis was performed at a confidence level of 95% using one-way
ANOVA with Tukey post hoc test
(https://astatsa.com/OneWay_Anova_with_TukeyHSD/).
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Results
Fermentation
In 3 repetitions of tempeh fermentation, the average weight of tempehs was 4%
(SD = 4%) lower than the initial soybean weight. The difference of weights before and
after tempeh fermentation was not significant (P = .17).

Extraction yield
Tempeh fermentation significantly increased FP yield by 7.26-fold (P=.001)
(Figure 21). Soybean EhBP yield was significantly (P≤.02) higher than those of soybean
FP, AhBP, and BhBP extracts (1.4% compared to 7.2%, 0.6%, and 0.5% yield per g dry
sample, respectively) (Figure 21). Tempeh EhBP yield (11.1% per g dw) was at similar
level to FP (10.0% per g dw) and significantly (P=.001) higher than those of AhBP and
BhBP.
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Figure 21 Extraction yield
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Figure legend: Letters indicate levels based on statistical significance. Different
letters indicate significant difference.

Total phenolic content
Tempeh fermentation significantly increased the total phenolic content in FP and
EhBP extracts by 4.43 (P=.001) and 3.81-fold (P=.002), respectively (Figure 22). The
total phenolic content of tempeh EhBP was significantly higher than tempeh FP by 12%
(P=.002). All extracts combined, the total phenolic content of soybean and tempeh were
54.71 µg/mL and 209.61 µg/mL, respectively.
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Figure 22 Total phenolic content of soybean and tempeh extracts
Figure legend: Letters indicate levels based on statistical significance. Different
letters indicate significant difference.
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Oxygen radical absorbance capacity
After tempeh fermentation, the ORAC scores of FP and EhBP extracts increased
significantly (P=.001) by 9.2 and 1.75-fold, respectively (Figure 23). EhBP extracts of
both soybean and tempeh had higher ORAC scores compared to their FP extracts by 6.36
(P=.001) and 1.21-fold (P=.002), respectively.
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Figure 23 Oxygen radical absorbance capacity of soybean and tempeh extracts
Figure legend: Letters indicate levels based on statistical significance. Different
letters indicate significant difference.

Anti-inflammatory activities
In soy, at the concentration of 400 µg/mL, significant reduction in NO production
was detected in soybean FP extract (by 47%, P=.001) and tempeh EhBP extract (by 77%,
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P=.001). A significant decrease in cell viability of RAW 264.7 cells (by 90%, P=.001)
was also observed in EhBP group (Figure 24). After tempeh fermentation, the inhibition
capacity towards NO production was significantly decreased by 53% (P=.001) in FP and
significantly increased by 4.82-fold (P=.001) in EhBP extracts. Soybean and tempeh
AhBP extracts significantly increased NO production by 21% (P=.033) and 33%
(P=.001), respectively. If the significant decreases in NO production were normalized
with fermentation and extraction yields, soybean FP could significantly reduce NO
production by 90% (P=.001) while tempeh EhBP by 99% (P=.001) (Figure 25).
Significant reduction in RAW 264.7 cell viability (by 90%, P=.001) was observed in
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tempeh EhBP group (Figure 26), therefore the effect of different concentrations of
tempeh EhBP on RAW 264.7 cells was investigated.
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Figure 25 Normalized nitric oxide production of RAW 267.4 cells on 400 µg of
soybean and tempeh extracts
Figure legend: Asterisk symbol (*) indicates significant decrease.
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Figure 26 RAW 264.7 cell viability on soybean and tempeh extracts
Figure legend: Asterisk symbol (*) indicates significant difference compared to
positive control group (cells with LPS).

Different concentrations of tempeh EhBP extracts led to significant dosedependent decrease in NO production (Figure 27). Compared to positive control, tempeh
EhBP of 100 µg/mL, 250 µg/mL, and 300 µg/mL concentrations significantly (P=.001)
decreased NO production by approximately 42%, 56%, 63%, respectively. Compared to
negative control, 100 µg/mL of tempeh EhBP did not result in different level of RAW
264.7 cell viability, while 250 µg/mL and 300 µg/mL significantly (P=.001) reduced cell
viability by approximately 24% and 29%, respectively (Figure 28).
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Figure 27 Nitric oxide production of RAW 264.7 cells on various concentrations of
EhBP extracts
Figure legend: Letters indicate levels based on statistical significance. Different
letters indicate significant difference.
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Figure legend: Letters indicate levels based on statistical significance. Different
letters indicate significant difference.

Anticancer activities
At the concentration of 400 µg/mL of extracts, the viability of HCT116 cells was
significantly decreased only in tempeh EhBP group by approximately 35% (P=.001)
(Figure 29). On the opposite, soy EhBP significantly increased HCT116 cell viability by
26.61% (P=.001). At different concentrations of tempeh EhBP extracts, dose-dependent
decrease of HCT116 cell viability was observed (Figure 31). Concentrations 100 µg/mL,
250 µg/mL, and 300 µg/mL of tempeh EhBP extracts significantly (P=.001) decreased
the viability of HCT116 cells by 21.41%, 34.05%, 58.41%, respectively. If the significant
increases in cytotoxic activity were normalized with fermentation and extraction yields,
the viability of HCT116 cells was significantly (P=.001) decreased in soybean FP by
77.2% and in tempeh EhBP by 98.3% (Figure 29).
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Cell viability of HCT116 cells on 400 ug/mL of soybean
and tempeh extracts
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Figure 31 Viability of HCT116 cells on various concentrations of EhBP extracts
Figure legend: Letters indicate levels based on statistical significance. Different
letters indicate significant difference.

Distribution of phenolic compounds
Tempeh fermentation resulted in increases in the levels of genistin (of 343%,
P=.001), genistein (of 214%, P=.001), daidzein (of 184%, P=.001), glycitein (of 68%,
P=.01), ferulic acid (of 251%, P=.001), and p-coumaric acid (of 177%, P=.001); while
significantly decreased the levels of glycitin (by 90%, P=.01) and sinapic acid (by 100%,
P=.009) (Figure 32). No significant difference was observed in any of the BP groups. In
soybean, EhBP contained significantly higher levels of aglycones than FP. Compared to
FP, soybean EhBP contained significantly higher levels genistein (412%, P=.001),
daidzein (206%, P=.002), and glycitein compared to FP (199%, P=.001); while tempeh
EhBP contained. In tempeh, EhBP contained significantly higher amounts of genistein
(136%, P=.018) and glycitein (123%, P=.016), while 28% lower amount of daidzein
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(P=.008). Sinapic acid, ferulic acid, and p-coumaric acid were only detected in FP
extracts.

0.8
+443%
0.7
D
0.6
0.5
0.4
0.3
0.2
0.1
0.0

+314%

D

+284%

D

+168%

D

-90%

-100%

▼

▼

+351%

D

+277%

D

Ge
ni
st
in
Da
id
zi n
Gl
yc
iti
n
Ge
ni
st
ei
n
Da
id
ze
in
Gl
yc
i
Sin tein
ap
ic
ac
id
Fe
ru
lic
ac
Ca
id
ffe
pic
Pr
co
ac
ot
um
id
oc
at
a
ric
ec
hu
ac
id
ic
al
de
hy
de

Concentration (mg/g dw sample)

Distribution of soy phenolics before and after tempeh
fermentation

FP Soybean

FP Tempeh

EhBP Soybean

EhBP Tempeh

AhBP Soybean

AhBP Tempeh

BhBP Soybean

BhBP Tempeh

Figure 32 Distribution of soy phenolics before and after tempeh fermentation
Figure legend: triangle symbol (D) indicates significant increase after tempeh
fermentation, inverse triangle symbol (▼) indicates significant decrease after
tempeh fermentation.

127

Phenolic levels in Figure 32 were summed per sample and the overall phenolic
content was calculated (Table 9). Overall, tempeh contained approximately 1.6-fold
higher phenolic content compared to soybean. Tempeh contained more phenolics in FP
by 2.4-fold and in EhBP by 4%, while less in AhBP by 41% and BhBP by 76%.

Table 9 Calculated total phenolic levels
Phenolic content (μg/g dw sample)
Soybean
Extract
FP
EhBP
AhBP
BhBP
Overall

Tempeh

Mean
738.33
1,163.73
5.79
0.23
1,908.08

SD
117.80
54.21
0.57
0.01
172.60

Mean
1,770.90
1,204.53
3.43
0.06
2,978.92

SD
96.31
136.86
0.64
0.01
233.82

Discussion
Effects of tempeh fermentation on biomass, extraction yield, and total phenolic
content
The 4% decrease in biomass after tempeh fermentation was observed in this
experiment. This is similar to what has been reported, in which tempeh fermentation can
result in 2% reduction of biomass due to enzymatic digestion on mainly protein and
amino acids (Sparringa & Owens, 1999c, 1999d), as well as carbohydrate utilization (van
Veen & Sohaefer, 1950). Such a reduction in biomass could be one of the reasons of the
increased proportion of other nutrients, for example soluble protein, crude fiber, and ash
levels (Ashenafi & Busse, 1991d; Sparringa & Owens, 1999c, 1999d).
Our data showed that the majority of phenolic content in both soybean and
tempeh could come from bound phenolics. EhBP, if not similar to FP, had the highest
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extraction yield, total phenolic content, and oxygen radical absorbance capacity. Tempeh
EhBP had the highest levels of total phenolic content and oxygen radical absorbance
capacity. These findings demonstrated the importance of bound phenolics in identifying
the health-promoting potential of soybeans. Besides being found in higher amounts, the
lower extractability and/or bioavailability of BPs also contributes to its significance in
digestive tract. This is because the survivability of BPs can make them act as the main
antioxidant in the lower GI tract (Arranz, Silván, & Saura-Calixto, 2010; Saura-Calixto,
2012a). To the best of our knowledge, this is the first study that investigated bound
phenolic content in soybean and tempeh, as well as the first to propose the concept of
LBPs.
The increase of phenolic content and subsequently antioxidative activity after
tempeh fermentation have been previously reported in soybean, faba bean, chickpea, and
black common bean (Ahmad, Ramasamy, Majeed, & Mani, 2015; Berghofer,
Grzeskowiak, Mundigler, Sentall, & Walcak, 1998; Borges et al., 2016; Esaki, Onozaki,
& Osawa, 1994; Kuligowski, Pawłowska, Jasińska-Kuligowska, & Nowak, 2017;
Rochín-Medina et al., 2015; Sánchez-Magaña et al., 2014; Wang & Murphy, 1996; Xiao
et al., 2016). In soybean particularly, most studies reported increase in free isoflavone
aglycones and decrease in free glycosides, including the malonylated and acetylated
glycosides and glyciteins (Berghofer, Grzeskowiak, Mundigler, Sentall, & Walcak, 1998;
Borges et al., 2016; Esaki, Onozaki, & Osawa, 1994; Kuligowski, Pawłowska, JasińskaKuligowska, & Nowak, 2017; Wang & Murphy, 1996). Our finding showed that the yield
of phenolic extract and total phenolic content increased mostly in EhBP, but not paired
with any significant decrease in AhBP and BhBP. This suggests that tempeh fermentation
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may release bound phenolics into loosely bound phenolics (LBPs) and free phenolics,
therefore possibly modulates the bioavailability of soy phenolics in the body (Figure 33).

Figure 33 Proposed concept of tempeh fermentation converting tightly-bound
phenolics to loosely-bound and free phenolics

Effects of tempeh fermentation on anti-inflammatory, antioxidative, and anticancer
activities
The conversion of bound phenolics to LBPs by tempeh fermentation is also
supported by our finding, in which tempeh EhBP had significantly higher antiinflammatory, antioxidative, and anticancer activities compared to other extracts
including soy EhBP. However, no significant difference was observed in the distribution
of phenolics in EhBP before and after tempeh fermentation. The change in biological
activity without change in phenolic compound distribution can be due to the presence of
other soy phenolics that have been less recognized e.g. phenolics that are bound to
hexoside, pentoside, rhamnoside, acetyl group, malonyl group, and/or other small
phenolic acids (Alu’datt, Rababah, Ereifej, & Alli, 2013; Cavaliere et al., 2007; Wang &
Murphy, 1996). In mid and late 1990, there have been reports on other antioxidants in
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tempeh e.g. 3-hydroxyanthranilic acid and 6,7,4′-trihydroxyisoflavone (Esaki, Onozaki,
Kawakishi, & Osawa, 1996; György, Murata, & Ikehata, 1964; Murata, 1988), but morerecent mass balance studies detected mostly genistein, daidzein, and glycitein and their
glycosides as the main antioxidants in tempeh (Cavaliere et al., 2007; Wang & Murphy,
1996). Further studies on other forms of glycosides and aglycones is needed because,
different from free phenolics, bound phenolics may contain phenolics that are bound to
other polymers e.g. protein (Bartolomé, Estrella, & Hernández, 2000).
In terms of anti-inflammatory activity, this experiment confirmed previous
reports. Kuligowsky et al. (2017) reported significant increases in antioxidant activity in
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) test by up to 6-fold after
tempeh fermentation for 48 hours. Ahmad et al. (2015) and Xiao et al. (2016) reported
significant increase in free-radical and superoxide scavenging activities in DPPH test.
On the other hand, two interesting phenomena were observed i.e. the toxicity of
tempeh EhBP on RAW 264.7 cells and the pro-inflammatory activity of AhBP extracts.
Phenolic compounds, including those from plants, can promote cytotoxicity effect on
normal cells in vivo or in living organisms at different concentrations (Galati, Lin, Sultan,
& O’Brien, 2006; Skotti, Anastasaki, Kanellou, Polissiou, & Tarantilis, 2014). What may
explain the toxicity of tempeh EhBP on RAW 264.7 is the presence of compounds with
higher toxicity that were loosened during tempeh fermentation and released during
enzyme hydrolysis before extraction. In search for the optimum concentration of tempeh
EhBP, in this experiment 100 μg/mL of EhBP significantly inhibit NO production
without toxicity in RAW 264.7 cells. Higher concentrations i.e. 250 μg/mL and 300
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μg/mL showed gradually significant increases in toxicity, suggesting a dose-dependent
effect.
The reason for the pro-inflammatory activity of AhBP is probably due to the
presence of other compounds that were released after the acid hydrolysis and extracted
using ethyl acetate. Compounds with both antioxidant and prooxidant activities e.g.
captopril and enalapril, which also contained phenolic ring structure, have been reported
(Bartosz, Kedziora, & Bartosz, 1997; Lapenna et al., 1995; Lapenna, Gioia, Ciofani, &
Cuccurullo, 1995).
In terms of anticancer activity, tempeh EhBP showed significant cytotoxic
activity in HCT116 human colorectal cancer cells. The mechanism of action can be due
to its increased phenolic content, antioxidative activity, and anti-inflammatory activity.
However, since cytotoxicity was also observed in RAW 264.7 macrophage cells,
concentration-specific anticancer activity was determined. At the concentration of 100
μg/mL, which showed no toxicity in RAW 264.7 cells, tempeh EhBP still showed
significant anticancer activity in HCT116 cells. Hence, 100 μg/mL can be regarded as the
optimum concentration of tempeh EhBP to promote anticancer and anti-inflammatory
activities without toxicity. Further human studies would be ideal to determine the
equivalence of this dose in human diet.
In Figure 25 & Figure 30, theoretical anti-inflammatory and anticancer activities
of extracts were visualized by normalizing the values with fermentation biomass
conversion rate and extraction yield. Taking these parameters into accounts, the antiinflammatory potential of soybean and tempeh can be as high as 96% and 99% reduction
in NO production, respectively; while the anticancer potential can be as high as 94.7%
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and 98.3% reduction in HCT116 cell viability, respectively. Those highest activities were
observed in EhBP extracts, which further emphasized the importance of tempeh
fermentation converting BPs into LBPs.

Effects of tempeh fermentation on phenolic compound distribution
In soybean, the most abundant phenolic compounds were isoflavone aglycones
(genistein, daidzein, and glycitein) in EhBP, which were found in significantly higher
levels compared to isoflavone glycosides (genistin, daidzin, and glycitin) in FP. In
tempeh, the order of abundance (most to least, separated by comma) of phenolic
compounds is: genistein in EhBP, genistin and genistein in FP, daidzein in FP, daidzein
and glycitein in EhBP, glycitein in FP, daidzin in FP, ferulic acid and p-coumaric acid in
FP. These data confirmed previous studies reporting genistein, daidzein, glycitein and
their glycosides as the major soy isoflavones, while minor phenolics were found in lower
amounts (Borges et al., 2016; Cavaliere et al., 2007; Haron, Ismail, Azlan, Shahar, &
Peng, 2009; Kameda, Aoki, Yanaka, Kumrungsee, & Kato, 2018; Wang & Murphy,
1996). The highest abundance of genistein as well as the increases in glycoside and
aglycone levels after tempeh fermentation were also observed in our separate experiment
(manuscript in preparation), which investigated the release of bound phenolics by tempeh
fermentation in potato dextrose broth grown by various Rhizopus spp. cultures from
Indonesia (Ahnan-Winarno et al., 2020a). Significant decrease in glycitin and sinapic
acid can be due to conversion of glycoside to aglycone by b-glucanase activity and
utilization of small phenolic by Rhizopus spp., respectively (Day et al., 1998; Ebata,
Hirai, Murata, & Fukuda, 1972; Mangan, Liadova, Ivory, & McCleary, 2016; Mei et al.,
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2019). The proposition of tempeh fermentation releasing BPs into LBPs and FPs is
further supported given that tempeh fermentation significantly increased overall phenolic
content and in particular soy isoflavone aglycones, genistin, ferulic acid, and p-coumaric
acid in FP extracts (Figure 32).

Conclusion
Altogether, bound phenolics were important antioxidative, anti-inflammatory, and
anticarcinogenic food components in soybean and tempeh due to their high amounts and
potential survivability in the gastrointestinal tract. Tempeh fermentation can release
bound phenolics into loosely-bound phenolics and free phenolics to potentially modulate
their bioavailability as well as antioxidative, anti-inflammatory, and anticarcinogenic
activities. With our exhaustive digestion and extraction methods, it is possible that
tempeh fermentation released soy phenolic compounds that would be otherwise
inaccessible in human diet.
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CHAPTER 3
TEMPEH FERMENTATION RELEASED FIBER-BOUND PHENOLICS AND
STIMULATED PRODUCTION OF MINOR PHENOLICS IN SOYBEANS

Abstract
Tempeh fermentation has been reported to modulate soy phenolic content. To
elucidate the mechanism, whole-food (WF) and in vitro (IV) tempeh fermentation models
using different cultures were conducted. LC-MS analyses were performed on extracts of
free, bound, and minor phenolics in both models. In WF, 23-989% increases in free and
bound phenolics as well as 99-8-99.9% decreases in bound phenolics were observed. In
IV, tempeh fermentation released fiber-bound genistin, daidzin, glycitin, genistein,
daidzein, and glycitein by up to 47.39, 3.88, 0.63, 69.98, 19.32, and 9 μg/g residue,
respectively; decreased free genistin and daidzin contents by up to 20% and 22%,
respectively; and increased the levels of free genistein by up to 3.56 fold and daidzein by
2.22-fold; as well as stimulated the production of ferulic acid, caffeic acid, p-coumaric
acid, and protocatechuic aldehyde by 0.24%, 2.86%, 0.25%, and 37.03% of the aglycone
feed weight, respectively. Tempeh fermentation showed the ability to release, transform,
and stimulate the production of phenolic compounds.

Introduction
Tempeh is an Indonesian plant-based meat alternative involving the fermentation
of legumes, nuts, or grains with Rhizopus spp (Karyadi & Lukito, 1996; Nout & Kiers,
2005). For more than 300 years, tempeh has been predominantly made of soybeans
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(Shurtleff & Aoyagi, 2020). Tempeh fermentation is known to increase protein content
and bioavailability, reduce antinutrient content, and increase antioxidative activities in
soybeans, chickpeas, fava beans, and grass peas (Ashenafi & Busse, 1991d; Cai et al.,
2014; Starzyńska-Janiszewska, Stodolak, & Jamróz, 2008). Isoflavones and antioxidant
activities of soybeans have been linked with the amelioration of cancer, cardiovascular
disease, aging, menopausal syndrome, osteoporosis, and type II diabetes (AhnanWinarno, Cordeiro, Winarno, Gibbons, & Xiao, 2020; Barnes, 1998; Brouns, 2002;
Wang et al., 2013).
Tempeh fermentation can increase the bioavailability and antioxidant activities of
soy isoflavones by converting isoflavone glycosides (mainly genistin, daidzin, and
glycitin) to isoflavone aglycones (mainly genistein, daidzein, and glycitein) (Kameda,
Aoki, Yanaka, Kumrungsee, & Kato, 2018; Kuligowski, Pawłowska, JasińskaKuligowska, & Nowak, 2017; Wang & Murphy, 1996). Tempeh fermentation for 48 h
has been reported to increase the levels and antioxidant activities of genistein and
daidzein in soy by up to 4- and 6-fold, respectively (Ahmad, Ramasamy, Jaafar, Majeed,
& Mani, 2014; Kuligowski, Pawłowska, Jasińska-Kuligowska, & Nowak, 2017). In men,
supplementation of tempeh increased the recovery of genistein and daidzein in saliva
compared to unfermented soybeans (Hutchins, Slavin, & Lampe, 1995). In
postmenopausal women, supplementation of tempeh increased the recovery of genistein
and equol, a metabolite of daidzein, in urine samples compared to texturized soy protein
(Cassidy et al., 2006; Faughnan et al., 2004). In premenopausal women, tempeh
supplementation increased the recovery of genistein and daidzein in urine compared to
texturized soy protein (Cassidy et al., 2006; Faughnan et al., 2004).
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The increased recovery of isoflavone aglycones after tempeh fermentation could
be because of the enzymatic activity of b-glucanase produced by Rhizopus spp., which
can break down the b-glucan bond that binds isoflavone aglycones to sugar molecules
(György, Murata, & Sugimoto, 1974; Mangan, Liadova, Ivory, & McCleary, 2016; Mei
et al., 2019). However, the overall transformation of soy isoflavones during tempeh
fermentation is still largely unknown mainly due to the following reasons. First, to the
best of our knowledge, there has been no published study that investigated fiber-bound
isoflavones. Fiber-bound phenolics or non-extractable phenolics are an important group
of phenolics that have been largely ignored due to their limited extractability and
bioavailability (Arranz, Silván, & Saura-Calixto, 2010; Saura-Calixto, 2012b). Bound
phenolics can be present in higher amounts compared to free phenolics, as well as be
released in the digestive tract by enzymes of microbiota to reach an amount that is higher
than the surviving free phenolics (Kroon, Faulds, Ryden, Robertson, & Williamson,
1997; Su et al., 2014; Tang et al., 2016; White, Howard, & Prior, 2010). Tempeh
fermentation can produce pectinase, cellulase, proteinase, and lipase that can directly or
indirectly release fiber-bound isoflavones in soybeans (Manurukchinakorn & Fujio,
1997), thus improving the overall phenolic content and bioavailability.
Second, further metabolism of soy isoflavone aglycones during tempeh
fermentation into smaller phenolic compounds has not been elucidated. Studies have
examined the mass balance of soy phenolic compounds, including phenolic acids and
aldehydes, in yellow soybeans, black soybeans, and texturized soy hydrolysates, but not
in tempeh (Cavaliere et al., 2007; Pratt, Pietro, Porter, & Giffee, 1982; Xu & Chang,
2008). Investigating the minor phenolics after tempeh fermentation can contribute to
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substantial understanding on its potential enhancement of health-promoting benefits as
these minor phenolics can promote therapeutic effects e.g. anti-inflammatory,
antimicrobial, antivirus, anticancer, and antidiabetic activities (Gülçin, 2006; Huang,
Smart, Wong, & Conney, 1988; Ou & Kwok, 2004; Pei, Ou, Huang, & Ou, 2016;
Srinivasan, Sudheer, & Menon, 2007; Zhou, Liu, Miao, & Wang, 2005)
The present study addressed these two gaps in the research. Whole-food and in
vitro models of tempeh fermentation was used to identify the release, transformation, and
stimulated production of fiber-bound, free, and minor phenolics in soybeans during
fermentation. Various Rhizopus cultures from Indonesia were used to quantify the overall
kinetics and furthermore navigate the optimization of synergistic combination.
Understanding the release, transformation, and stimulated production of soy phenolics
during tempeh fermentation would further pave the way to harnessing tempeh
fermentation for enhancing bioactive compound composition by culture selection and, in
the long term, culture and substrate combinations.

Materials and Methods
Preparation of soybeans and tempeh starter cultures
Organic and non-GMO soybeans were obtained from independent farmers in
Austin, Texas, USA. Soybean powder was obtained by having dehulled soybeans soaked
overnight, boiled for 40 minutes, freeze-dried overnight, and ground with a commercial
blender for two minutes. The soybean powder was stored at -80°C until used.
Tempeh starter cultures were obtained from MBRIO Biotekindo Food Laboratory
(Bogor, West Java, Indonesia), Sanan Village (Malang, East Java, Indonesia), Kediri
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(East Java, Indonesia), and the Indonesian Institute of Sciences (LIPI, in Bandung, West
Java, Indonesia) (Table 10). Spores of Rhizopus spp. were obtained by inoculating the
tempeh starter cultures on selective media i.e. Rose-Bengal agar (Thermo Fisher
Scientific ,Waltham, Massachusetts, USA) and isolating the mycelium-producing
colonies on potato dextrose agar (PDA) (Thermo Fisher Scientific ,Waltham,
Massachusetts, USA) for five days at 37°C. Mycelium with a luxurious amount of spores
was suspended in sterile water and stored at -80°C.
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Table 10 Sample information

Sample code Source

Species

Identification

Standard
RAP

Indonesian Institute of Sciences
(LIPI) in Bandung, West Java,
Indonesia
MBRIO Biotekindo in Bogor,
West Java, Indonesia

Rhizopus
oligosporus

Information from
supplier

Rhizopus
oligosporus

Whole-genome
sequencing

MBRIO Biotekindo in Bogor,
West Java, Indonesia
MBRIO Biotekindo in Bogor,
West Java, Indonesia
Sanan Village in Malang, East
Java, Indonesia
MBRIO Biotekindo in Bogor,
West Java, Indonesia

Rhizopus
delemar
Rhizopus
oligosporus
Rhizopus
delemar
Rhizopus
stolonifer

Whole-genome
sequencing
Information from
supplier
Whole-genome
sequencing
Information from
supplier

RAP
WID
OLI
SAN
STO

Identification of Rhizopus spp. in tempeh starter cultures
Purified spores were grown on PDA for three days at 37°C. Mycelium was
freeze-dried overnight prior to DNA extraction using DNeasy Plant Mini Kit (from
Qiagen, Germantown, Maryland, USA) with modification (Lee, Park, Han, Hong, & Yu,
2017). Whole genome sequencing, conducted by Novogene (Sacramento, California,
USA) was performed on the DNA extracts with a data output of 4GB per sample
generating paired-end 150 bp reads. The results of whole genome sequencing were
analyzed with Kaiju and visualized using Krona (Menzel, Ng, & Krogh, 2013).

Fermentation of whole tempehs
Soybeans were soaked overnight, boiled for 40 minutes, strained, and air-dried for
30 minutes. Every 100 g of soybeans were inoculated with 105 CFU of spores from each
Rhizopus spp. culture. The inoculated soybeans were packaged in perforated plastic bags
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with approximately 1-inch distance between holes. The bagged mixtures were then
incubated at 30°C for 30 h. The tempehs produced were stored at -80°C.

Retrieval of free phenolic, enzyme-hydrolyzable bound phenolic, acid-hydrolyzable
bound phenolic, and base-hydrolyzable bound phenolic extracts from whole food
samples
The retrieval of free phenolic (FP), enzyme-hydrolyzable bound phenolic (EhBP),
acid-hydrolyzable bound phenolic (AhBP), and base-hydrolyzable bound phenolic
(BhBP) extracts was performed as illustrated in Figure 34.
The extraction process was conducted similarly as that of extractable and nonextractable phenolics previously published by Han et al. (2019). Each extraction step was
performed three times and coupled with shaking for 30 seconds, sonication for 15
minutes, and centrifugation at 4000 g for 2 minutes. Two grams of freeze-dried and
ground soybean and tempeh samples were extracted using 3 mL of 70% acetone. The
supernatants were obtained and the acetone was removed from the suspensions using
SpeedVacä by Thermo Fisher Scientific (from Waltham, Massachusetts, USA)
evaporator for 45 minutes at 45°C and a vacuum pressure value of 1. The remaining
suspensions were extracted using ethyl acetate (2:1 = sample:ethyl acetate) at pH 2 to
obtain the FP extracts.
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Figure 34 Retrieval of free phenolic (FP), enzyme-hydrolyzable bound phenolic
(EhBP), acid-hydrolyzable bound phenolic (AhBP), and basehydrolyzable bound phenolic (BhBP) extracts.

The pellets were washed with double-distilled water before being hydrolyzed
using 1.32 µL/mL of Viscozymeâ L (containing b-glucanase, cellulase, hemicellulase,
xylanase, and arabanase) (from Sigma Aldrich, St. Louis, Missouri, USA) and 13.16
µL/mL of Pectinase from Aspergillus aculeatus (Sigma Aldrich, Missouri, USA) at pH 5
for 24 h. The EhBP extracts were obtained by extracting the suspensions using ethyl
acetate as previously described.
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The leftover supernatants of the suspensions were hydrolyzed in 2M HCl for 1 h
at 85°C and then extracted using ethyl acetate to obtain the acid-hydrolysable phenolic
(AhBP) extracts. The remaining suspensions were hydrolyzed in 4M NaOH for 2 h at
37°C before being extracted with ethyl acetate to obtain the base-hydrolysable phenolic
(BhBP) extracts.
The retrieval of FP, EhBP, AhBP, and BhBP extracts was finalized by
evaporating the ethyl acetae using SpeedVacä by Thermo Fisher Scientific (from
Waltham, Massachusetts, USA) evaporator for 45 minutes at 45°C and a vacuum
pressure value of 1.

In vitro fermentation of fiber-bound phenolics, free phenolics, and pure aglycones
The in vitro models used are illustrated in Figure 35. Fiber residue was obtained
by extracting the soybean powder with 70% acetone three separate times. The pellet was
washed three times with each of the following, ethyl acetate, methanol, and water
consecutively. The mixtures were vortexed for 30 seconds then centrifuged at 4000 rpm
for two minutes to obtain the pellet at each repetition. The pellet was vacuum-dried on a
filter paper for 30 minutes.
The free phenolic extract was obtained by extracting soybean powder using 70%
acetone with 3 repetitions, followed by removing the acetone of the supernatant through
rotary-evaporation and extracting the aqueous part with 1:1 (v/v) ethyl acetate three
times. The extract was diluted in dimethyl sulfoxide (DMSO) and stored at -80°C.
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Figure 35 In vitro models for analyzing the digestions of fiber residue, free phenolic
extract, and pure aglycones by tempeh fermentation.

Pure aglycones i.e. genistein, daidzein, and glycitein (from Shanghai Yuanye
Biotechnology Co., Shanghai, China) were suspended in sterile water at 3 µg/µL
concentration. Suspensions were stored at -80°C until further use.
In vitro fermentation of fiber-bound phenolics was performed in triplicates by
incubating the mixture of 3 mL of potato dextrose broth (PDB) (Thermo Fisher
Scientific, Waltham, Massachusetts, USA), and 105 CFU of spores from each Rhizopus
spp. culture, and samples (0.8 g of fiber residue, 3.33 mg of phenolic extract, or 27 µg of
daidzein, glycitein, or glycitein). For blank group, no spore was added; and for positive
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control group, Rhizopus spp. spore was replaced with a mixture of 0.33 µL of
Viscozymeâ L (containing b-glucanase, cellulase, hemicellulase, xylanase, and
arabanase) (from Sigma Aldrich, St. Louis, Missouri, USA) and 3.3 µL of Pectinase from
Aspergillus aculeatus (Sigma Aldrich, Missouri, USA). The incubation step was done in
15 mL falcon tubes with loosen screw caps at 30°C for 48 h with shaking at 120 rpm. The
fermentation was terminated by immediate extraction.

Extraction of phenolic compounds from in vitro suspensions
Phenolic extraction on in vitro suspensions was performed three times by mixing
1 part of sample with 0.5 part of ethyl acetate, vortexed for 30 minutes, centrifuged at
15000 rpm for 30 seconds. The supernatant (ethyl acetate part) was separated and dried
using Savantä SPD121P SpeedVacä by Thermo Fisher Scientific (from Waltham,
Massachusetts, USA) evaporator for 45 minutes at 45°C and a vacuum pressure value of
1. Extracts were suspended in 50 µL of water:acetonitrile (1:1) containing 0.1% of formic
acid before analysis using high-resolution LC-MS.

Identification of phenolic compounds
High-resolution LC-MS was acquired using an Ultimate 3000 UHPLC system
coupled to an Orbitrap Fusion mass spectrometer (Thermo Scientific, Waltham,
Massachusetts, USA) in the UMass mass spectrometry core facility. Data were acquired
in positive ESI mode using a spray voltage of 3500V, with sheath and aux gas set to 50
and 15 respectively, and vaporizer and transfer tube both at 300C. Mass spectral data
were acquired over a range 100-700 m/z at a resolution of 120,000 in the Orbitrap. Data-
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dependent MS/MS data were obtained using HCD with stepped collision energy
(15,30,45 NCE) and 30k resolution.
Phenolic compounds were identified using methods adapted from Cavaliere et al.
(2007). A reversed-phase Kinetex XB-C18 column (100 mm × 4.6 mm, 2.6 μm,
Phenomenex, Torrance, CA, USA) was used. The flowrate was 400 µL/min with an
injection volume of 5 µL. Standard compounds were run for retention time and spectra
references i.e. genistin (m/z 433.38), daidzin (m/z 417.38), glycitin (m/z 447.4), genistein
(m/z 299.29), daidzein (m/z 431.36), glycitein (m/z 285.26), sinapic acid (m/z 387.35),
ferulic acid (m/z 195.186), caffeic acid (m/z 181.159), p-coumaric acid (m/z 165.16),
protocatecuic aldehyde (m/z 139.123). Standards of targeted compounds were obtained
from Shanghai Yuanye Biotechnology Co. (Shanghai, China). The fractionation of
analytes was performed by using 95% acetonitrile in water with 0.1% formic acid as
mobile phase A and acetonitrile with 0.1% formic as mobile phase B. The initial mobile
phase composition was 15% B and linearly increased to 100% B within 3 minutes and
maintained for 10 minutes. Then, the mobile phase B concentration was linearly
decreased to 15% rapidly (within 0.01 minute) and maintained for 1.99 minutes. Spectra
of samples were verified by matching the retention times and MS spectra with those of
the standards as well as verified with matching with the records on the Mass Bank of
North America (http://mona.fiehnlab.ucdavis.edu/).
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Statistical analysis
To determine significant differences, statistical analysis was performed with an
assumed confidence level of 95% (P<.05) using one-way ANOVA with Tukey post hoc
test online calculator (https://astatsa.com/OneWay_Anova_with_TukeyHSD/).
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Results
Whole-food tempeh fermentation and changes in soy phenolic composition
The changes of phenolic composition in all extracts as well as FP, EhBP, AhBP,
and BhBP extracts are presented. In all extracts combined, tempeh fermentation resulted
in similar or significantly (P < .05) decreased levels of phenolic compounds compared to
unfermented soy (Figure 36). Tempeh fermentation using Standard RAP and RAP
cultures did not significantly change the total phenolic levels, while fermentation using
SAN, WID, OLI, and STO significantly (P < .05) decreased the total phenolic levels. In
terms of composition, the phenolic compounds were detected predominantly in FP
extracts with genistin and daidzin as the most abundant compounds in all samples.
In FP extracts, genistin was found to be in largest amount, followed by daidzin,
genistein, daidzein, glycitin, glycitein, sinapic acid, ferulic acid, and caffeic acid (Figure
37). Compared to soybeans, RAP culture significantly (P < .05) increased the genistin
content, while SAN and STO significantly (P < .05) decreased the genistin content. In
terms of daidzin level, tempeh fermentation using Standard RAP, SAN, WID, OLI, and
STO cultures respectively decreased the daidzin contents significantly (P < .05). Glycitin
levels were significantly (P < .05) increased by RAP, OLI, and STO cultures. Significant
(P < .05) decreases in genistein content were observed after tempeh fermentations using
RAP, SAN, OLI, and STO cultures. SAN, OLI, and STO cultures significantly decreased
daidzein contents. Although detected in relative low amounts, significant (P < .05)
increases were observed in glycitein levels after tempeh fermentations using Standard
RAP, SAN, WID, OLI, and STO cultures. Caffeic acid was only detected in soybean
samples in trace amounts.
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Concentration (μg/g dw)

Levels of phenolic compounds before and after tempeh fermentation
using various cultures in free phenolic extract
6500
6250
6000
5750
5500
5250
5000
4750
4500
4250
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3750
3500
3250
3000
2750
2500
2250
2000
1750
1500
1250
1000
750
500
250
0

a

a
ab

b

b

bc

Soy

Standard RAP
F. Genistin
F. Genistein
F. Sinapic acid
F. p-coumaric acid
E. Daidzin
E. Daidzein
E. Ferulic acid
E. Protocatechuic acid
A. Glycitin
A. Glycitein
A. Caffeic acid
B. Genistin
B. Genistein
B. Sinapic acid
B. p-coumaric acid

RAP

SAN

F. Daidzin
F. Daidzein
F. Ferulic acid
F. Protocatechuic acid
E. Glycitin
E. Glycitein
E. Caffeic acid
A. Genistin
A. Genistein
A. Sinapic acid
A. p-coumaric acid
B. Daidzin
B. Daidzein
B. Ferulic acid
B. Protocatechuic acid

cd

WID

OLI

STO

F. Glycitin
F. Glycitein
F. Caffeic acid
E. Genistin
E. Genistein
E. Sinapic acid
E. p-coumaric acid
A. Daidzin
A. Daidzein
A. Ferulic acid
A. Protocatechuic acid
B. Glycitin
B. Glycitein
B. Caffeic acid

Figure 36 Changes of phenolic composition in all extracts of soybeans fermented
with various tempeh cultures.
Figure legend: Letters indicate levels based on statistical significance. Different
letters indicate significant difference.
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Levels of phenolic compounds before and after tempeh
fermentation using various cultures in free phenolic
extract

Concentration (μg/g dw soybean)
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Figure 37 Changes of phenolic composition in free phenolic (FP) extracts of
soybeans fermented with various tempeh cultures.
Figure legend: Inverse triangle symbol (▼) indicates significant decrease
compared to soy group control, plus symbol (+) indicates significant increase
compared to soy group control.

In EhBP extracts, fermentation using all cultures resulted in significantly (P <
.05) lower levels of genistin, daidzin, and glycitein (Figure 38). The genistein content
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was significantly (P < .05) increased after fermentation using Standard RAP culture and
decreased after fermentation using OLI and STO cultures. All cultures but Standard RAP
significantly (P < .05) decreased the daidzein contents. Ferulic acid was only detected
after fermentation using SAN culture.
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Concentration (μg/g dw soybean)

Levels of phenolic compounds before and after tempeh
fermentation using various cultures in enzymehydrolyzable bound phenolic extract

Soy EhBP
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SAN EhBP
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OLI EhBP

Figure 38 Changes of phenolic composition in enzyme-hydrolyzable bound (EhBP)
phenolic extracts of soybeans fermented with various tempeh cultures.
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Figure legend: Inverse triangle symbol (▼) indicates significant decrease
compared to soy group control, plus symbol (+) indicates significant increase
compared to soy group control.

In AhBP extracts, all tempeh cultures significantly decreased the levels of
genistin, genistein, daidzein, and glycitein (Figure 39). Other phenolic compounds were
not detected.
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Figure 39 Changes of phenolic composition in acid-hydrolyzable bound (AhBP)
phenolic extracts of soybeans fermented with various tempeh cultures.
Figure legend: Inverse triangle symbol (▼) indicates significant decrease
compared to soy group control.
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In BhBP extracts, significant (P < .05) increases were detected in terms of
genistin content in WID, OLI, and STO groups; genistein content in Standard RAP, RAP,
SAN, OLI, and STO groups; as well as sinapic acid content in RAP and STO groups
(Figure 40). The only significant (P < .05) decrease was found in the genistein level after
fermentation using WID culture. Other phenolic compounds were not detected.
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Levels of phenolic compounds before and after tempeh
fermentation using various cultures in base-hydrolyzable
bound phenolic extract
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Figure 40 Changes of phenolic composition in base-hydrolyzable bound (BhBP)
phenolic extracts of soybeans fermented with various tempeh cultures.
Figure legend: Inverse triangle symbol (▼) indicates significant decrease
compared to soy group control, plus symbol (+) indicates significant increase
compared to soy group control.
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In vitro tempeh fermentation and the release of glycosides and aglycones previously
bound to fiber
The levels of soy phenolics before and after in vitro tempeh fermentation on soy
fiber residue were determined. After tempeh fermentation, most tempeh cultures
promoted the increase of major isoflavones i.e. genistin, daidzin, glycitin, genistein,
daidzein, glycitein to different degrees (Figure 41). Compared to the enzyme control
group, WID, OLI, and STO cultures released significantly (P=.001) higher levels of
genistin (by 2-fold, 1.5-fold, and 2.1-fold, respectively), daidzin (by 5.4, 3.8, and 6-fold,
respectively) and glycitin (by 15.8, 8-fold, and 14-fold, respectively), as well as similar
amount of daidzein (57%, 31%, 33% of that of enzyme group, respectively) (Table 11).
SAN culture released similar amount of genistein (69.98 ± 5.28 μg/g residue),
significantly higher amount of daidzein (by 1.3-fold, P=.006), and significantly lower
amount of glycitein (2.63 ± 0.51 μg/g residue; P=.001) compared to the enzyme control
group. RAP culture released significant amounts of genistin (9.84 ± 0.75 μg/g residue;
P=.001) and daidzin (0.88 ± 0.1 μg/g residue; P=.001). Sinapic acid, ferulic acid, caffeic
acid, p-coumaric acid, and protocatecuic aldehyde were not detected.
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μg per g dry residue

Levels of phenolics released from soy fiber residue before
and after tempeh fermentation compared to enzyme
treatment
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Figure 41. Changes in glycoside and aglycone levels in soy fiber residue fermented
using various tempeh cultures.
Figure legend: Asterisk symbol (*) indicates significant difference compared to
negative control group (residue), inverse triangle symbol (▼) indicates significant
difference compared to negative (residue) and positive (enzyme) control groups,
plus symbol (+) indicates significantly higher level compared to positive control
group (enzyme).
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Table 11. Levels of soy phenolics after tempeh fermentation on soy fiber residue
Phenolic level (μg/g dry residue)
Compound
Genistin

Value

Mean
SD
Daidzin
Mean
SD
Glycitin
Mean
SD
Genistein
Mean
SD
Daidzein
Mean
SD
Glycitein
Mean
SD
Sinapic acid
Mean
SD
Ferulic acid
Mean
SD
Caffeic acid
Mean
SD
P-coumaric
Mean
acid
SD
Protocatechuic Mean
aldehyde
SD

(-)
(+) Control
Control
RAP SAN WID OLI STO
(enzyme)
(residue)
0
21.78 9.84
0 45.16 32.36 46.39
0
2.21 0.75
0 2.14 4.48 1.28
0
0.72 0.88
0 3.88 2.71 4.29
0
0.05 0.10
0 0.12 0.30 0.14
0
0.06 0.09
0 0.63 0.32 0.57
0
0.05 0.10
0 0.12 0.30 0.14
0
69.72 7.25 69.98 24.89 18.21 17.30
0
19.95 1.32 5.28 0.77 1.05 1.56
0
14.56 2.24 19.32 8.27 4.52 4.81
0
2.77 0.65 1.56 0.67 0.46 0.34
0
9.00
0 2.63
0
0
0
0
2.07
0 0.51
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0

In vitro tempeh fermentation and changes in genistein, daidzein, genistin, and
daidzein levels
After in vitro tempeh fermentation on soy free phenolic extract, the enzyme
control group and some tempeh culture groups showed significantly decreased levels of
genistin and increased levels of genistein as well as daidzein (Figure 43). Compared to
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the enzyme control group, OLI culture showed a significantly lower increasing effect on
genistein (by 35%; P=.001) and similar increasing effect on daidzein (by 1.83-fold);
while WID and STO cultures showed significant decreasing effects on glycitein (by 57%
and 52%, respectively; P=.001) (Table 12). SAN culture showed a similar increasing
effect on genistein and daidzein (by 3.56 and 2.22-fold, respectively) compared to the
enzyme control group, and no significant (P=.06) decrease of genistin compared to the
negative control group.

Levels of major free phenolics before and after tempeh
fermentation compared to enzyme treatment
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Figure 42. Changes in soy major phenolic levels in free phenolic extract fermented
by various tempeh cultures.
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Figure legend: Asterisk symbol (*) indicates significant difference compared to
negative control group (residue), inverse triangle symbol (▼) indicates significant
difference compared to negative (residue) and positive (enzyme) control groups,
plus symbol (+) indicates significantly higher level compared to positive control
group (enzyme).

In terms of smaller phenolics, tempeh fermentation using SAN culture
significantly increased the level of ferulic acid by 1.59 (P=.01) compared to the residue
control group (Figure 43). The enzyme control group significantly (P=.001) increased the
levels of caffeic acid, p-coumaric acid, and protocatechuic aldehyde levels by 2.1, 2.67,
and 5.60-fold, respectively. WID, OLI, and STO cultures significantly decreased the
levels of caffeic acid compared to the negative control by 65% (P=.004), 59% (P=.01),
and 61% (P=0.01), respectively.

158

55
50
45
40
35
30
25
20
15
10
5
0

*

*
▼

▼ ▼

*

ld
eh
yd
e

cid

hy
dr
ox
yb
en
za

ic
a
ar

3,
4Di

pco
um

Ca

ffe
ic
a

ac
id
Fe

ru
lic

ap
ic
a
Sin

cid

*

cid

μg per mg dry extract fermented

Levels of small free phenolics before and after tempeh
fermentation compared to enzyme treatment

(-) Control (phenolic extract)
RAP
WID
STO

(+) Control (Enzyme)
SAN
OLI

Figure 43. Changes in soy small phenolic levels in free phenolic extract fermented by
various tempeh cultures.
Figure legend: Asterisk symbol (*) indicates significant difference compared to
negative control group (residue), inverse triangle symbol (▼) indicates significant
difference compared to negative (residue) and positive (enzyme) control groups,
plus symbol (+) indicates significantly higher level compared to positive control
group (enzyme).
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Table 12. Levels of soy phenolics after tempeh fermentation on free phenolic extract
Phenolic level (μg/g dry residue)
Compound

Value

(-)
Control
(phenolic
extract)

(+)
Control
(Enzyme)

259.28

RAP

SAN

WID

OLI

STO

213.77

248.55

219.6
7

246.48

268.14

255.8
2

6.30

18.69

28.53

2.96

6.61

11.97

10.27

26.25

22.32

23.90

22.34

23.94

27.63

26.07

SD

0.40

4.30

3.32

0.40

1.60

2.06

1.28

Mean

3.30

3.41

3.74

3.73

4.02

4.27

4.55

SD

0.10

0.70

0.60

0.46

0.53

0.34

109.56

423.04

85.67

0.17
390.0
8

71.03

275.11

77.08

2.95

66.93

10.49

33.46

7.86

50.60

1.00

23.43

51.24

22.23

51.94

21.65

42.94

23.06

SD

0.25

9.55

2.54

3.60

1.78

8.15

0.41

Mean

7.02

14.19

4.58

7.72

3.05

6.20

3.36

SD

0.07

2.86

0.89

0.71

0.62

1.66

0.79

Mean

0

0

0

0

0

0

0

SD

0

0

0

0

0

0

0

Mean

1.47

1.92

1.98

2.34

1.42

1.73

1.56

SD

0.19

0.15

0.28

0.21

0.15

0.53

0.10

Mean

22.58

47.33

28.32

24.39

7.99

9.31

8.73

SD

10.37

1.76

0.70

0.55

0.53

0.39

0.93

Genistin
Mean
SD
Daidzin
Glycitin

Mean

Genistein
Mean
SD
Daidzein
Glycitein
Sinapic acid
Ferulic acid
Caffeic acid

Mean

p-coumaric
acid

Mean

7.05

18.82

9.44

11.78

6.83

8.60

7.80

SD

1.31

0.66

1.57

5.53

2.69

0.58

1.91

Protocatechuic
aldehyde

Mean

1.02

5.71

0.94

0

0.44

0.61

0.42

SD

0.28

1.60

0.35

0

0.09

0.07

0.05

In vitro tempeh fermentation without phenolic feed produced sinapic acid, ferulic
acid, and protocatechuic acid
The control Rhizopus oligosporus from the Indonesian Institute of Sciences was
grown in PDB without any phenolic feed. As shown in, pure R. oligosporus produced
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sinapic acid (0.1 μM), ferulic acid (0.09 μM), and protocatechuic aldehyde (0.53 μM) in
3 mL PDB grown with 105 CFU of spores for 48 h at 30°C. These levels were used as

Small phenolic levels after tempeh fermentation with
Rhizopus oligosporus
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Figure 44. Levels of minor phenolics after tempeh fermentation with Rhizopus
oligosporus without phenolic feed

In vitro tempeh fermentation on pure glycitein can lower glycitein content and
increase caffeic acid, p-coumaric acid, and protocatechuic aldehyde
On pure glycitein feed, tempeh fermentation showed decreasing effects on
glycitein content and increasing effects on caffeic acid, p-coumaric acid, and
protocatechuic aldehyde (Figure 45). RAP, WID, and OLI eliminated glycitein content
while the STO group showed a significant decrease in glycitein levels by 54.52% ±
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8.73% (P=.001) (Table 13). RAP culture significantly increased the level of caffeic acid
by 1.67-fold (P=.001). WID culture significantly (P=.001) increased the levels of caffeic
acid and protocatechuic aldehyde by 1.63 and 15.73-fold, respectively. OLI culture
significantly increased p-coumaric acid content by 25% (P=.02). The enzyme group only
showed significant effects in increasing ferulic acid content by 56% (P=.001).

120
100
80

*

60
40

+

cid
ic
a

ec
hu
ic

al

ar
Pr
ot
oc
at

pco
um

ffe
ic
a

Fe

Enzyme

Ca

cid
ap
ic
a
Sin

Gl
yc
ite

Glycitein only

+

cid

*

ac
id

*

ru
lic

0

++ +

de
hy
de

20

in

% of initial level of aglycone

Soy phenolic levels before and after tempeh
fermentation on pure Glycitein using various cultures

RAP

SAN

WID

OLI

STO

Figure 45. Changes in phenolic compound levels after tempeh fermentation on pure
glycitein.
Figure legend: Asterisk symbol (*) indicates significant difference compared to
negative control group (residue), inverse triangle symbol (▼) indicates significant
difference compared to negative (residue) and positive (enzyme) control groups,
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plus symbol (+) indicates significantly higher level compared to positive control
group (enzyme).

Table 13. Levels of soy phenolics after tempeh fermentation on pure glycitein

Compound

Glycitein
Sinapic acid
Ferulic acid
Caffeic acid

p-coumaric
acid

Phenolic level (% of initial aglycone level)
Value Glycitein
Enzyme RAP SAN WID OLI STO
only
Mean
SD
Mean
SD
Mean
SD
Mean
SD

100
13.21
0
0
0
0
0
0

89.88
2.60
0
0
0.56
0.09
0
0

Mean

0

0

0

0

0.12 0.25

0

SD

0

0

0

0

0.01 0.22

0

Mean

0

0

0

0 15.73 1.71

1.68

0

0

0

0

0.12

Protocatechuic
aldehyde
SD

0 75.18
0 19.45
0
0
0
0
0
0
0
0
1.67 2.86
0.24 0.24

0
0
0
0
0
0
1.63
0.26

0 54.42
0 8.73
0
0
0
0
0
0
0
0
0
0
0
0

2.49 0.16

In vitro tempeh fermentation on pure daidzein can stimulate increase of ferulic acid,
caffeic acid, p-coumaric acid, and protocatechuic acid
In the in vitro experiment with pure daidzein, all cultures did not result in
significant decreases in daidzein, but demonstrated increases in the levels of ferulic acid,
caffeic acid, p-coumaric acid, and protocatechuic acid (Figure 46). RAP culture
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significantly increased ferulic acid content from 0% to 24% (P=.001) (Table 14). The
enzyme control group resulted in emerged ferulic acid and caffeic acid contents (0.27%
and 1%, respectively). STO culture significantly increased the caffeic acid content to
68% of the initial daidzein level (P=.001), while SAN culture increased the caffeic acid
content significantly (P=.001) by 11% over the enzyme group. WID culture significantly
(P=.001) increased the levels of caffeic acid, p-coumaric acid, and protocatechuic acid,
reaching 116%, 6%, and 1582% of the initial daidzein level.
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Figure 46. Changes in phenolic compound levels after tempeh fermentation on pure
daidzein.
Figure legend: Asterisk symbol (*) indicates significant difference compared to
negative control group (residue), inverse triangle symbol (▼) indicates significant
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difference compared to negative (residue) and positive (enzyme) control groups,
plus symbol (+) indicates significantly higher level compared to positive control
group (enzyme).

Table 14. Levels of soy phenolics after tempeh fermentation on pure daidzein
Compound

Value

Phenolic level (% of initial aglycone level)
Daidzein
only

Daidzein
Sinapic acid
Ferulic acid
Caffeic acid
p-coumaric acid
Protocatechuic
aldehyde

Enzyme

RAP

SAN

WID

OLI

STO

Mean
SD
Mean
SD
Mean
SD
Mean
SD
Mean

100
1.06
0
0
0
0
0
0
0

116.16
21.66
0
0
0.27
0.02
1.00
0.04
0

92.19
10.55
0
0
0.24
0.03
0
0
0.03

107.42
7.45
0
0
0
0
1.11
0.03
0.03

86.26
7.10
0
0
0
0
1.16
0.08
0.06

100.49
19.07
0
0
0
0
0
0
0.08

101.24
1.79
0
0
0
0
0.68
0.07
0

SD
Mean
SD

0
0
0

0
0.59
0.16

0
0
0

0.01
0.66
0.38

0.02
15.82
3.14

0.01
0.62
0.07

0
0.63
0.08

In vitro tempeh fermentation on pure genistein resulted in decrease in genistein and
increase in caffeic acid, p-coumaric acid, and protocatechuic aldehyde
On pure genistein feed, tempeh fermentation can decrease the level of genistein
and increase caffeic acid, p-coumaric acid, and protocatechuic aldehyde (Figure 47).
RAP, WID, OLI, and STO significantly (P=01) decreased genistein content by 13, 45.30,
20.61, and 29.05-fold, respectively. The enzyme control group significantly (P=.001)
increased the levels of ferulic acid to 0.03%, caffeic acid to 0.11%, and protocatechuic
aldehyde to 0.09% of the initial genistein level. STO culture significantly (P=.001)
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increased both caffeic acid and protocatechuic acid levels to 0.10% of initial genistein
level. WID and OLI significantly (P=.001) increased protocatechuic aldehyde content to
0.28% and 0.13% of initial genistein level, respectively.
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Figure 47. Changes in phenolic compound levels after tempeh fermentation on pure
genistein.
Figure legend: Asterisk symbol (*) indicates significant difference compared to
negative control group (residue), inverse triangle symbol (▼) indicates significant
difference compared to negative (residue) and positive (enzyme) control groups,
plus symbol (+) indicates significantly higher level compared to positive control
group (enzyme).
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Table 15. Levels of phenolics after tempeh fermentation on pure genistein
Compound

Genistein
Sinapic acid
Ferulic acid
Caffeic acid
p-coumaric
acid
Protocatechuic
aldehyde

Values

Phenolic level (% of initial aglycone level)

Mean
SD
Mean

Genistein
only
100
1.02
0

Enzyme
102.28
1.00
0

RAP
86.96
1.64
0

SAN
99.47
1.22
0

WID
54.70
2.54
0

OLI
79.39
5.01
0

STO
70.95
2.47
0

SD
Mean
SD
Mean
SD
Mean
SD
Mean
SD

0
0
0
0
0
0
0
0
0

0
0.03
0
0.11
0.03
0
0
0.09
0.03

0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0.28
0.01

0
0
0
0
0
0
0
0.13
0.02

0
0
0
0
0
0
0
0.10
0.02

Discussion
There is evidence supporting tempeh fermentation’s role in increasing the levels
of genistein and daidzein at the expense of genistin and daidzin (Cheng, Lin, Wu, & Liu,
2010; Esaki, Onozaki, & Osawa, 1994; Ferreira et al., 2011; Kuligowski, Pawłowska,
Jasińska-Kuligowska, & Nowak, 2017; Wang & Murphy, 1996), suggesting that a
biotransformation of isoflavone glycosides into aglycones occurs. What largely unknown
are the mechanism of that phenomena as well as its relation to the production of smaller
phenolic compounds. This research aimed to elucidate the release, transformation, and
stimulated production of soy phenolics during tempeh fermentation by taking into
account fiber-bound phenolics, different tempeh cultures, and minor phenolics.
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Changes in phenolic composition in whole-food model
In the whole-food tempehs of this experiment, different tempeh cultures resulted
in different composition of phenolic compounds (Figure 36), confirming the previous
experiment reported by Kuligowski et al. (2017). The fact that genistin and daidzein were
found to be the dominating compounds also confirms the previous experiments reported
by Kuligowski et al. (2017), Wang & Murphy (1996), and Cheng et al. (2010). Those
reports mentioned as well as that of Ferreira et al. (2011) reported the occurrence of
aglycosilation, which is the conversion of isoflavone glycosides into isoflavone
aglycones. This does not seem to be the predominant case in this experiment since
aglycosilation was only found in FP and BhBP genistein at levels that are relatively low
compared to the decreases in other extracts’ phenolic levels. Decreases in the levels of
daidzein (-36%), genistein (-66%), and glycitein (-29%) have also been reported by
Wang & Murphy (1996) who used similar analytical procedure. Approximately 82%
decrease in total isoflavone content after tempeh fermentation has also been reported
(Fernandez-Lopez, Lamothe, Delample, Denayrolles, & Bennetau-Pelissero, 2016). The
results of this experiment showing how tempeh cultures can increase, maintain, or
decrease the levels of isoflavones in this experiment echo the previous reports that
pointed out how different fungi strains and soybean types in tempeh fermentation resulted
in different effects on phenolic composition (Cheng, Lin, Wu, & Liu, 2010; Ferreira et
al., 2011; Kuligowski, Pawłowska, Jasińska-Kuligowska, & Nowak, 2017). The
possibilities of how these soy phenolic compounds are metabolized or consumed by
tempeh fungi are investigated in the in vitro sections of the discussion section.
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In FP extracts, while most of cultures resulted in maintained or decreased levels
of the detected phenolic compounds, increases were observed in daidzein, glycitin, and
glycitein. In EhBP and AhBP extracts, overall decrease in soy major phenolic compounds
was observed, suggesting that soybeans contained more bound phenolics before
fermentation. This indicates that the increases in phenolic levels in FP extracts, for
example in genistin level by RAP culture and daidzein level by WID culture, might be
the results of tempeh fermentation releasing some bound phenolics into free phenolics.
This concept is also supported by the increases in phenolic levels in the BhBP extracts,
further suggesting that there could be soy phenolic compounds that can only be made
more bioavailable after tempeh fermentation. We propose the new term loosely-bound
phenolics to refer to phenolic compounds whose levels increased in the bound phenolic
extracts (Figure 48). The releases of which phenolic compounds in which extracts are
illustrated in Figure 49.

Figure 48 Conversion of tightly-bound phenolics into loosely-bound phenolics and
free phenolics.
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Figure 49 Release of soy phenolic compounds by tempeh fermentation using various
cultures in different extracts.
Release of fiber-bound phenolics
As shown in Figure 41, tempeh fermentation on soy fiber residue can increase the
levels of isoflavone glycosides and aglycones, comparable to the enzyme control. The
enzyme control contained b-glucanase, cellulase, hemicellulase, xylanase, arabanase, and
pectinase. This result suggests that tempeh fermentation can release fiber-bound soy
isoflavones through enzymatic digestion. Tempeh fermentation using various Rhizopus
strains has been reported to produce pectinase, cellulase, amylase, and protease, which
were correlated with the maceration degree of soybean (Manurukchinakorn & Fujio,
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1997). Pectinase and cellulase showed the strongest correlation with maceration
(Manurukchinakorn & Fujio, 1997).
The soy fiber residue used in this experiment was obtained by rigorous washing
using 70% acetone, ethyl acetate, and water to exhaust the phenolic content. The fact that
tempeh fermentation showed increases in isoflavone glycoside and aglycone levels
suggests that these isoflavones might only be made available by tempeh fermentation. To
the best of our knowledge, this is the first study that demonstrated the release of fiberbound phenolics by tempeh fermentation. Further investigation is needed to identify the
enzymes produced by various tempeh cultures.

Transformation of glycosides into aglycones
Liberation of lipophilic isoflavone aglycones from their glycosides by tempeh
fermentation has been reported, where b-glucanase played a key role (György, Murata, &
Sugimoto, 1974; Mangan, Liadova, Ivory, & McCleary, 2016; Mei et al., 2019). Györgi
et al. (1974) reported that tempeh fermentation with Rhizopus oligosporus liberated
genistein and daidzein from their glycosides. Ebata et al. (1972) isolated a b-glycosidase
from soybean tempeh fermented with R. oligosporus that can hydrolyze genistin. The
mechanism of how enzymes released aglycones from their glycosides might be similar to
what Mangan et al. (2016) reported, in which a b-glucanase can cleave the b-glucan
linking glucose and phenolic compounds. Mei et al. (2019) observed that in Sophora
japonica fruit, glycoside sophoricoside could be hydrolyzed into genistein by bglucosidase enzymes produced by Rhizopus oryzae. Besides R. oryzae, R. oligosporus,
and R. stolonifer have also been reported to increase genistein and daidzein levels in
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soybeans during tempeh fermentation (Kameda, Aoki, Yanaka, Kumrungsee, & Kato,
2018).
Since tempeh fermentation can release isoflavone aglycones from their glycoside
forms, tempeh fermentation may increase isoflavone bioavailability. In rats, only
genistein and daidzein, not their glycoside forms, were absorbed from rat stomach
(Piskula, Yamakoshi, & Iwai, 1999). In Japanese women, aglycone-rich soybean
fermented with Aspergillus oryzae i.e. koji, promoted higher serum levels compared to
glycoside-rich non-fermented soybeans (Okabe, Shimazu, & Tanimoto, 2011). However,
further clinical investigation is needed because the bioavailability of isoflavones might
vary greatly due to other factors e.g. fiber-rich diet and gut microflora (Nielsen &
Williamson, 2007; Xu, Harris, Wang, Murphy, & Hendrich, 1995). The presence of fiber
might decrease isoflavone bioavailability (Nielsen & Williamson, 2007), however,
tempeh fermentation which produces fiber-digesting cellulase and pectinase, can improve
bioavailability (Manurukchinakorn & Fujio, 1997; Sarrette, Nout, Gervais, & Rombouts,
1992).
The imbalance between decrease of glycosides and increase of aglycones as seen
in SAN culture and enzyme control groups (Figure 43) may be due to the presence of
other forms of glycosides that were not detected in this experiment. Apart from the most
researched genistin, daidzin, and glycitin in soybeans, other sources of these aglycones
may also come in the forms of genistein, daidzein, and glycitein glycosides that are
attached to hexoside, pentoside, and/or rhamnoside, which can also be malonylated or
acetylated (Cavaliere et al., 2007; Wang & Murphy, 1996). Similar results were observed
in a separate study of ours, in which ex vivo tempeh fermentation (whole food) resulted in
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significantly high increases in free aglycones (168%-314%) without being paired with
proportionate decreases of glycosides (Ahnan-Winarno et al., 2020b). Further research
including these other forms of isoflavones may help to figure out the more accurate
conversion rates of glycosides to aglycones.

Utilization of aglycones and changes in of small phenolic content
To map the potential transformation of aglycones into or stimulated production of
minor phenolics during tempeh fermentation, several phenolic acids and a phenolic
aldehyde were analyzed. Sinapic acid, ferulic acid, caffeic acid, p-coumaric acid, and
protocatechuic aldehyde were previously detected in soybean and soy protein hydrolysate
(Pratt, Pietro, Porter, & Giffee, 1982; Xu & Chang, 2008). Sinapic acid, ferulic acid,
caffeic acid, p-coumaric acid, and protocatechuic aldehyde are antioxidants that can
promote therapeutic health effects e.g. anti-inflammatory, antimicrobial, antivirus,
anticancer, and antidiabetic activities (Gülçin, 2006; Huang, Smart, Wong, & Conney,
1988; Ou & Kwok, 2004; Pei, Ou, Huang, & Ou, 2016; Srinivasan, Sudheer, & Menon,
2007; Zhou, Liu, Miao, & Wang, 2005).
After tempeh fermentation on free phenolic extracts, the tempeh cultures differed
from the enzyme control. The enzyme control increased the levels of caffeic acid, pcoumaric acid, and protocatechuic acid, probably due to enzymatic release of the minor
phenolics from the polymers they were bound to. Some minor phenolics e.g. ferulic acid
and p-coumaric acid, have been found bound to other compounds such as
polysaccharides, alkyl alcohols, organic acid, amines, and lignin in fruits and vegetables
(Graf, 1992; Pei, Ou, Huang, & Ou, 2016; Ralph et al., 1994). It is possible that there
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were other phenolic compounds that were bound to other compounds, thus were not
detected before being exposed to enzymes. This explanation might also apply for the
experimental results using pure aglycones, in which enzyme control resulted in increased
ferulic acid on the addition of pure glycitein, in ferulic acid and caffeic acid on pure
daidzein, and in ferulic acid, caffeic acid, and protocatechuic aldehyde on pure genistein.
A reduction in caffeic acid content in WID, OLI, and STO cultures grown with
free phenolic extract was observed. This can due to binding with other compounds such
as protein (Bartolomé, Estrella, & Hernández, 2000), which might present after tempeh
fermentation. The absorption of these compounds by Rhizopus did not seem likely since
the fungal mass was also rigorously extracted using ethyl acetate after tempeh
fermentation. The increases in minor phenolics in cultures grown on either free phenolic
extract or pure aglycones can be due to the stimulated production by Rhizopus spp.,
similar to what is shown in Figure 44. To the best of our knowledge, this is the first study
that linked tempeh fermentation with minor phenolics, including on their production by
tempeh cultures.
The difference between the amounts of pure aglycone consumed and minor
phenolics released could be due to the limitation of detecting other minor phenolics that
may be present in soybeans or produced by Rhizopus spp. Some examples of these other
minor phenolics were hydroxybenzoic acid, rutin, hesperidin, and quercetin from soy
phenolic extract (Alu’datt, Rababah, Ereifej, & Alli, 2013); vanillic acid, syringic acid,
gentisic, p-hydroxybenzoic acid from soy protein hydrolysates (Pratt, Pietro, Porter, &
Giffee, 1982); or protocatechuic acid and chlorogenic acid that were found in black
soybeans (Xu & Chang, 2008). Further research taking these other minor phenolics into
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account would improve the accuracy of the conversion rates of isoflavone transformation
and stimulated production.

Different activities of tempeh cultures
The combination of the results from the whole-food and in vitro models of this
experiment is visually mapped in Figure 50, showing release, transformation, and
stimulated production of soy phenolic compounds by various tempeh cultures.
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Figure 50 Overall release, transformation, and stimulated production of soy
phenolics during tempeh fermentation.
The cultures that showed notable activities are discussed. In whole-food model,
RAP and WID cultures showed the highest activities in increasing the levels of soy
phenolic compounds in FP and BhBP extracts, while STO, and OLI resulted in
significant increases in the levels of phenolic compounds in BhBP extracts. In in vitro
models, WID, OLI, and STO had the highest activities of releasing fiber-bound soy
phenolic compounds. WID in particular can release almost all fiber-bound glycosides and
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aglycones, except for glycitein. WID culture showed all-round activities both whole-food
and in vitro models. SAN culture showed the most comprehensive activity in in vitro
models, indicated by the possible transformations of glycoside into aglycones, which
other cultures lacked, although this is limited to the nearly statistical significance of
daidzin reduction.
The variations of activities shown by each culture provide an interesting argument
to further investigate the combinations of tempeh cultures to modulate the bioavailability
of soy isoflavones. Reflecting on the different culture activities in whole-food and in vitro
models, harnessing the bioavailability of soy phenolics using tempeh fermentation may
lead to distinct results if applied in the food or pharmaceutical industries. To accurately
map how each tempeh culture can modulate bioactive compounds, it is important to
standardize the strain identification of cultures, which has been hindered by the constant
changes in identifying tempeh culture at species and strain levels (Febriani, Sjamsuridzal,
Oetari, Santoso, & Roosheroe, 2018; Khasanah, Sjamsuridzal, Oetari, Santoso, &
Roosheroe, 2018; Vebliza, Sjamsuridzal, Oetari, Santoso, & Roosheroe, 2018).

Conclusion
Tempeh fermentation can modulate the bioavailability of soy phenolic
compounds by releasing fiber-bound phenolics, converting glycosides into aglycones,
and stimulating the production of minor phenolics by Rhizopus spp. Further
investigations are needed to determine the impact of those effects in the diet in human
studies, complete the metabolic map, and understanding the synergistic effects of various

177

tempeh cultures. Future research in these areas would contribute to enhancing and
promoting health benefits of food through solid-state fermentation.
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CHAPTER 4
OVERALL CONCLUSION

The body of literature indicates that tempeh fermentation can enhance the healthpromoting potentials of its substrates, particularly soybeans which have been the most
studied. Through the experiments conducted in this study, we found that such an
enhancement can occur by the modulation of soy bioactive compounds with particular
mechanisms. Phenolic compounds, particularly soy isoflavones, were modulated in
amount, composition, and distribution. This modulation happened to free, bound, and
minor phenolics, which includes the mechanisms of releasing, transforming, and
stimulating the production of these compounds. Increases in free and bound phenolics
suggest that there were conversions of bound phenolics into loosely-bound and free
phenolics. These findings were coupled with increased bioactivity including
antioxidative, anti-inflammatory, and anticancer activities. Altogether, this study found
that tempeh fermentation can modulate the bioavailability and bioactivity of soy
phenolics by converting bound phenolics into loosely-bound and free phenolics through
release, transformation, and stimulated production.
Progress towards harnessing food bioactive compounds using tempeh
fermentation will require further research. More target compounds need to be included in
analyses as the metabolic map created in this study was unable to fully explain the
distribution of all soy isoflavones. Soy isoflavones in their malonylated and acetylated
forms should be considered to be included as these forms have been detected in soybeans
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in the previous studies of Cavaliere et al. (2007) and Wang & Murphy (1996). Besides
adding the compounds that have not been analyzed, total phenolic content measurement
e.g. using Folin-Ciocalteu reagent might also help comparing the amounts of the detected
identified compounds with the unidentified ones.
Investigating the effects of different tempeh culture combinations could be
initiated by performing genomic analysis on the presence of genes that encode enzymes
related to phenolic metabolism and/or chemical analysis on the presence of such
enzymes. This would enable relatively faster scanning process compared to whole-food
or in vitro fermentation trials. The studies on the effects of inoculation dose and
environmental parameters e.g. temperature, time, and humidity could help identifying the
critical control points in optimizing the amount of bioavailable soy phenolics released by
tempeh fermentation. To measure the bioavailability of these soy phenolics, clinical
studies are essential. This could be done by investigating the absorption of soy phenolics
in various tissues, depending on the targeted health benefits, for example through the
measuring the recovery of excreted soy phenolics as reported by Cassidy et al. (2006),
Faughnan et al. (2004), and Hutchins et al. (1995). Additionally, especially regarding to
the bound phenolics, their effects on the gut microbiota composition could give further
insights on how bioavailable these compounds are and their impacts in the lower
gastrointestinal tract.
The outcomes of the improvements mentioned could be a method to increase the
amounts of soy phenolics made bioavailable by tempeh fermentation, which could further
be simplified based on the identified critical control points for being applied in both
traditional and modern tempeh industries, as an effort to support the production of
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tempehs with improved health-promoting potential. To verify such an impact,
collaborative studies that include public health and nutrition intervention approaches
would be needed.
Once the overall scheme of understanding, and maximizing the positive effects of
tempeh fermentation on soy phenolics and their bioavailability has been established,
other substrates could be looked into. As different substrates contain different main
health-promoting compounds, the chemical and genomic analytical methods need to be
adjusted accordingly. When a database of different effects of various tempeh cultures on
different substrates has been created, the main factors that determine the modulation of
health-promoting compound bioavailability could be identified using chemical or
genomic analysis. Identifying the critical control points could expedite the screening
process for optimizing tempeh fermentation for this purpose compared to whole-food and
in vitro tempeh fermentation models.

181

BIBLIOGRAPHY

Abu-Salem, F. M., Mohamed, R., Gibriel, A., & Rasmy, N. M. (2014). Levels of some
antinutritional factors in tempeh produced from some legumes and jojobas seeds.
Int. Sch. Sci. Res. Innov, 8, 296–301.
Adlercreutz, H. (1995). Phytoestrogens: Epidemiology and a possible role in cancer
protection. Environmental Health Perspectives, 103(Suppl 7), 103–112.
Afifah, D. N., Nabilah, N., Supraba, G. T., Pratiwi, S. N., Nuryanto, & Sulchan, M.
(2020). The effects of tempeh gembus, an Indonesian fermented food, on lipid
profiles in women with hyperlipidemia. Current Nutrition & Food Science, 16(1),
56–64. https://doi.org/10.2174/1573401314666180807112549
Afifah, D. N., Rustanti, N., Anjani, G., Syah, D., & Suhartono, M. T. (2017). Proteomics
study of extracellular fibrinolytic proteases from Bacillus licheniformis RO3 and
Bacillus pumilus isolated from Indonesian fermented food. IOP Conference
Series: Earth and Environmental Science, 55(1), 012025.
Agosin, E., Diaz, D., Aravena, R., & Yañez, E. (1989). Chemical and nutritional
characterization of lupine tempeh. Journal of Food Science, 54(1), 102–104.
https://doi.org/10.1111/j.1365-2621.1989.tb08577.x
Ahmad, A., Ramasamy, K., Jaafar, S. M., Majeed, A. B. A., & Mani, V. (2014). Total
isoflavones from soybean and tempeh reversed scopolamine-induced amnesia,
improved cholinergic activities and reduced neuroinflammation in brain. Food
and Chemical Toxicology, 65, 120–128. https://doi.org/10.1016/j.fct.2013.12.025
Ahmad, A., Ramasamy, K., Majeed, A. B. A., & Mani, V. (2015). Enhancement of βsecretase inhibition and antioxidant activities of tempeh , a fermented soybean
cake through enrichment of bioactive aglycones. Pharmaceutical Biology, 53(5),
758–766. https://doi.org/10.3109/13880209.2014.942791
Ahnan-Winarno, A. D., Chacon-Vargas, K., Li, Z., Eyles, S. J., Cordeiro, L., Gibbons, J.,
& Xiao, H. (2020a). Tempeh fermentation enhanced health-promoting potential of
soy (Glycine max) by improving isoflavone bioavailability through release of
fiber-bound glycosides and conversion of free glycosides into aglycones.
Manuscript in preparation.

182

Ahnan-Winarno, A. D., Cordeiro, L., Winarno, F. G., Gibbons, J., & Xiao, H. (2020). A
semi-centennial comprehensive review on tempeh: Health benefits, fermentation,
safety, processing, sustainability, and affordability. Manuscript in preparation.
Ahnan-Winarno, A. D., Han, Y., Pan, C., Li, Z., Cordeiro, L., Gibbons, J., Eyles, S. J., &
Xiao, H. (2020b). Tempeh fermentation modulated soy anticancer, antiinflammatory, and antioxidative activities by releasing and loosening bound
phenolics. Manuscript in preparation.
Ahnan-Winarno, A., Winarno, W., & Nanere, M. (2019). Can tempeh be greenly
marketed by the Indonesian Tempeh Movement (ITM)? Proceedings of the
Proceedings of the 1st Sampoerna University-AFBE International Conference,
SU-AFBE 2018, 6-7 December 2018, Jakarta Indonesia. Proceedings of the 1st
Sampoerna University-AFBE International Conference, SU-AFBE 2018, 6-7
December 2018, Jakarta Indonesia, Jakarta, Indonesia.
https://doi.org/10.4108/eai.6-12-2018.2286267
Aini, N., Prihananto, V., & Munarso, S. J. (2012). Characteristics of white corn noodle
substituted by tempeh flour. Jurnal Teknologi Dan Industri Pangan, 23(2), 179.
https://doi.org/10.6066/jtip.2012.23.2.179
Aini, N., Prihananto, V., Wijonarko, G., Sustriawan, B., Dinayati, M., & Aprianti, F.
(2018). Formulation and characterization of emergency food based on instan corn
flour supplemented by instan tempeh (or soybean) flour. International Food
Research Journal, 25(1).
Ainsworth, E. A., & Gillespie, K. M. (2007). Estimation of total phenolic content and
other oxidation substrates in plant tissues using Folin–Ciocalteu reagent. Nature
Protocols, 2(4), 875–877. https://doi.org/10.1038/nprot.2007.102
Ali, S. A. (2008). Evaluation of the chemical and sensory characteristics of tempeh from
pigeon pea and soybean [University of the West Indies].
http://uwispace.sta.uwi.edu/dspace/bitstream/handle/2139/511/SalmaAminaAli_A
B.pdf?sequence=4
Allen, L. (2006). Guidelines on food fortification with micronutrients. World Health
Organization.
Alu’datt, M. H., Rababah, T., Ereifej, K., & Alli, I. (2013). Distribution, antioxidant and
characterisation of phenolic compounds in soybeans, flaxseed and olives. Food
Chemistry, 139(1–4), 93–99.
183

Al-Wahsh, I. (2005). Soy oxalate and phytate and risk of kidney stones. Washington State
University.
Al-Wahsh, I. A., Horner, H. T., Palmer, R. G., Reddy, M. B., & Massey, L. K. (2005).
Oxalate and phytate of soy foods. Journal of Agricultural and Food Chemistry,
53(14), 5670–5674. https://doi.org/10.1021/jf0506378
Amadi, E. N., Uneze, R., Barimalaa, I. S., & Achinewhu, S. C. (1999). Studies on the
production of bambara groundnut (Vigna subterranea) tempe. Plant Foods for
Human Nutrition, 53(3), 199–208. https://doi.org/10.1023/A:1008036108097
Amarakoon, D., Thavarajah, D., McPhee, K., & Thavarajah, P. (2012). Iron-, zinc-, and
magnesium-rich field peas (Pisum sativum L.) with naturally low phytic acid: A
potential food-based solution to global micronutrient malnutrition. Journal of
Food Composition and Analysis, 27(1), 8–13.
https://doi.org/10.1016/j.jfca.2012.05.007
Anandito, R. B. K., Kurniawan, S. R., & Nurhartadi, E. (2018). Formulation of
emergency food in biscuit-form made from proso millet flour (Panicum
miliaceum) and snakehead fish (Channa striata)–tempeh flour koya. IOP
Conference Series: Earth and Environmental Science, 116(1), 012015.
Anderson, S. J., Merrill, J. K., McDonnell, M. L., & Klopfenstein, T. J. (1988).
Digestibility and utilization of mechanically processed soybean hulls by lambs
and steers. Journal of Animal Science, 66(11), 2965–2976.
Ansarullah, A., Hardinsyah, Marliyati, S. A., & Astawan, M. (2017). The effect of tempe
drink intervention on blood pressure in hypertension and hypercholesterolemia
subjects. Jurnal Gizi Dan Pangan, 12(2), 101–108.
https://doi.org/10.25182/jgp.2017.12.2.101-108
Anwar, M., Kasper, A., Steck, A. R., & Schier, J. G. (2017). Bongkrekic acid—A review
of a lesser known mitochondrial toxin. Journal of Medical Toxicology, 13(2),
173–179. https://doi.org/10.1007/s13181-016-0577-1
Aoki, H., Furuya, Y., Endo, Y., & Fujimoto, K. (2003). Effect of gamma-aminobutyric
acid-enriched tempeh-like fermented soybean (GABA-tempeh) on the blood
pressure of spontaneously hypertensive rats. Bioscience Biotechnology and
Biochemistry, 67(8), 1806–1808. https://doi.org/10.1271/bbb.67.1806

184

Apriyantono, A., Nurkori, Nurjanah, S., & Satiawihardja, B. (2001). Flavor
characteristics of tempe. In A. M. Spanier, F. Shahidi, T. H. Parliment, C.
Mussinan, C. T. Ho, & E. T. Contis (Eds.), Food Flavors and Chemistry:
Advances of the New Millennium (Issue 274, pp. 171–182). Royal Soc Chemistry.
https://doi.org/10.1039/9781847550859-00171
Arbianti, R., Utami, T. S., Leondo, V., Putri, S. A., & Hermansyah, H. (2018). Effect of
biofilm and selective mixed culture on microbial fuel cell for the treatment of
tempeh industrial wastewater. IOP Conference Series: Materials Science and
Engineering, 316(1), 012073.
Areekul, S., Pattanamatum, S., Cheeramakara, C., Churdchue, K., Nitayapabskoon, S., &
Chongsanguan, M. (1990). The source and content of vitamin B12 in the tempehs.
Journal of the Medical Association of Thailand = Chotmaihet Thangphaet, 73(3),
152–156.
Ariani, S. R. D., Matsjeh, S., Mustofa, & Purwono, B. (2016). Quantitative analysis of Ldopa (l-3,4-dihydroxyphenylalanine) content in extracts of various products from
velvet bean (Mucuna pruriens (L.) DC.) Tempe processing. Oriental Journal of
Chemistry, 32(6), 2921–2927. https://doi.org/10.13005/ojc/320611
Aronson, D., Mittleman, M. A., & Burger, A. J. (2004). Elevated blood urea nitrogen
level as a predictor of mortality in patients admitted for decompensated heart
failure. The American Journal of Medicine, 116(7), 466–473.
https://doi.org/10.1016/j.amjmed.2003.11.014
Arranz, S., Silván, J. M., & Saura-Calixto, F. (2010). Nonextractable polyphenols,
usually ignored, are the major part of dietary polyphenols: A study on the Spanish
diet. Molecular Nutrition & Food Research, 54(11), 1646–1658.
https://doi.org/10.1002/mnfr.200900580
Ashenafi, M. (1991). Growth of Listeria monocytogenes in fermenting tempeh made of
various beans and its inhibition by Lactobacillus plantarum. Food Microbiology,
8(4), 303–310. https://doi.org/10.1016/S0740-0020(05)80004-8
Ashenafi, M., & Busse, M. (1989). Inhibitory effect of Lactobacillus plantarum on
Salmonella infantis, Enterobacter aerogenes and Escherichia coli during tempeh
fermentation. Journal of Food Protection, 52(3), 169–172.
https://doi.org/10.4315/0362-028X-52.3.169

185

Ashenafi, M., & Busse, M. (1991a). Development of microorganisms during cold-storage
of pea and chickpea tempeh and effect of Lactobacillus plantarum on storage
microflora. Journal of the Science of Food and Agriculture, 56(1), 71–78.
https://doi.org/10.1002/jsfa.2740560108
Ashenafi, M., & Busse, M. (1991b). Growth of Bacillus cereus in fermenting tempeh
made from various beans and its inhibition by Lactobacillus plantarum. Journal of
Applied Bacteriology, 70(4), 329–333.
Ashenafi, M., & Busse, M. (1991c). Growth-potential of Salmonella infantis and
Escherichia coli in fermenting tempeh made from horsebean, pea and chickpea
and their inhibition by Lactobacillus plantarum. Journal of the Science of Food
and Agriculture, 55(4), 607–615. https://doi.org/10.1002/jsfa.2740550412
Ashenafi, M., & Busse, M. (1991d). Production of tempeh from various indigenous
Ethiopian beans. World Journal of Microbiology & Biotechnology, 7(1), 72–79.
Ashenafi, M., & Busse, M. (1992). Growth of Staphylococcus aureus in fermenting
tempeh made from various beans and its inhibition by Lactobacillus plantarum.
International Journal of Food Science and Technology, 27(1), 81–86.
Astawan, M., Hermanianto, J., Suliantari, & Sugiyanto, G. S. P. (2016). Application of
vacuum packaging to extend the shelf life of fresh-seasoned tempe. International
Food Research Journal, 23(6), 2571–2580.
Astawan, M., Mardhiyyah, Y. S., & Wijaya, C. H. (2018). Potential of bioactive
components in tempe for the treatment of obesity. Jurnal Gizi Dan Pangan, 13(2),
79–86. https://doi.org/10.25182/jgp.2018.13.2.79-86
Astawan, M., & Maskar, D. H. (2019). Rebranding tempe from traditional food to be
more acceptable for the 21st century consumers. Annals of Nutrition and
Metabolism, 75, 7–7.
Astawan, M., Wresdiyati, T., Yoshari, R. M., & Fadilla, R. (2019). Physicochemical
properties of tempe protein isolated from germinated and non-germinated
soybeans. Annals of Nutrition and Metabolism, 75, 182–182.
Astuti, M. (1999). History of the development of tempe. Universitas Gajah Mada.

186

Astuti, M., Meliala, A., Dalais, F. S., & Wahlqvist, M. L. (2000). Tempe, a nutritious and
healthy food from Indonesia. Asia Pacific Journal of Clinical Nutrition, 9(4),
322–325. https://doi.org/10.1046/j.1440-6047.2000.00176.x
Athaillah, Z. A., Muzdalifah, D., Lestari, A., Devi, A. F., Udin, L. Z., Artanti, N., & Lioe,
H. N. (2019). Phenolic compound profile and functionality of aqueous overripe
tempe extracts. Current Research in Nutrition and Food Science, 7(2), 382–392.
https://doi.org/10.12944/CRNFSJ.7.2.08
Azeke, M. A., Fretzdorff, B., Buening-Pfaue, H., & Betsche, T. (2007). Nutritional value
of African yambean (Sphenostylis stenocarpa L.): Improvement by solid substrate
fermentation using the tempeh fungus Rhizopus oligosporus. Journal of the
Science of Food and Agriculture, 87(2), 297–304.
https://doi.org/10.1002/jsfa.2721
Azeke, M. A., Greiner, R., & Jany, K.-D. (2011). Purification and characterization of two
intracellular phytases from the tempeh fungus rhizopus oligosporus. Journal of
Food Biochemistry, 35(1), 213–227. https://doi.org/10.1111/j.17454514.2010.00377.x
Babji, A. S., Fatimah, S., Ghassem, M., & Abolhassani, Y. (2010). Protein quality of
selected edible animal and plant protein sources using rat bio-assay. International
Food Research Journal, 17(2), 303–308.
Babu, P. D., Bhakyaraj, R., & Vidhyalakshmi, R. (2009). A low cost nutritious food
“tempeh”-a review. World J Dairy Food Sci, 4(1), 22–27.
Baiano, A. (2010). Effects of processing on isoflavone content and profile in foodstuffs:
A review. In M. J. Thompson (Ed.), Isoflavones: Biosynthesis, Occurrence and
Health Effects (pp. 111–135). Nova Science Publishers, Inc.
Barnes, S. (1998). Evolution of the health benefits of soy isoflavones. Proceedings of the
Society for Experimental Biology and Medicine, 217(3), 386–396.
https://doi.org/10.3181/00379727-217-44249
Bartolomé, B., Estrella, I., & Hernández, M. T. (2000). Interaction of low molecular
weight phenolics with proteins (BSA). Journal of Food Science, 65(4), 617–621.
https://doi.org/10.1111/j.1365-2621.2000.tb16060.x

187

Bartosz, M., Kedziora, J., & Bartosz, G. (1997). Antioxidant and Prooxidant Properties of
Captopril and Enalapril. Free Radical Biology and Medicine, 23(5), 729–735.
https://doi.org/10.1016/S0891-5849(97)00014-2
Bau, H., Villaume, C., Lin, C., Evrard, J., Quemener, B., Nicolas, J., & Mejean, L.
(1994). Effect of a solid-state fermentation using Rhizopus oligosporus Sp T-3 on
elimination of antinutritional substances and modification of biochemicalconstituents of defatted rapeseed meal. Journal of the Science of Food and
Agriculture, 65(3), 315–322. https://doi.org/10.1002/jsfa.2740650309
Bavia, A. C. F., Silva, C. E. da, Ferreira, M. P., Leite, R. S., Mandarino, J. M. G., &
Carrão-Panizzi, M. C. (2012). Chemical composition of tempeh from soybean
cultivars specially developed for human consumption. Food Science and
Technology (Campinas), 32(3), 613–620. https://doi.org/10.1590/S010120612012005000085
Berghofer, E., Grzeskowiak, B., Mundigler, N., Sentall, W. B., & Walcak, J. (1998).
Antioxidative properties of faba bean-, soybean- and oat tempeh. International
Journal of Food Sciences and Nutrition, 49(1), 45–54.
https://doi.org/10.3109/09637489809086403
Bhowmik, S. N., Balasubramanian, S., & Yadav, D. N. (2013). Influence of mostprobable-number method and container perforation numbers on fungal population
density during tempeh production. Indian Journal of Agricultural Sciences, 5.
Borges, C. W. C., Carrão-Panizzi, M. C., Mandarino, J. M. G., Silva, J. B. da, Benedetti,
S., & Ida, E. I. (2016). Contents and bioconversion of β-glycoside isoflavones to
aglycones in the processing conditions of soybean tempeh. Pesquisa
Agropecuária Brasileira, 51(3), 271–279.
Brouns, F. (2002). Soya isoflavones: A new and promising ingredient for the health foods
sector. Food Research International, 35(2), 187–193.
https://doi.org/10.1016/S0963-9969(01)00182-X
Buckle, K. A. (1985). Reduction in phytic acid levels in soybeans during tempeh
production, storage and frying. Journal of Food Science, 50(1), 260–263.
Budsabun, T., Panphut, W., & Chansukh, K. K. (2019). Development vegan cookies by
using fermented soybean (tempeh). 2019 International Academic Research
Conference in Amsterdam, 43–46.

188

Bujang, A., & Taib, N. A. (2014). Changes on amino acids content in soybean, garbanzo
bean and groundnut during pre-treatments and tempe making. Sains Malaysiana,
43(4), 551–557.
Cai, S., Gao, F., Zhang, X., Wang, O., Wu, W., Zhu, S., Zhang, D., Zhou, F., & Ji, B.
(2014). Evaluation of γ- aminobutyric acid, phytate and antioxidant activity of
tempeh-like fermented oats (Avena sativa L.) prepared with different filamentous
fungi. Journal of Food Science and Technology, 51(10), 2544–2551.
https://doi.org/10.1007/s13197-012-0748-2
Cao, G., Alessio, H. M., & Cutler, R. G. (1993). Oxygen-radical absorbance capacity
assay for antioxidants. Free Radical Biology and Medicine, 14(3), 303–311.
https://doi.org/10.1016/0891-5849(93)90027-R
Cao, G., & Prior, R. L. (1999). Measurement of oxygen radical absorbance capacity in
biological samples. In Methods in Enzymology (Vol. 299, pp. 50–62). Academic
Press. https://doi.org/10.1016/S0076-6879(99)99008-0
Cashman, K. D. (2002). Calcium intake, calcium bioavailability and bone health. British
Journal of Nutrition, 87(S2), S169–S177. https://doi.org/10.1079/BJN/2002534
Cassidy, A., Brown, J. E., Hawdon, A., Faughnan, M. S., King, L. J., Millward, J.,
Zimmer-Nechemias, L., Wolfe, B., & Setchell, K. D. R. (2006). Factors affecting
the bioavailability of soy isoflavones in humans after ingestion of physiologically
relevant levels from different soy foods. The Journal of Nutrition, 136(1), 45–51.
https://doi.org/10.1093/jn/136.1.45
Cavaliere, C., Cucci, F., Foglia, P., Guarino, C., Samperi, R., & Laganà, A. (2007).
Flavonoid profile in soybeans by high-performance liquid
chromatography/tandem mass spectrometry. Rapid Communications in Mass
Spectrometry, 21(14), 2177–2187. https://doi.org/10.1002/rcm.3049
Cempaka, L., Eliza, N., Ardiansyah, A., Handoko, D., & Astuti, R. (2018). Proximate
composition, total phenolic content, and sensory analysis of rice bran tempeh.
Makara Journal of Science, 22(2). https://doi.org/10.7454/mss.v22i2.9616
Cesrany, M., Yulandi, A., Rusmana, I., & Suwanto, A. (2017). Whole genome analysis of
Klebsiella: Unique genes associated with isolates from Indonesian tempeh.
Malaysian Journal of Microbiology. https://doi.org/10.21161/mjm.98716

189

Chang, C.-T., Hsu, C.-K., Chou, S.-T., Chen, Y.-C., Huang, F.-S., & Chung, Y.-C.
(2009). Effect of fermentation time on the antioxidant activities of tempeh
prepared from fermented soybean using Rhizopus oligosporus. International
Journal of Food Science and Technology, 44(4), 799–806.
https://doi.org/10.1111/j.1365-2621.2009.01907.x
Chango, A., Bau, H., Villaume, C., Schwertz, A., Nicolas, J., & Mejean, L. (1993).
Effects of the heating and fermentation (by Rhizopus oligosporus (spt3)
treatments on the nutritional use of sweet white lupin seeds. Reproduction
Nutrition Development, 33(2), 89–98. https://doi.org/10.1051/rnd:19930201
Chen, J., Wu, Y., Yang, C., Xu, X., & Meng, Y. (2017). Antioxidant and hypolipidemic
effects of soymilk fermented via Lactococcus acidophilus MF204. Food &
Function, 8(12), 4414–4420. https://doi.org/10.1039/c7fo00701a
Chen, Q., Wood, C., Gagnon, C., Cober, E. R., Fregeau-Reid, J. A., Gleddie, S., & Xiao,
C. W. (2014). The alpha’ subunit of beta-conglycinin and the A1-5 subunits of
glycinin are not essential for many hypolipidemic actions of dietary soy proteins
in rats. European Journal of Nutrition, 53(5), 1195–1207.
https://doi.org/10.1007/s00394-013-0620-9
Cheng, K.-C., Lin, J.-T., & Liu, W.-H. (2011). Extracts from fermented black soybean
milk exhibit antioxidant and cytotoxic activities. Food Technology and
Biotechnology, 49(1), 111.
Cheng, K.-C., Lin, J.-T., Wu, J.-Y., & Liu, W.-H. (2010). Isoflavone conversion of black
soybean by immobilized Rhizopus spp. Food Biotechnology, 24(4), 312–331.
https://doi.org/10.1080/08905436.2010.524459
Chung, Y. C., Hsu, C. K., Huang, Y. T., & Lin, Y. F. (2009). Mechanisms study on the
antihypertensive effect of water extract from natto-tempeh. New Biotechnology,
25, S206. https://doi.org/10.1016/j.nbt.2009.06.148
Cooper, B. A., Penne, E. L., Bartlett, L. H., & Pollock, C. A. (2004). Protein malnutrition
and hypoalbuminemia as predictors of vascular events and mortality in ESRD.
American Journal of Kidney Diseases, 43(1), 61–66.
https://doi.org/10.1053/j.ajkd.2003.08.045

190

Cuevas-Rodríguez, E. O., Verdugo-Montoya, N. M., Angulo-Bejarano, P. I., MilánCarrillo, J., Mora-Escobedo, R., Bello-Pérez, L. A., Garzón-Tiznado, J. A., &
Reyes-Moreno, C. (2006). Nutritional properties of tempeh flour from quality
protein maize (Zea mays L.). LWT - Food Science and Technology, 39(10), 1072–
1079. https://doi.org/10.1016/j.lwt.2005.07.003
Damanik, R. N. S., Pratiwi, D. Y. W., Widyastuti, N., Rustanti, N., Anjani, G., & Afifah,
D. N. (2018). Nutritional composition changes during tempeh gembus processing.
IOP Conference Series: Earth and Environmental Science, 116(1), 012026.
Damayanti, E., Ratisiwi, F. N., Istiqomah, L., Sembiring, L., & Febrisiantosa, A. (2017).
Phytate degrading activities of lactic acid bacteria isolated from traditional
fermented food. In International Conference on Chemistry, Chemical Process and
Engineering (ic3pe) 2017 (Vol. 1823, p. UNSP 020053). Amer Inst Physics.
https://doi.org/10.1063/1.4978126
Davey, C. L., Pefialoza, W., & Kell, D. B. (1991). Real-time monitoring of the accretion
of Rhizopus oligosporus biomass during the solid-substrate tempe fermentation.
7, 248–259.
Day, A. J., DuPont, M. S., Ridley, S., Rhodes, M., Rhodes, M. J. C., Morgan, M. R. A.,
& Williamson, G. (1998). Deglycosylation of flavonoid and isoflavonoid
glycosides by human small intestine and liver beta-glucosidase activity. Febs
Letters, 436(1), 71–75. https://doi.org/10.1016/S0014-5793(98)01101-6
Denter, J., & Bisping, B. (1994). Formation of B-vitamins by bacteria during the soaking
process of soybeans for tempe fermentation. International Journal of Food
Microbiology, 22(1), 23–31. https://doi.org/10.1016/0168-1605(94)90004-3
Denter, J., Rehm, H. J., & Bisping, B. (1998). Changes in the contents of fat-soluble
vitamins and provitamins during tempe fermentation. International Journal of
Food Microbiology, 45(2), 129–134. https://doi.org/10.1016/S01681605(98)00155-X
Deping, X., & others. (2001). Inhibition effect of soybean and tempeh isoflavones on
human creast, uterus and ovary cancer cells. Food Science, 6, 019.
Deshpande, S. S. (2002). Handbook of food toxicology. CRC Press.

191

Diep, D. B., Håvarstein, L. S., & Nes, I. F. (1995). A bacteriocin-like peptide induces
bacteriocin synthesis in Lactobacillus plantarum C11. Molecular Microbiology,
18(4), 631–639. https://doi.org/10.1111/j.1365-2958.1995.mmi_18040631.x
Diep, D. B., Håvarstein, L. S., & Nes, I. F. (1996). Characterization of the locus
responsible for the bacteriocin production in Lactobacillus plantarum C11.
Journal of Bacteriology, 178(15), 4472–4483.
https://doi.org/10.1128/jb.178.15.4472-4483.1996
Dolatabadi, S., Scherlach, K., Figge, M., Hertweck, C., Dijksterhuis, J., Samson, R. A.,
Menken, S. B., & de Hoog, G. S. (2015). Food preparation with potentially unsafe
fungi: A new biosafety issue? Mucorales between Food and Infection, 151.
Dolatabadi, S., Walther, G., Gerrits van den Ende, A. H. G., & de Hoog, G. S. (2014).
Diversity and delimitation of Rhizopus microsporus. Fungal Diversity, 64(1),
145–163. https://doi.org/10.1007/s13225-013-0229-6
Duliński, R., Stodolak, B., Byczyński, Ł., Poreda, A., Starzyńska-Janiszewska, A., &
Żyła, K. (2017). Solid-state fermentation reduces phytic acid level, improves the
profile of myo-inositol phosphates and enhances the availability of selected
minerals in flaxseed oil cake. Food Technology & Biotechnology, 55(3), 413–419.
https://doi.org/10.17113/ftb.55.03.17.4981
Ebata, J., Hirai, K., Murata, K., & Fukuda, Y. (1972). Beta-glucosidase involved in
antioxidant formation in tempeh, fermented soybeans. Agricultural and Biological
Chemistry, 36(8), A25-.
Eklund-Jonsson, C., Sandberg, A.-S., & Alminger, M. L. (2006). Reduction of phytate
content while preserving minerals during whole grain cereal tempe fermentation.
Journal of Cereal Science, 44(2), 154–160.
https://doi.org/10.1016/j.jcs.2006.05.005
Erkan, S. B., Gürler, H. N., Bilgin, D. G., Germec, M., & Turhan, I. (2020). Production
and characterization of tempehs from different sources of legume by Rhizopus
oligosporus. LWT, 119, 108880.
Esaki, H., Onozaki, H., Kawakishi, S., & Osawa, T. (1996). New antioxidant isolated
from tempeh. Journal of Agricultural and Food Chemistry, 44(3), 696–700.
https://doi.org/10.1021/jf950454t

192

Esaki, H., Onozaki, H., & Osawa, T. (1994). Antioxidative activity of fermented soybean
products. In M. T. Huang, T. Osawa, C. T. Ho, & R. T. Rosen (Eds.), Food
Phytochemicals for Cancer Prevention I: Fruits and Vegetables (Vol. 546, pp.
353–360). Amer Chemical Soc.
Eslami, O., & Shidfar, F. (2019). Soy milk: A functional beverage with
hypocholesterolemic effects? A systematic review of randomized controlled trials.
Complementary Therapies in Medicine, 42, 82–88.
https://doi.org/10.1016/j.ctim.2018.11.001
Esonu, B. O., Izukanne, R. O., & Inyang, O. A. (2005). Evaluation of cellulolytic enzyme
supplementation on production indices and nutrient utilization of laying hens fed
soybean hull based diets. International Journal of Poultry Science, 4(4), 213–216.
Fatmah. (2018). Mocaf tempeh dates biscuit for the improvement of nutritional status of
underweight children. 15(49), 155–161.
Faughnan, M. S., Hawdon, A., Ah-Singh, E., Brown, J., Millward, D. J., & Cassidy, A.
(2004). Urinary isoflavone kinetics: The effect of age, gender, food matrix and
chemical composition. British Journal of Nutrition, 91(4), 567–574.
Febriani, R., Sjamsuridzal, W., Oetari, A., Santoso, I., & Roosheroe, I. G. (2018). ITS
regions of rDNA sequence and morphological analyses clarify five Rhizopus
strains from tempeh as Rhizopus oryzae. In T. Mart, D. Triyono, I. T.
Anggraningrum, K. A. Sugeng, & R. Yuniati (Eds.), Proceedings of the 3rd
International Symposium on Current Progress in Mathematics and Sciences 2017
(iscpms2017) (Vol. 2023, pp. 020159–1). Amer Inst Physics.
https://doi.org/10.1063/1.5064156
Febrianti, Hardinsyah, H., Khusun, H., & Mansyur, M. (2019). Tempe, not tofu, intake
negatively associated with HOMA-IR among Indonesian women in West Java.
Annals of Nutrition and Metabolism, 75, 328–328.
Feng, X. M., Eriksson, A. R. B., & Schnürer, J. (2005). Growth of lactic acid bacteria and
Rhizopus oligosporus during barley tempeh fermentation. International Journal
of Food Microbiology, 104(3), 249–256.
https://doi.org/10.1016/j.ijfoodmicro.2005.03.005

193

Feng, X. M., Olsson, J., Swanberg, M., Schnurer, J., & Ronnow, D. (2007). Image
analysis for monitoring the barley tempeh fermentation process. Journal of
Applied Microbiology, 103(4), 1113–1121. https://doi.org/10.1111/j.13652672.2007.03341.x
Feng, X. M., Passoth, V., Eklund-Jonsson, C., Alminger, M. L., & Schnürer, J. (2007).
Rhizopus oligosporus and yeast co-cultivation during barley tempeh
fermentation—Nutritional impact and real-time PCR quantification of fungal
growth dynamics. Food Microbiology, 24(4), 393–402.
https://doi.org/10.1016/j.fm.2006.06.007
Fernandez-Lopez, A., Lamothe, V., Delample, M., Denayrolles, M., & BennetauPelissero, C. (2016). Removing isoflavones from modern soyfood: Why and how?
Food Chemistry, 210, 286–294. https://doi.org/10.1016/j.foodchem.2016.04.126
Ferreira, M. P., Oliveira, M. C. N. de, Mandarino, J. M. G., Silva, J. B. da, Ida, E. I., &
Carrão-Panizzi, M. C. (2011). Changes in the isoflavone profile and in the
chemical composition of tempeh during processing and refrigeration. Pesquisa
Agropecuária Brasileira, 46(11), 1555–1561. https://doi.org/10.1590/S0100204X2011001100018
Fibri, D. L. N., & Frost, M. B. (2020). Indonesian millennial consumers’ perception of
tempe—And how it is affected by product information and consumer
psychographic traits. Food Quality and Preference, 80, UNSP 103798.
https://doi.org/10.1016/j.foodqual.2019.103798
Foo, H. L., Loh, T. C., Law, F. L., Lim, Y. Z., Kufli, C. N., & Rusul, G. (2003). Effects
of feeding Lactobacillus plantarum I-UL4 isolated from Malaysian tempeh on
growth performance, faecal flora and lactic acid bacteria and plasma cholesterol
concentrations in postweaning rats. Food Science and Biotechnology, 12(4), 403–
408.
Food and Agriculture Organization-World Health Organization. (2017). Regional
standard for tempe. FAO-WHO Codex Alimentarius.
Food and Drug Administration. (2018). Reference amounts customarily consumed: List of
products for each product category: Guidance for industry.
Food and Drug Administration. (2019, April 1). CFR - Code of federal regulations title
21.
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/cfrsearch.cfm?fr=101.12
194

Francisco, I. A., & Pinotti, M. H. P. (2000). Cyanogenic glycosides in plants. Brazilian
Archives of Biology and Technology, 43(5), 487–492.
https://doi.org/10.1590/S1516-89132000000500007
Fudiyansyah, N., Petterson, D. S., Bell, R. R., & Fairbrother, A. H. (1995). A nutritional,
chemical and sensory evaluation of lupin (L. angustifolius) tempe. International
Journal of Food Science & Technology, 30(3), 297–305.
https://doi.org/10.1111/j.1365-2621.1995.tb01378.x
Fujio, Y. (1997). A study in the application of microbial functions to environmental
cleaning and fermented foodstuffs: Biotechnological aspects of solid state
fermentation. Seibutsu-Kogaku Kaishi-Journal of the Society for Fermentation
and Bioengineering, 75(6), 433–443.
Fung, D. Y. C., & Crozier-Dodson, B. A. (2008). Tempeh: A mold-modified indigenous
fermented food. In E. R. Farnworth (Ed.), Handbook of Fermented Functional
Foods, Second Edition (pp. 475–494). Crc Press-Taylor & Francis Group.
Galati, G., Lin, A., Sultan, A. M., & O’Brien, P. J. (2006). Cellular and in vivo
hepatotoxicity caused by green tea phenolic acids and catechins. Free Radical
Biology and Medicine, 40(4), 570–580.
https://doi.org/10.1016/j.freeradbiomed.2005.09.014
Gamboa-Gómez, C. I., Muñoz-Martínez, A., Rocha-Guzmán, N. E., Gallegos-Infante, J.
A., Moreno-Jiménez, M. R., González-Herrera, S. M., Soto-Cruz, O., &
González-Laredo, R. F. (2016). Changes in phytochemical and antioxidant
potential of tempeh common bean flour from two selected cultivars influenced by
temperature and fermentation time. Journal of Food Processing and Preservation,
40(2), 270–278.
Garcia, R. A. (1999). The effect of lipids on bongkrekic (bongkrek) acid toxin production
by Burkholderia cocovenenans in coconut media. Food Additives &
Contaminants, 16(2), 63–69.
Gibbs, B. F., Zougman, A., Masse, R., & Mulligan, C. (2004). Production and
characterization of bioactive peptides from soy hydrolysate and soy-fermented
food. Food Research International, 37(2), 123–131.
Ginting, E., & Arcot, J. (2004). High-performance liquid chromatographic determination
of naturally occurring folates during tempe preparation. Journal of Agricultural
and Food Chemistry, 52(26), 7752–7758. https://doi.org/10.1021/jf040198x
195

Gitlin, D., Cravioto, J., Frenk, S., Montano, E. L., Galvan, R. R., Gomez, F., & Janeway,
C. A. (1958). Albumin metabolism in children with protein malnutrition. The
Journal of Clinical Investigation, 37(5), 682–686.
Godfray, H. C. J., Aveyard, P., Garnett, T., Hall, J. W., Key, T. J., Lorimer, J.,
Pierrehumbert, R. T., Scarborough, P., Springmann, M., & Jebb, S. A. (2018).
Meat consumption, health, and the environment. Science, 361(6399), eaam5324.
https://doi.org/10.1126/science.aam5324
González, A. D., Frostell, B., & Carlsson-Kanyama, A. (2011). Protein efficiency per unit
energy and per unit greenhouse gas emissions: Potential contribution of diet
choices to climate change mitigation. Food Policy, 36(5), 562–570.
https://doi.org/10.1016/j.foodpol.2011.07.003
González, F. J. V., Dorado, R. G., Ulloa, M. G., Rodríguez, B. L. C., & González, H. R.
(2018). Effect of fermented, hardened, and dehulled of chickpea (Cicer arietinum)
meals in digestibility and antinutrients in diets for tilapia (Oreochromis niloticus).
Spanish Journal of Agricultural Research, 16(1), 15.
Graf, E. (1992). Antioxidant potential of ferulic acid. Free Radical Biology and
Medicine, 13(4), 435–448. https://doi.org/10.1016/0891-5849(92)90184-I
Greenwood, D. A., Kraybill, H. R., & Schweigert, B. S. (1951). Amino acid composition
of fresh and cooked beef cuts. Journal of Biological Chemistry, 193, 23–28.
Griese, S. E., Fleischauer, A. T., MacFarquhar, J. K., Moore, Z., Harrelson, C., Valiani,
A., Morrison, S. E., Sweat, D., Maillard, J.-M., Griffin, D., Springer, D., Mikoleit,
M., Newton, A. E., Jackson, B., Nguyen, T.-A., Bosch, S., & Davies, M. (2013).
Gastroenteritis outbreak associated with unpasteurized tempeh, North Carolina,
USA. Emerging Infectious Diseases, 19(9), 1514–1517.
https://doi.org/10.3201/eid1909.130334
Guermani, L., Villaume, C., Bau, H., Nicolas, J., & Mejean, L. (1993). Modification of
soyprotein hypocholesterolemic effect after fermentation by Rhizopus oligosporus
Spt3. Sciences Des Aliments, 13(2), 317–324.
Guha, N., Kwan, M. L., Quesenberry, C. P., Weltzien, E. K., Castillo, A. L., & Caan, B.
J. (2009). Soy isoflavones and risk of cancer recurrence in a cohort of breast
cancer survivors: The Life After Cancer Epidemiology study. Breast Cancer
Research and Treatment, 118(2), 395–405. https://doi.org/10.1007/s10549-0090321-5
196

Guixer, B., Frøst, M. B., & Flore, R. (2017). Tempeto – Expanding the scope and
culinary applications of tempe with post-fermentation sousvide cooking.
International Journal of Gastronomy and Food Science, 9, 1–9.
https://doi.org/10.1016/j.ijgfs.2017.03.002
Gülçin, İ. (2006). Antioxidant activity of caffeic acid (3,4-dihydroxycinnamic acid).
Toxicology, 217(2), 213–220. https://doi.org/10.1016/j.tox.2005.09.011
Gunawan-Puteri, M., Hassanein, T. R., Prabawati, E. K., Wijaya, C. H., & Mutukumira,
A. N. (2015). Sensory characteristics of seasoning powders from overripe tempeh,
a solid state fermented soybean. Procedia Chem, 14, 263–269.
György, P., Murata, K., & Ikehata, H. (1964). Antioxidants isolated from Fermented
Soybeans (Tempeh). Nature, 203(4947), 870–872.
https://doi.org/10.1038/203870a0
György, P., Murata, K., & Sugimoto, Y. (1974). Studies on antioxidant activity of tempeh
oil. Journal of the American Oil Chemists’ Society, 51(8), 377–379.
https://doi.org/10.1007/BF02632389
Hachmeister, K. A., & Fung, D. Y. C. (1993). Tempeh—A mold-modified indigenous
fermented food made from soybeans and or cereal-grains. Critical Reviews in
Microbiology, 19(3), 137–188. https://doi.org/10.3109/10408419309113527
Hajos, G., Gelencser, E., Pusztai, A., Grant, G., Sakhri, M., & Bardocz, S. (1995).
Biological effects and survival of trypsin inhibitors and the agglutinin from
soybean in the small intestine of the rat. Journal of Agricultural and Food
Chemistry, 43(1), 165–170.
Hakkak, R., Korourian, S., Ronis, M. J. J., Johnston, J. M., & Badger, T. M. (2001). Soy
protein isolate consumption protects against azoxymethane-induced colon tumors
in male rats. Cancer Letters, 166(1), 27–32. https://doi.org/10.1016/S03043835(01)00441-4
Han, B. Z., & Nout, R. M. J. (2000). Effects of temperature, water activity and gas
atmosphere on mycelial growth of tempe fungi Rhizopus microsporus var.
Microsporus and R. microsporus var. Oligosporus. World Journal of
Microbiology & Biotechnology, 16(8–9), 853–858.
https://doi.org/10.1023/A:1008974621698

197

Han, Y., Huang, M., Li, L., Cai, X., Gao, Z., Li, F., Rakariyatham, K., Song, M., Tomé,
S. F., & Xiao, H. (2019). Non-extractable polyphenols from cranberries: Potential
anti-inflammation and anti-colon-cancer agents. Food & Function, 10(12), 7714–
7723. https://doi.org/10.1039/C9FO01536A
Handoyo, T., Maeda, T., Urisu, A., Adachi, T., & Morita, N. (2006). Hypoallergenic
buckwheat flour preparation by Rhizopus oligosporus and its application to soba
noodle. Food Research International, 39(5), 598–605.
https://doi.org/10.1016/j.foodres.2005.12.003
Handoyo, T., & Morita, N. (2006). Structural and functional properties of fermented
soybean (tempeh) by using Rhizopus oligosporus. International Journal of Food
Properties, 9(2), 347–355. https://doi.org/10.1080/10942910500224746
Harahap, R. H., Lubis, Z., & Kaban, J. (2018). Volatile flavor compounds of tempeh
wrapped with banana leaf and plastic. Agritech - Jurnal Teknologi Pertanian,
38(2), 194–199.
Haron, H., & Halim, S. N. S. A. (2019). TempeCal cracker: Sensory analysis and nutrient
contents. Annals of Nutrition and Metabolism, 75, 156–156.
Haron, H., Ismail, A., Azlan, A., Shahar, S., & Peng, L. S. (2009). Daidzein and genistein
contents in tempeh and selected soy products. Food Chemistry, 115(4), 1350–
1356. https://doi.org/10.1016/j.foodchem.2009.01.053
Haron, H., Shaari, T., & Keng, C. B. (2016). Effects of different cooking methods on
isoflavone content in Malaysian soy-based dishes. Sains Malaysiana, 45(9),
1329–1335.
Haron, H., Shahar, S., O’Brien, K. O., Ismail, A., Kamaruddin, N., & Rahman, S. A.
(2010). Absorption of calcium from milk and tempeh consumed by
postmenopausal Malay women using the dual stable isotope technique.
International Journal of Food Sciences & Nutrition, 61(2), 125–137.
https://doi.org/10.3109/09637480903348080
Hartini, S., Letsoin, F., & Kristijanto, A. I. (2018). Productive liquid fertilizer from liquid
waste tempe industry as revealed by various EM4 concentration. In 12th Joint
Conference on Chemistry (Vol. 349, p. UNSP 012059). Iop Publishing Ltd.
https://doi.org/10.1088/1757-899X/349/1/012059

198

Harun, I., Susanto, H., & Rosidi, A. (2017). The tempe giving decrease malondialdehyde
[MDA] level and increase the activities of superoxide dismutase enzyme [SOD]
on rats with high physical activities. Jurnal Gizi Dan Pangan, 12(3), 211–216.
https://doi.org/10.25182/jgp.2017.12.3.211-216
Helmyati, S., Sudargo, T., Kandarina, I., Yuliati, E., Wisnusanti, S. U., Puspitaningrum,
V. A. D., & Juffrie, M. (2016). Tempeh extract fortified with iron and synbiotic as
a strategy against anemia. International Food Research Journal, 23(5).
Herian, A., Taylor, S., & Bush, R. (1993). Allergenic reactivity of various soybean
products as determined by Rast inhibition. Journal of Food Science, 58(2), 385–
388. https://doi.org/10.1111/j.1365-2621.1993.tb04281.x
Hering, L., Bisping, B., & Rehm, H. J. (1991). Patterns and formation of fatty acids at
tempe fermentation by several strains of Rhizopus spp. Lipid / Fett, 93(8), 303–
308. https://doi.org/10.1002/lipi.19910930808
Heskamp, M.-L., & Barz, W. (1998). Expression of proteases by Rhizopus species during
tempeh fermentation of soybeans. Food / Nahrung, 42(01), 23–28.
https://doi.org/10.1002/(SICI)1521-3803(199802)42:01<23::AIDFOOD23>3.0.CO;2-3
Hidayat, S. N., Nuringtyas, T. R., & Triyana, K. (2018). Electronic nose coupled with
chemometrics for monitoring of tempeh fermentation process. 2018 4th
International Conference on Science and Technology (ICST), 1–6.
https://doi.org/10.1109/ICSTC.2018.8528580
Hidayat, S. N., & Triyana, K. (2016). Optimized back-propagation combined with radial
basic neural network for improving performance of the electronic nose: Case
study on the fermentation process of tempeh. AIP Conference Proceedings,
1755(1), 020001.
Higasa, S., Negishi, Y., Aoyagi, Y., & Sugahara, T. (1996). Changes in free amino acids
of tempe during preparation with velvet beans (Mucuna pruriens). Journal of the
Japanese Society for Food Science and Technology-Nippon Shokuhin Kagaku
Kogaku Kaishi, 43(2), 188–193.

199

Howatson, G., Hoad, M., Goodall, S., Tallent, J., Bell, P. G., & French, D. N. (2012).
Exercise-induced muscle damage is reduced in resistance-trained males by
branched chain amino acids: A randomized, double-blind, placebo controlled
study. Journal of the International Society of Sports Nutrition, 9(1), 20.
https://doi.org/10.1186/1550-2783-9-20
Hsu, C. K., Yu, Y. P., & Chung, Y. C. (2009). Effect of tempeh on the intestinal
microbiota and colon cancer in rats. New Biotechnology, 25, S205.
https://doi.org/10.1016/j.nbt.2009.06.145
Hsu, C.-S., Chiu, W.-C., & Yeh, S.-L. (2003). Effects of soy isoflavone supplementation
on plasma glucose, lipids, and antioxidant enzyme activities in streptozotocininduced diabetic rats. Nutrition Research, 23(1), 67–75.
https://doi.org/10.1016/S0271-5317(02)00386-X
Huang, L., Wang, C., Zhang, Y., Chen, X., Huang, Z., Xing, G., & Dong, M. (2019).
Degradation of anti‐nutritional factors and reduction of immunoreactivity of
tempeh by co‐fermentation with Rhizopus oligosporus and Actinomucor elegans.
International Journal of Food Science & Technology, 54(5), 1836–1848.
https://doi.org/10.1111/ijfs.14085
Huang, M.-T., Smart, R. C., Wong, C.-Q., & Conney, A. H. (1988). Inhibitory effect of
curcumin, chlorogenic acid, caffeic acid, and ferulic acid on tumor promotion in
mouse skin by 12-o-tetradecanoylphorbol-13-acetate. Cancer Research, 48(21),
5941–5946.
Huang, Y., Wang, X., Wang, J., Wu, F., Sui, Y., Yang, L., & Wang, Z. (2013).
Lactobacillus plantarum strains as potential probiotic cultures with cholesterollowering activity. Journal of Dairy Science, 96(5), 2746–2753.
https://doi.org/10.3168/jds.2012-6123
Huang, Y.-C., Wu, B.-H., Chu, Y.-L., Chang, W.-C., & Wu, M.-C. (2018). Effects of
tempeh fermentation with Lactobacillus plantarum and Rhizopus oligosporus on
streptozotocin-Induced type II diabetes mellitus in rats. Nutrients, 10(9), 1143.
https://doi.org/10.3390/nu10091143
Hurburgh Jr, C. R. (2008). Soybean drying and storage. Iowa State University Extension
and Outreach.

200

Hutchins, A. M., Slavin, J. L., & Lampe, J. W. (1995). Urinary isoflavonoid
phytoestrogen and lignan excretion after consumption of fermented and
unfermented soy products. Journal of the American Dietetic Association, 95(5),
545–551.
Ikehata, H., Wakaizumi, M., & Murata, K. (1968). Antioxidant and antihemolytic activity
of a new isoflavone, “factor 2” isolated from tempeh. Agricultural and Biological
Chemistry, 32(6), 740–746. https://doi.org/10.1080/00021369.1968.10859131
Iva, T., Prawirohartono, E. P., & Lestari, L. A. (2012). Efek F100 dan formula tepung
tempe terhadap kadar serum Fe dan hemoglobin pada anak gizi kurang. Jurnal
Gizi Klinik Indonesia, 9(1), 25–33. https://doi.org/10.22146/ijcn.15373
Izumi, T., Piskula, M. K., Osawa, S., Obata, A., Tobe, K., Saito, M., Kataoka, S., Kubota,
Y., & Kikuchi, M. (2000). Soy isoflavone aglycones are absorbed faster and in
higher amounts than their glucosides in humans. The Journal of Nutrition, 130(7),
1695–1699. https://doi.org/10.1093/jn/130.7.1695
Jackman, S. R., Witard, O. C., Jeukendrup, A. E., & Tipton, K. D. (2010). Branchedchain amino acid ingestion can ameliorate soreness from eccentric exercise.
Medicine & Science in Sports & Exercise, 42(5), 962–970.
https://doi.org/10.1249/MSS.0b013e3181c1b798
Jauhari, M., Sulaeman, A., Riyadi, H., & Ekayanti, I. (2013). Effect of administering
tempeh drink on muscle damage recoveries after resistance exercise in student
athletes. Pakistan Journal of Nutrition, 12(10), 924–928.
Jayagopal, V., Albertazzi, P., Kilpatrick, E. S., Howarth, E. M., Jennings, P. E., Hepburn,
D. A., & Atkin, S. L. (2002). Beneficial effects of soy phytoestrogen intake in
postmenopausal women with type 2 diabetes. Diabetes Care, 25(10), 1709–1714.
https://doi.org/10.2337/diacare.25.10.1709
Jennessen, J., Nielsen, K. F., Houbraken, J., Lyhne, E. K., Schnurer, J., Frisvad, J. C., &
Samson, R. A. (2005). Secondary metabolite and mycotoxin production by the
Rhizopus microsporus group. Journal of Agricultural and Food Chemistry, 53(5),
1833–1840. https://doi.org/10.1021/jf048147n

201

Jennessen, J., Schnürer, J., Olsson, J., Samson, R. A., & Dijksterhuis, J. (2008).
Morphological characteristics of sporangiospores of the tempe fungus Rhizopus
oligosporus differentiate it from other taxa of the R. microsporus group.
Mycological Research, 112(5), 547–563.
https://doi.org/10.1016/j.mycres.2007.11.006
Jiménez-Díaz, R., Rios-Sánchez, R. M., Desmazeaud, M., Ruiz-Barba, J. L., & Piard, J.C. (1993). Plantaricins S and T, two new bacteriocins produced by Lactobacillus
plantarum LPCO10 isolated from a green olive fermentation. Applied and
Environmental Microbiology, 59(5), 1416–1424.
Jiménez‐Martínez, C., Hernández‐Sánchez, H., & Dávila‐Ortiz, G. (2007). Diminution of
quinolizidine alkaloids, oligosaccharides and phenolic compounds from two
species of lupinus and soybean seeds by the effect of Rhizopus oligosporus.
Journal of the Science of Food and Agriculture, 87(7), 1315–1322.
https://doi.org/10.1002/jsfa.2851
Jurus, A. M., & Sundberg, W. J. (1976). Penetration of Rhizopus oligosporus into
soybeans in tempeh. Applied and Environmental Microbiology, 32(2), 284–287.
https://doi.org/10.1128/AEM.32.2.284-287.1976
Kalavi, F. N. M., Muroki, N. M., Omwega, A. M., & Mwadime, R. K. N. (1996). Effect
of tempe-yellow maize porridge and milk-yellow maize porridge on growth rate,
diarrhoea and duration of rehabilitation of malnourished children. East African
Medical Journal, 73(7), 427–431.
Kameda, T., Aoki, H., Yanaka, N., Kumrungsee, T., & Kato, N. (2018). Production of
isoflavone aglycone-enriched tempeh with Rhizopus stolonifer. Food Science and
Technology Research, 24(3), 493–499. https://doi.org/10.3136/fstr.24.493
Kameda, T., Aoki, H., Yang, Y., Nirmagustina, D. E., Iwamoto, A., Kumrungsee, T.,
Kato, N., & Yanaka, N. (2018). Beneficial effects of dietary tempeh prepared with
Rhizopus stolonifer on liver function in rats fed with a high-fat diet. Journal of
Nutritional Science and Vitaminology, 64(5), 379–383.
Karyadi, D., & Lukito, W. (1996). Beneficial effects of tempeh in disease prevention and
treatment. Nutrition Reviews; Oxford, 54(11), S94.

202

Kasaoka, S., Astuti, M., Uehara, M., Suzuki, K., & Goto, S. (1997). Effect of Indonesian
fermented soybean tempeh on iron bioavailability and lipid peroxidation in
anemic rats. Journal of Agricultural and Food Chemistry, 45(1), 195–198.
https://doi.org/10.1021/jf960391u
Kebede, B., Urga, K., & Nigatu, A. (1995). Effect of processing methods on the trypsin
inhibitor, tannins, phytic acid and ODAP contents of grass pea seeds. The
Ethiopian Journal of Health Development (EJHD), 9(2).
https://ejhd.org/index.php/ejhd/article/view/1088
Keuth, S., & Bisping, B. (1993). Formation of vitamins by pure cultures of tempe molds
and bacteria during the tempe solid substrate fermentation. Journal of Applied
Bacteriology, 75(5), 427–434. https://doi.org/10.1111/j.13652672.1993.tb02798.x
Keuth, S., & Bisping, B. (1994). Vitamin B12 production by Citrobacter freundii or
Klebsiella pneumoniae during tempeh fermentation and proof of enterotoxin
absence by PCR. Applied and Environmental Microbiology, 60(5), 1495–1499.
Khasanah, M., Sjamsuridzal, W., Oetari, A., Santoso, I., & Roosheroe, G. (2018).
Phylogenetic analyses based on ITS regions of rDNA identified five Rhizopus
strains from tempeh as R. delemar and R. oryzae. In T. Mart, D. Triyono, I. T.
Anggraningrum, K. A. Sugeng, & R. Yuniati (Eds.), Proceedings of the 3rd
International Symposium on Current Progress in Mathematics and Sciences 2017
(iscpms2017) (Vol. 2023, pp. 020141–1). Amer Inst Physics.
https://doi.org/10.1063/1.5064138
Khasanah, Y., Ratnayani, Ariani, D., Angwar, M., & Nuraeni, T. (2015). In vivo study on
albumin and total protein in white rat (Rattus norvegicus) after feeding of enteral
formula from tempe and local food. In I. Jaswir, J. Ruttanavut, J. Sumarmono, &
S. Muniruzzaman (Eds.), First International Symposium on Food and AgroBiodiversity Conducted by Indonesian Food Technologists Community (Vol. 3,
pp. 274–279). Elsevier Science Bv. https://doi.org/10.1016/j.profoo.2015.01.030
Kiers, J. L., Nout, M. J. R., Rombouts, F. M., Nabuurs, M. J. A., & van der Meulen, J.
(2002). Inhibition of adhesion of enterotoxigenic Escherichia coli K88 by soya
bean tempe. Letters in Applied Microbiology, 35(4), 311–315.
https://doi.org/10.1046/j.1472-765X.2002.01182.x

203

Kiers, J. L., Nout, M. J. R., Rombouts, F. M., Nabuurs, M. J. A., & van der Meulen, J.
(2007). A high molecular weight soluble fraction of tempeh protects against fluid
losses in Escherichia coli -infected piglet small intestine. British Journal of
Nutrition, 98(2), 320–325. https://doi.org/10.1017/S0007114507721463
Kiers, J. L., Nout, M. J. R., Rombouts, F. M., van Andel, E. E., Nabuurs, M. J. A., & van
der Meulen, J. (2006). Effect of processed and fermented soyabeans on net
absorption in enterotoxigenic Escherichia coli-infected piglet small intestine.
British Journal of Nutrition, 95(6), 1193–1198.
https://doi.org/10.1079/BJN20061772
Kim, S.-B., Lee, D.-W., Cheigh, C.-I., Choe, E.-A., Lee, S.-J., Hong, Y.-H., Choi, H.-J.,
& Pyun, Y.-R. (2006). Purification and characterization of a fibrinolytic
subtilisin-like protease of Bacillus subtilis TP-6 from an Indonesian fermented
soybean, tempeh. Journal of Industrial Microbiology & Biotechnology, 33(6),
436–444. https://doi.org/10.1007/s10295-006-0085-4
Kiriakidis, S., Hogemeier, O., Starcke, S., Dombrowski, F., Hahne, J. C., Pepper, M., Jha,
H. C., & Wernert, N. (2005). Novel tempeh (fermented soyabean) isoflavones
inhibit in vivo angiogenesis in the chicken chorioallantoic membrane assay.
British Journal of Nutrition, 93(3), 317–323.
https://doi.org/10.1079/BJN20041330
Kiriakidis, S., Stathi, S., Jha, H. C., Hartmann, R., & Egge, H. (1997). Fatty acid esters of
sitosterol 3 beta-glucoside from soybeans and tempe (fermented soybeans) as
antiproliferative substances. Journal of Clinical Biochemistry and Nutrition,
22(3), 139–147.
Klus, K., & Barz, W. (1995). Formation of polyhydroxylated isoflavones from the
soybean seed isoflavones daidzein and glycitein by bacteria isolated from tempe.
Archives of Microbiology, 164(6), 428–434.
Klus, K., & Barz, W. (1998). Formation of polyhydroxylated isoflavones from the
isoflavones genistein and biochanin A by bacteria isolated from tempe.
Phytochemistry, 47(6), 1045–1048. https://doi.org/10.1016/S00319422(97)00648-1
Klus, K., Borgerpapendore, G., & Barz, W. (1993). Formation of 6,7,4’trihydroxyisoflavone (factor-II) from soybean seed isoflavones by bacteria
isolated from tempe. Phytochemistry, 34(4), 979–981.
https://doi.org/10.1016/S0031-9422(00)90697-6

204

Kohno, M. (2017). Soybean protein and peptide as complementation medical food
materials for treatment of dyslipidemia and inflammatory disorders. Food Science
and Technology Research, 23(6), 773–782. https://doi.org/10.3136/fstr.23.773
Kridawati, A., Rahardjo, T. B. W., & Hogervorst, E. (2019). Tempe, isoflavones and
cognitive function. Annals of Nutrition and Metabolism, 75, 376–376.
Kridawati, A., Sulaeman, A., Damanik, R., Winarto, A., Rahardjo, T., & Hogervorst, E.
(2013). Tempe and tofu flour may have positive effect on cognitive function. 63,
213–214.
Kristianto, Y., Fitriah, A. H., & Astuti, W. D. (2015). Processing practice of second
generation tempeh recipient centre of tempeh home industry in Malang. Buletin
Penelitian Sistem Kesehatan, 18(2), 197–202.
https://doi.org/10.22435/hsr.v18i2.4351.197-202
Kronenberg, H. J. (1984). Reduction of incubation time for tempeh fermentation by use
of pregerminated inoculum. Economic Botany, 38(4), 433–438. JSTOR.
Kroon, P. A., Faulds, C. B., Ryden, P., Robertson, J. A., & Williamson, G. (1997).
Release of covalently bound ferulic acid from fiber in the human colon. Journal
of Agricultural and Food Chemistry, 45(3), 661–667.
https://doi.org/10.1021/jf9604403
Kuligowski, M., Jasińska-Kuligowska, I., & Nowak, J. (2013). Evaluation of bean and
soy tempeh influence on intestinal bacteria and estimation of antibacterial
properties of bean tempeh. Polish Journal of Microbiology, 62(2), 189–194.
https://doi.org/10.33073/pjm-2013-024
Kuligowski, M., Pawłowska, K., Jasińska-Kuligowska, I., & Nowak, J. (2017).
Isoflavone composition, polyphenols content and antioxidative activity of
soybean seeds during tempeh fermentation. CyTA - Journal of Food, 15(1), 27–
33. https://doi.org/10.1080/19476337.2016.1197316
Kuo, J. C., Wang, S. Y., Peng, A. C., & Ockerman, H. W. (1989). Effect of tempeh on
properties of hams. Journal of Food Science, 54(5), 1166–1189.
https://doi.org/10.1111/j.1365-2621.1989.tb05947.x

205

Kustyawati, M. E., Pratama, F., Saputra, D., & Wijaya, A. (2015). Chemical
charactersitics and texture of tempe processed with high pressure carbon dioxides.
Agritech, 35(2), 185–191. https://doi.org/10.22146/agritech.9405
Kusuma, R. J., & Ermamilia, A. (2018). Fortification of tempeh with encapsulated iron
improves iron status and gut microbiota composition in iron deficiency anemia
condition. Nutrition & Food Science, u(6), 962–972. https://doi.org/10.1108/NFS01-2018-0027
Kusumah, D., Kabuyama, Y., & Maeda, I. (2018). Promotion of fungal growth,
antibacterial and antioxidative activities in tempe produced with soybeans
thermally treated using steam pressure. Food Science and Technology Research,
24(3), 395–402. https://doi.org/10.3136/fstr.24.395
Lakshmy, P. S., & Usha, V. (2010). Standarisation, acceptability and digestibility of
tempeh with cowpea and greengram. Food Science Research Journal, 1(2), 150–
153.
Lapenna, D., De Gioia, S., Mezzetti, A., Ciofani, G., Di Ilio, C., & Cuccurullo, F. (1995).
The prooxidant properties of captopril. Biochemical Pharmacology, 50(1), 27–32.
https://doi.org/10.1016/0006-2952(95)00102-6
Lapenna, D., Gioia, S. D., Ciofani, G., & Cuccurullo, F. (1995). Captopril induces iron
release from ferritin and oxidative stress. Journal of Pharmacy and
Pharmacology, 47(1), 59–61. https://doi.org/10.1111/j.2042-7158.1995.tb05734.x
Lee, J.-S. (2006). Effects of soy protein and genistein on blood glucose, antioxidant
enzyme activities, and lipid profile in streptozotocin-induced diabetic rats. Life
Sciences, 79(16), 1578–1584. https://doi.org/10.1016/j.lfs.2006.06.030
Lee, L. W., Cheong, M. W., Curran, P., Yu, B., & Liu, S. Q. (2016). Modulation of
coffee aroma via the fermentation of green coffee beans with Rhizopus
oligosporus: I. Green coffee. Food Chemistry, 211, 916–924.
Lee, M.-K., Park, H.-S., Han, K.-H., Hong, S.-B., & Yu, J.-H. (2017). High molecular
weight genomic DNA mini-prep for filamentous fungi. Fungal Genetics and
Biology, 104, 1–5. https://doi.org/10.1016/j.fgb.2017.04.003

206

Leite, R. S., Carrão-Panizzi, M. C., Curti, J. M., Dias, I. P., & Seibel, N. F. (2013).
Tempeh flour as a substitute for soybean flour in coconut cookies. Food Science
and Technology, 33(4), 796–800. https://doi.org/10.1590/S010120612013000400028
Liem, I. T., Steinkraus, K. H., & Cronk, T. C. (1977). Production of vitamin B-12 in
tempeh, a fermented soybean food. Applied and Environmental Microbiology,
34(6), 773–776.
Lim, S. L., & Tay, S. T. (2011). Diversity and killer activity of yeasts in Malaysian
fermented food samples. Tropical Biomedicine, 28(2), 438–443.
Liu, K., & Markakis, P. (1991). Aqueous ethanol extraction of soybean trypsin inhibitors
and characterization of a calcium-sensitive fraction. Journal of Food
Biochemistry, 15(3), 159–168. https://doi.org/10.1111/j.17454514.1991.tb00152.x
Lubis, Z. (2018). The composition of nutritious biscuits of sweet potato and tempe flour
enriched with vitamin a of red palm oil. 9(1), 1–6.
Mahardika, M., Amin, F., & Risdiyono, A. G. (2020). Effect of cooking on iron
availability in fortified homemade tempeh. EKSAKTA: Journal of Sciences and
Data Analysis, 20(1), 21–27. https://doi.org/10.20885/EKSAKTA.vol1.iss1.art4
Mangan, D., Liadova, A., Ivory, R., & McCleary, B. V. (2016). Novel approaches to the
automated assay of β-glucanase and lichenase activity. Carbohydrate Research,
435, 162–172. https://doi.org/10.1016/j.carres.2016.10.006
Manurukchinakorn, S., & Fujio, Y. (1997). Effect of enzymes on the degree of
maceration of soybean fermented by Rhizopus strains. Journal of the Faculty of
Agriculture Kyushu University, 41(3–4), 231–237.
Mariana, Elisabeth, Utami, T. S., Arbianti, R., & Hermansyah, H. (2017). The effect of
adding selective mixed culture of alternative electricity production based on
tempe wastewater on tubular microbial fuel cell. In F. Taufany, W. Widiyastuti, &
S. Nurkhamidah (Eds.), International Seminar on Fundamental and Application
of Chemical Engineering 2016 (isfache 2016) (Vol. 1840, p. 050003). Amer Inst
Physics. https://doi.org/10.1063/1.4982277

207

Martinelli, A., Hesseltine, C. W., & FILHO. (1964). Tempeh fermentation-package + tray
fermentations. Food Technology, 18(5), 761.
Massey, L. K., Palmer, R. G., & Horner, H. T. (2001). Oxalate content of soybean seeds
(Glycine max: Leguminosae), soyfoods, and other edible legumes. Journal of
Agricultural and Food Chemistry, 49(9), 4262–4266.
https://doi.org/10.1021/jf010484y
Matsumoto I., & Imai S. (1990). Changes of chemical composition of tempe during
fermentation. Nippon Shokuhin Kogyo Gakkaishi, 37(2), 130–138.
https://doi.org/10.3136/nskkk1962.37.130
Matsuo, M. (1995a). In vivo antioxidant action of a new foodstuff, okara tempe, in rats
fed oxidized oil. Nippon Nogeikagaku Kaishi-Journal of the Japan Society for
Bioscience Biotechnology and Agrochemistry, 69(2), 169–171.
Matsuo, M. (1995b). Utilization of dietary fiber in a new foodstuff, okara-tempe, by
microflora in rats. Nippon Nogeikagaku Kaishi-Journal of the Japan Society for
Bioscience Biotechnology and Agrochemistry, 69(2), 163–167.
Matsuo, M. (1996). Digestibility of okara tempe protein in rats. Journal of the Japanese
Society for Food Science and Technology-Nippon Shokuhin Kagaku Kogaku
Kaishi, 43(9), 1059–1062.
Matsuo, M. (2000). Preference of female students for “tempe” preparations composed of
glandless cottonseed and defatted soybean or corn at various ratios. Journal of
Nutritional Science and Vitaminology, 46(4), 210–213.
Matsuo, M. (2006a). Suitability of quinoa fermented with Rhizopus oligosporus as an
ingredient of biscuit. Journal of the Japanese Society for Food Science and
Technology-Nippon Shokuhin Kagaku Kogaku Kaishi, 53(1), 62–69.
Matsuo, M. (2006b). Chemical components, palatability, antioxidant activity and
antimutagenicity of oncom miso using a mixture of fermented soybeans and okara
with Neurospora intermedia. Journal of Nutritional Science and Vitaminology,
52(3), 216–222. https://doi.org/10.3177/jnsv.52.216
Matsuo, M. (2006c). Preparation and preferences of peanut-tempeh, peanuts fermented
with Rhizopus oligosporus. Food Science and Technology Research, 12(4), 270–
274. https://doi.org/10.3136/fstr.12.270

208

Matsuo, M., & Hitomi, E. (1993). Suppression of plasma cholesterol elevation by okara
tempe in rats. Bioscience, Biotechnology, and Biochemistry, 57(7), 1188–1190.
https://doi.org/10.1271/bbb.57.1188
Matsuo, M., Nakamura, N., Shidoji, Y., Muto, Y., Esaki, H., & Osawa, T. (1997).
Antioxidative mechanism and apoptosis induction by 3-hydroxyanthranilic acid,
an antioxidant in Indonesian food tempeh, in the human hepatoma-derived cell
line, HuH-7. Journal of Nutritional Science and Vitaminology, 43(2), 249–259.
McCue, P., & Shetty, K. (2003). Role of carbohydrate-cleaving enzymes in phenolic
antioxidant mobilization from whole soybean fermented with Rhizopus
oligosporus. Food Biotechnology, 17(1), 27–37. https://doi.org/10.1081/FBT120019982
Mei, J., Chen, X., Liu, J., Yi, Y., Zhang, Y., & Ying, G. (2019). A biotransformation
process for production of genistein from sophoricoside by a strain of Rhizopus
Oryza. Scientific Reports, 9(1), 1–5. https://doi.org/10.1038/s41598-019-42996-z
Melo, P. F., Kalschne, D. L., Silva‐Buzanello, R. A., Amaral, J. S., Torquato, A. S.,
Corso, M. P., Falcão, H. G., Colla, E., Ida, E. I., & Canan, C. (2020). Cereal bars
functionalised with tempeh: Nutritional composition, isoflavone content and
consumer acceptance. International Journal of Food Science & Technology,
55(1), 397–405. https://doi.org/10.1111/ijfs.14384
Menzel, P., Ng, K. L. & Krogh, A. (2013). Fast and sensitive taxonomic classification for
metagenomics with Kaiju. Nature Communications 7, 11257.
Miller, B. D. D., & Welch, R. M. (2013). Food system strategies for preventing
micronutrient malnutrition. Food Policy, 42, 115–128.
https://doi.org/10.1016/j.foodpol.2013.06.008
Ministry of Trade Republic of Indonesia. (2020, May). Kementerian perdagangan RI |
pemantauan komoditas bahan pokok. https://ews.kemendag.go.id/
Mo, H., Kariluoto, S., Piironen, V., Zhu, Y., Sanders, M. G., Vincken, J.-P., WolkersRooijackers, J., & Nout, M. J. R. (2013). Effect of soybean processing on content
and bioaccessibility of folate, vitamin B12 and isoflavones in tofu and tempe.
Food Chemistry, 141(3), 2418–2425.
https://doi.org/10.1016/j.foodchem.2013.05.017

209

Mo, H., Zhu, Y., & Nout, M. J. R. (2012). In vitro digestion enhances anti-adhesion
effect of tempe and tofu against Escherichia coli. Letters in Applied Microbiology,
54(2), 166–168. https://doi.org/10.1111/j.1472-765X.2011.03189.x
Moreno, M. R. F., Leisner, J. J., Tee, L. K., Ley, C., Radu, S., Rusul, G., Vancanneyt, M.,
& Vuyst, L. D. (2002). Microbial analysis of Malaysian tempeh, and
characterization of two bacteriocins produced by isolates of Enterococcus
faecium. Journal of Applied Microbiology, 92(1), 147–157.
https://doi.org/10.1046/j.1365-2672.2002.01509.x
Mugula, J. K., & Lyimo, M. (1999). Evaluation of the nutritional quality and
acceptability of fingermillet-based tempe as potential weaning foods in Tanzania.
International Journal of Food Sciences and Nutrition, 50(4), 275–282.
Mugula, J. K., & Lyimo, M. (2000). Evaluation of the nutritional quality and
acceptability of sorghum-based tempe as potential weaning foods in Tanzania.
International Journal of Food Sciences and Nutrition, 51(4), 269–277.
Mulyowidarso, R. K., Fleet, G. H., & Buckle, K. A. (1989). The microbial ecology of
soybean soaking for tempe production. International Journal of Food
Microbiology, 8(1), 35–46. https://doi.org/10.1016/0168-1605(89)90078-0
Mulyowidarso, R. K., Fleet†, G. H., & Buckle, K. A. (1991). Changes in the
concentration of carbohydrates during the soaking of soybeans for tempe
production. International Journal of Food Science & Technology, 26(6), 595–
606. https://doi.org/10.1111/j.1365-2621.1991.tb02005.x
Mulyowidarso, R. K., Fleet, G. H., & Buckle, K. A. (1991). Changes in the concentration
of organic acids during the soaking of soybeans for tempe production.
International Journal of Food Science & Technology, 26(6), 607–614.
https://doi.org/10.1111/j.1365-2621.1991.tb02006.x
Murakami, H., Asakawa, T., Terao, J., & Matsushita, S. (1984). Antioxidative stability of
tempeh and liberation of isoflavones by fermentation. Agricultural and Biological
Chemistry, 48(12), 2971–2975. https://doi.org/10.1080/00021369.1984.10866635
Murata, K. (1988). Antioxidative stability of tempeh. Journal of the American Oil
Chemists Society, 65(5), 799–800. https://doi.org/10.1007/BF02542535

210

Murata, K., Ikehata, H., Edani, Y., & Koyanagi, K. (1971). Studies on the nutritional
value of tempeh: Part II. Rat feeding test with tempeh, unfermented soybeans, and
tempeh supplemented with amino acids. Agricultural and Biological Chemistry,
35(2), 233–241. https://doi.org/10.1080/00021369.1971.10859904
Murata, K., Kokufu, E., & Sanke, Y. (1970). Studies on the nutritional value of tempeh.
The Journal of Vitaminology, 4.
Muzdalifah, D., Athaillah, Z. A., Devi, A. F., & Udin, L. Z. (2018). Cytotoxicity of
ethanol overripe tempe extract against MCF-7 breast cancer cell and its
antioxidant activity. In S. N. A. Jenie, A. A. Dwiatmoko, & M. A. Fitriady (Eds.),
Proceedings of the 4th International Symposium on Applied Chemistry 2018 (Vol.
2024, p. 020037). Amer Inst Physics. https://doi.org/10.1063/1.5064323
Muzdalifah, D., Athaillah, Z. A., Nugrahani, W., & Devi, A. F. (2017). Colour and pH
changes of tempe during extended fermentation. In S. Tursiloadi (Ed.),
International Symposium on Applied Chemistry (isac) 2016 (Vol. 1803, p. UNSP
020036). Amer Inst Physics. https://doi.org/10.1063/1.4973163
Nakajima, N., Nozaki, N., Ishihara, K., Ishikawa, A., & Tsuji, H. (2005). Analysis of
isoflavone content in tempeh, a fermented soybean, and preparation of a new
isoflavone-enriched tempeh. Journal of Bioscience and Bioengineering, 100(6),
685–687. https://doi.org/10.1263/jbb.100.685
Nassar, A. G., Mubarak, A. E., & El‐Beltagy, A. E. (2008). Nutritional potential and
functional properties of tempe produced from mixture of different legumes. 1:
Chemical composition and nitrogenous constituent. International Journal of Food
Science & Technology, 43(10), 1754–1758. https://doi.org/10.1111/j.13652621.2007.01683.x
National Institute of Health. (2019, December 10). Office of dietary supplements—Iron.
https://ods.od.nih.gov/factsheets/Iron-Consumer/
National Institute of Health. (2020, March 26). Office of dietary supplements—Calcium.
https://ods.od.nih.gov/factsheets/Calcium-HealthProfessional/
Nayak, B., & Panda, B. P. (2016). Modelling and optimization of texture profile of
fermented soybean using response surface methodology. AIMS Agriculture and
Food, 1(4), 409. https://doi.org/10.3934/agrfood.2016.4.409

211

Nelson, R. H. (2013). Hyperlipidemia as a risk factor for cardiovascular disease. Primary
Care: Clinics in Office Practice, 40(1), 195–211.
Nielsen, I. L. F., & Williamson, G. (2007). Review of the factors affecting bioavailability
of soy isoflavones in humans. Nutrition and Cancer, 57(1), 1–10.
https://doi.org/10.1080/01635580701267677
Nisaa, A. K., Wardhani, S., Purwonugroho, D., & Darjito. (2018). Tempe waste water
degradation using TiO2-n/bentonite alginate granule photocatalyst with ultraviolet
light irradiation. In International Conference on Chemistry and Material Science
(ic2ms) 2017 (Vol. 299, p. UNSP 012030). Iop Publishing Ltd.
https://doi.org/10.1088/1757-899X/299/1/012030
Njoku, H. O., Ofuya, C. O., & Ogbulie, J. N. (1991). Production of tempeh from the
African yam bean (Sphenostylis stenocarpa Hams). Food Microbiology, 8(3),
209–214. https://doi.org/10.1016/0740-0020(91)90052-4
Nordestgaard, B. G., Langsted, A., & Freiberg, J. J. (2009). Nonfasting hyperlipidemia
and cardiovascular disease. Current Drug Targets, 10(4), 328–335.
Nout, M. J. R., Beernink, G., & Bonants-van Laarhoven, T. M. G. (1987). Growth of
Bacillus cereus in soyabean tempeh. International Journal of Food Microbiology,
4(4), 293–301. https://doi.org/10.1016/0168-1605(87)90004-3
Nout, M. J. R., Bonants-Van Laarhoven, T. M. G., Dreu, R., & Gerats, I. (1985). The
influence of some process variables and storage conditions on the quality and
shelf-life of soybean tempeh. Antonie van Leeuwenhoek, 51(5–6), 532–534.
Nout, M. J. R., & Kiers, J. L. (2005). Tempe fermentation, innovation and functionality:
Update into the third millenium. Journal of Applied Microbiology, 98(4), 789–
805. https://doi.org/10.1111/j.1365-2672.2004.02471.x
Nout, M. J. R., & Rombouts, F. M. (1990). Recent developments in tempe research.
Journal of Applied Bacteriology, 69(5), 609–633.
Nout, M., Martoyuwono, T., Bonne, P., & Odamtten, G. (1992). Hibiscus leaves for the
manufacture of usar, a traditional inoculum for tempe. Journal of the Science of
Food and Agriculture, 58(3), 339–346. https://doi.org/10.1002/jsfa.2740580308

212

Nout, M., Ruikes, M., Bouwmeester, H., & Beljaars, P. (1993). Effect of processing
conditions on the formation of biogenic-amines and ethyl carbamate in soybean
tempe. Journal of Food Safety, 13(4), 293–303. https://doi.org/10.1111/j.17454565.1993.tb00114.x
Novianti, Asmariyah, & Suriyati. (2019). Pengaruh pemberian susu tempe terhadap kadar
haemoglobin pada ibu hamil TM III di kota bengkulu. Journal Of Midwifery,
7(1), 23–29. https://doi.org/10.37676/jm.v7i1.770
Nurrahma, B. A., Suryajayanti, M. F., Dewi, A. L., Khairia, Z., Kusuma, R. J., & Suyoto,
P. S. (2018). Fermented rice bran extract improves dyslipidemia in rodents.
Nutrition & Food Science.
Nurrahman, N., & Mariyam, M. (2019). Status of hematology, IgG and IgA levels of
consuming rats of variations of amount of black soybean tempe. Agritech, 39(3),
215–221.
Ogunbanwo, S. T., Sanni, A. I., & Onilude, A. A. (2003). Characterization of bacteriocin
produced by Lactobacillus plantarum F1 and Lactobacillus brevis OG1. African
Journal of Biotechnology, 2(8), 219–227. https://doi.org/10.4314/ajb.v2i8.14770
Okabe, Y., Shimazu, T., & Tanimoto, H. (2011). Higher bioavailability of isoflavones
after a single ingestion of aglycone-rich fermented soybeans compared with
glucoside-rich non-fermented soybeans in Japanese postmenopausal women.
Journal of the Science of Food and Agriculture, 91(4), 658–663.
https://doi.org/10.1002/jsfa.4228
Okada, N. (1989). Role of microorganisms in tempeh manufacture—Isolation of vitaminb12 producing bacteria. Jarq-Japan Agricultural Research Quarterly, 22(4), 310–
316.
O’Keefe, J. H., & Bell, D. S. (2007). Postprandial hyperglycemia/hyperlipidemia
(postprandial dysmetabolism) is a cardiovascular risk factor. The American
Journal of Cardiology, 100(5), 899–904.
Onoja, U. S., Dibua, U. M. E., & Eze, J. (2011). Rhizopus oligosporus fermentation of
lima bean (Phaseolus lunatus) flour: Effect on nutritional, anti-nutritional and
toxic factor. Journal of Home Economics Research, 14, 244–254.

213

Osundahunsi, O. F., & Aworh, A. C. (2002). A preliminary study on the use of tempebased formula as a weaning diet in Nigeria. Plant Foods for Human Nutrition,
57(3/4), 365–376. https://doi.org/10.1023/A:1021805117084
Ou, S., & Kwok, K.-C. (2004). Ferulic acid: Pharmaceutical functions, preparation and
applications in foods. Journal of the Science of Food and Agriculture, 84(11),
1261–1269. https://doi.org/10.1002/jsfa.1873
Paredes-López, O., González-Castañeda, J., & Cárabez-Trejo, A. (1991). Influence of
solid substrate fermentation on the chemical composition of chickpea. Journal of
Fermentation and Bioengineering, 71(1), 58–62. https://doi.org/10.1016/0922338X(91)90304-Y
Paredes‐López, O., & Harry, G. I. (1989). Changes in selected chemical and
antinutritional components during tempeh preparation using fresh and hardened
common beans. Journal of Food Science, 54(4), 968–970.
https://doi.org/10.1111/j.1365-2621.1989.tb07923.x
Partawihardja, I. S. (1990). Effect of tempeh supplementation on growth rate of children
aged 6 to 24 months with diarrhea [PhD Dissertation]. Dissertation, University of
Indonesia.
Partida-Martinez, L. P., Flores de Looss, C., Ishida, K., Ishida, M., Roth, M., Buder, K.,
& Hertweck, C. (2007). Rhizonin, the first mycotoxin isolated from the
Zygomycota, is not a fungal metabolite but is produced by bacterial
endosymbionts. Applied and Environmental Microbiology, 73(3), 793–797.
https://doi.org/10.1128/AEM.01784-06
Peake, J. M., Neubauer, O., Della Gatta, P. A., & Nosaka, K. (2016). Muscle damage and
inflammation during recovery from exercise. Journal of Applied Physiology,
122(3), 559–570. https://doi.org/10.1152/japplphysiol.00971.2016
Pei, K., Ou, J., Huang, J., & Ou, S. (2016). p-Coumaric acid and its conjugates: Dietary
sources, pharmacokinetic properties and biological activities. Journal of the
Science of Food and Agriculture, 96(9), 2952–2962.
https://doi.org/10.1002/jsfa.7578
Penaloza, W., Davey, C., Hedger, J., & Kell, D. (1992). Physiological-studies on the
solid-state quinoa tempe fermentation, using online measurements of fungal
biomass production. Journal of the Science of Food and Agriculture, 59(2), 227–
235. https://doi.org/10.1002/jsfa.2740590214
214

Permatasari, O., Murwani, R., & Rahfiludin, M. Z. (2018). Tempe nuggets provision
improves energy adequacy and protein intake in underweight underfive children.
Current Research in Nutrition and Food Science, 6(1), 89–96.
https://doi.org/10.12944/CRNFSJ.6.1.09
Pertiwi, M. G. P., Marsono, Y., & Indrati, R. (2020). In vitro gastrointestinal simulation
of tempe prepared from koro kratok (Phaseolus lunatus L.) as an angiotensinconverting enzyme inhibitor. Journal of Food Science and Technology-Mysore,
57(5), 1847–1855. https://doi.org/10.1007/s13197-019-04219-1
Piskula, M. K., Yamakoshi, J., & Iwai, Y. (1999). Daidzein and genistein but not their
glucosides are absorbed from the rat stomach. FEBS Letters, 447(2–3), 287–291.
https://doi.org/10.1016/S0014-5793(99)00307-5
Pisol, B., Abdullah, N., Khalil, K. A., & Nuraida, L. (2015). Isolation and identification
of lactic acid bacteria from different stages of traditional Malaysian tempeh
production. Malaysian Journal of Microbiology, 11(4), 358–364.
Poernomo, A. T. (2017). Thrombolytic activity of fibrinolytic enzyme from black
soybean tempeh (Glycine soja Sieb. Et Zucc) fermented by Rhizopus oligosporus
FNCC 6010. Research Journal of Pharmaceutical, Biological and Chemical
Sciences, 8(1), 1885–1896.
Polanowska, K., Grygier, A., Kuligowski, M., Rudzinska, M., & Nowak, J. (2020). Effect
of tempe fermentation by three different strains of Rhizopus oligosporus on
nutritional characteristics of faba beans. Lwt-Food Science and Technology, 122,
109024. https://doi.org/10.1016/j.lwt.2020.109024
Pratt, D. E., Pietro, C. D., Porter, W. L., & Giffee, J. W. (1982). Phenolic antioxidants of
soy protein hydrolyzates. Journal of Food Science, 47(1), 24–35.
https://doi.org/10.1111/j.1365-2621.1982.tb11018.x
Pugalenthi, M., Vadivel, V., & Siddhuraju, P. (2005). Alternative food/feed perspectives
of an underutilized legume Mucuna pruriens var. Utilis—A review. Plant Foods
for Human Nutrition, 60(4), 201. https://doi.org/10.1007/s11130-005-8620-4
Purwadaria, H. K., Fardiaz, D., Kardono, L. B. S., & McElhatton, A. (2016). Tempe from
traditional to modern practices. In Modernization of Traditional Food Processes
and Products (pp. 145–160). Springer.

215

Puspawati, S. W., Soesilo, T. E. B., & Soemantojo, R. W. (2019). An overview of biogas
utilization from tempeh wastewater. IOP Conference Series: Earth and
Environmental Science, 306, 012019. https://doi.org/10.1088/17551315/306/1/012019
Puspitojati, E., Cahyanto, M. N., Marsono, Y., & Indrati, R. (2019). Changes in amino
acid composition during fermentation and its effects on the inhibitory activity of
angiotensin-I-converting enzyme of jack bean tempe following in vitro
gastrointestinal digestion. Journal of Food and Nutrition Research, 58(4), 319–
327.
Puteri, N. E., Astawan, M., Palupi, N. S., Wresdiyati, T., & Takagi, Y. (2018).
Characterization of biochemical and functional properties of water-soluble tempe
flour. Food Science and Technology, 38, 147–153.
https://doi.org/10.1590/fst.13017
Putri, A. M. H., Waluyo, J., & Setiawan, A. A. R. (2018). Carbon footprint analysis of
modern and traditional tempeh production in Indonesia. AIP Conference
Proceedings, 2024(1), 020010. https://doi.org/10.1063/1.5064296
Putri, D., Ulhidayati, A., Musthofa, I. A., & Wardani, A. K. (2018). Single cell protein
production of Chlorella spp. Using food processing waste as a cultivation
medium. IOP Conference Series: Earth and Environmental Science, 131(1),
012052.
Radita, R., Suwanto, A., Kurosawa, N., Wahyudi, A. T., & Rusmana, I. (2017).
Metagenome analysis of tempeh production: Where did the bacterial community
in tempeh come from? Malaysian Journal of Microbiology.
https://doi.org/10.21161/mjm.101417
Rahayu, W. P., Pambayun, R., Santoso, U., Nuraida, L., & Ardiansyah, A. (2015).
Tinjauan ilmiah teknologi pengolahan tempe kedelai. Perhimpunan Ahli
Teknologi Pangan Indonesia (PATPI).
Ralph, J., Hatfield, R. D., Quideau, S., Helm, R. F., Grabber, J. H., & Jung, H.-J. G.
(1994). Pathway of p-coumaric acid incorporation into maize lignin as revealed
by NMR. Journal of the American Chemical Society, 116(21), 9448–9456.
https://doi.org/10.1021/ja00100a006

216

Reale, A., Konietzny, U., Coppola, R., Sorrentino, E., & Greiner, R. (2007). The
importance of lactic acid bacteria for phytate degradation during cereal dough
fermentation. Journal of Agricultural and Food Chemistry, 55(8), 2993–2997.
Reenen, V., Dicks, & Chikindas. (1998). Isolation, purification and partial
characterization of plantaricin 423, a bacteriocin produced by Lactobacillus
plantarum. Journal of Applied Microbiology, 84(6), 1131–1137.
https://doi.org/10.1046/j.1365-2672.1998.00451.x
Reiss, J. (1993). Preparation of tempeh from domestic peas (Pisum sativum). Deutsche
Lebensmittel-Rundschau, 89(5), 147–148.
Rengga, W. D. P., Wati, D. S., Siregar, R. Y., Wulandari, A. R., Lestari, A. A., &
Chafidz, A. (2017). Bio-hydrogen production from tempeh and tofu processing
wastes via fermentation process using microbial consortium: A mini-review. In R.
Kusumawardani, Megawati, Subiyanto, D. Widjanarko, & A. Kusumastuti (Eds.),
Engineering International Conference (eic) 2016 (Vol. 1818, p. UNSP 020046).
Amer Inst Physics. https://doi.org/10.1063/1.4976910
Reyes-Bastidas, M., Reyes-Fernández, E. Z., López-Cervantes, J., Milán-Carrillo, J.,
Loarca-Piña, G. F., & Reyes-Moreno, C. (2010). Physicochemical, nutritional and
antioxidant properties of tempeh flour from common bean (Phaseolus vulgaris
L.). Food Science and Technology International, 16(5), 427–434.
https://doi.org/10.1177/1082013210367559
Reyes-Moreno, C., Cuevas-Rodriguez, E. O., Milan-Carrillo, J., Cardenas-Valenzuela, O.
G., & Barron-Hoyos, J. (2004). Solid state fermentation process for producing
chickpea (Cicer arietinum L.) tempeh flour: Physicochemical and nutritional
characteristics of the product. Journal of the Science of Food and Agriculture,
84(3), 271–278. https://doi.org/10.1002/jsfa.1637
Reyes-Moreno, C., Romero-Urias, C. A., Milan-Carrillo, J., & Gomez-Garza, R. M.
(2000). Chemical composition and nutritional quality of fresh and hardened
chickpea (Cicer arietinum L.) after the solid state fermentation (SSF). Food
Science and Technology International, 6(3), 251–258.
https://doi.org/10.1177/108201320000600308
Robinson, R., & Kao, C. (1977). Tempeh and miso from chickpea, horse bean, and
soybean. Cereal Chemistry, 54(6), 1192–1197.

217

Rochín-Medina, J. J., Gutiérrez-Dorado, R., Sánchez-Magaña, L. M., Milán-Carrillo, J.,
Cuevas-Rodríguez, E. O., Mora-Rochín, S., Valdez-Ortiz, A., & Reyes-Moreno,
C. (2015). Enhancement of nutritional properties, and antioxidant and
antihypertensive potential of black common bean seeds by optimizing the solid
state bioconversion process. International Journal of Food Sciences and
Nutrition, 66(5), 498–504.
Rodriguez-Burger, A. P., Mason, A., & Nielsen, S. S. (1998). Use of fermented black
beans combined with rice to develop a nutritious weaning food. Journal of
Agricultural and Food Chemistry, 46(12), 4806–4813.
https://doi.org/10.1021/jf980674h
Roelofsen, P. A., & Talens, A. (1964). Changes in some B vitamins during molding of
soybeans by Rhizopus oryzae in the production of tempeh kedele. Journal of
Food Science, 29, 224–226.
Rohm, B., Scherlach, K., Möbius, N., Partida-Martinez, L. P., & Hertweck, C. (2010).
Toxin production by bacterial endosymbionts of a Rhizopus microsporus strain
used for tempe/sufu processing. International Journal of Food Microbiology,
136(3), 368–371. https://doi.org/10.1016/j.ijfoodmicro.2009.10.010
Roubos-van den Hil, P. J., Nout, M. J. R., van der Meulen, J., & Gruppen, H. (2010).
Bioactivity of tempe by inhibiting adhesion of ETEC to intestinal cells, as
influenced by fermentation substrates and starter pure cultures. Food
Microbiology, 27(5), 638–644. https://doi.org/10.1016/j.fm.2010.02.008
Roubos-van den Hil, P. J., Schols, H. A., Nout, M. J. R., Zwietering, M. H., & Gruppen,
H. (2010). First characterization of bioactive components in soybean tempe that
protect human and animal intestinal cells against enterotoxigenic Escherichia coli
(ETEC) infection. Journal of Agricultural and Food Chemistry, 58(13), 7649–
7656. https://doi.org/10.1021/jf101379y
Ruiz‐Terán, F., & Owens, J. D. (1996). Chemical and enzymic changes during the
fermentation of bacteria-free soya bean tempe. Journal of the Science of Food and
Agriculture, 71(4), 523–530. https://doi.org/10.1002/(SICI)10970010(199608)71:4<523::AID-JSFA613>3.0.CO;2-R
Ruiz-Teran, F., & Owens, J. D. (1999). Fate of oligosaccharides during production of
soya bean tempe. Journal of the Science of Food and Agriculture, 79(2), 249–252.
https://doi.org/10.1002/(SICI)1097-0010(199902)79:2<249::AIDJSFA180>3.0.CO;2-1

218

Rusdah, R., Suhartono, M. T., Palupi, N. S., & Ogawa, M. (2017). The solubility of low
molecular weight peptides from tempe in different solvents. Agritech, 37(3), 327–
333. https://doi.org/10.22146/agritech.10697
Rusmin, S., & Ko, S. D. (1974). Rice-grown Rhizopus oligosporus inoculum for tempeh
fermentation. Applied Microbiology, 28(3), 347–350.
https://doi.org/10.1128/AEM.28.3.347-350.1974
Sánchez-Magana, L. M., Cuevas-Rodríguez, E. O., Gutiérrez-Dorado, R., AyalaRodríguez, A. E., Valdez-Ortiz, A., Milán-Carrillo, J., & Reyes-Moreno, C.
(2014). Solid-state bioconversion of chickpea (Cicer arietinum L.) by Rhizopus
oligosporus to improve total phenolic content, antioxidant activity and
hypoglycemic functionality. International Journal of Food Sciences and
Nutrition, 65(5), 558–564.
Sánchez-Magaña, L. M., Cuevas-Rodríguez, E. O., Gutiérrez-Dorado, R., AyalaRodríguez, A. E., Valdez-Ortiz, A., Milán-Carrillo, J., & Reyes-Moreno, C.
(2014). Solid-state bioconversion of chickpea (Cicer arietinum L.) by Rhizopus
oligosporus to improve total phenolic content, antioxidant activity and
hypoglycemic functionality. International Journal of Food Sciences and
Nutrition, 65(5), 558–564. https://doi.org/10.3109/09637486.2014.893284
Sanke, Y., Miyamoto, T., & Murata, K. (1971). Studies on the nutritional value of
tempeh. The Journal of Vitaminology, 17(2), 96–100.
Sankhla, M., Sharma, T. K., Mathur, K., Rathor, J. S., Butolia, V., Gadhok, A. K.,
Vardey, S. K., Sinha, M., & Kaushik, G. G. (2012). Relationship of oxidative
stress with obesity and its role in obesity induced metabolic syndrome. Clinical
Laboratory, 58(5–6), 385–392.
Sarrette, M., Nout, M. J. R., Gervais, P., & Rombouts, F. M. (1992). Effect of water
activity on production and activity of Rhizopus oligosporus polysaccharidases.
Applied Microbiology and Biotechnology, 37(4).
https://doi.org/10.1007/BF00180961
Saura-Calixto, F. (2012a). Concept and health-related properties of nonextractable
polyphenols: The missing dietary polyphenols. Journal of Agricultural and Food
Chemistry, 60(45), 11195–11200. https://doi.org/10.1021/jf303758j

219

Saura-Calixto, F. (2012b). Concept and Health-Related Properties of Nonextractable
Polyphenols: The Missing Dietary Polyphenols. Journal of Agricultural and Food
Chemistry, 60(45), 11195–11200. https://doi.org/10.1021/jf303758j
Schipper, M. a. A., Maslen, M. M., Hogg, G. G., Chow, C. W., & Samson, R. A. (1996).
Human infection by Rhizopus azygosporus and the occurrence of azygospores in
Zygomycetes. Journal of Medical and Veterinary Mycology, 34(3), 199–203.
https://doi.org/10.1080/02681219680000331
Schwertz, A., Villaume, C., Mejean, L., Decaris, B., & Percebois, G. (1997). New
identification of the strain Rhizopus microsporus var. Oligosporus spT3 as
Rhizopus microsporus var. Chinensis. Canadian Journal of Microbiology, 43(10),
971–976. https://doi.org/10.1139/m97-139
Seow, A., Poh, W.-T., Teh, M., Eng, P., Wang, Y.-T., Tan, W.-C., Chia, K.-S., Yu, M.
C., & Lee, H.-P. (2002). Diet, reproductive factors and lung cancer risk among
Chinese women in Singapore: Evidence for a protective effect of soy in
nonsmokers. International Journal of Cancer, 97(3), 365–371.
https://doi.org/10.1002/ijc.1615
Setchell, K. D., Brown, N. M., Zhao, X., Lindley, S. L., Heubi, J. E., King, E. C., &
Messina, M. J. (2011). Soy isoflavone phase II metabolism differs between
rodents and humans: Implications for the effect on breast cancer risk. The
American Journal of Clinical Nutrition, 94(5), 1284–1294.
https://doi.org/10.3945/ajcn.111.019638
Setiadharmaa, B., Kartawiria, I. S., & Gunawan-Puteri, M. D. (2010). Development of
instant stock cube from overripe tempeh. Nutrition, 3.
Setiawan, B. (2016). The effect of fermented soybean (tempeh) supplementation among
active pulmonary tuberculosis patients with standard therapy in Indonesia [PhD
Dissertation]. Justus Liebig University Giessen.
Setyawati, R., Dwiyanti, H., & Aini, N. (2018). The effect of Fe-fortification on chemical
and sensory properties of cassava biscuits supplemented with fish and tempeh
flours. Agritech, 38(4), 396–403. https://doi.org/10.22146/agritech.39522
Shambuyi, M., Beuchat, L., Hung, Y., & Nakayama, T. (1992). Evaluation of substrates
and storage-conditions for preparing and maintaining starter cultures for tempeh
fermentation. International Journal of Food Microbiology, 15(1–2), 77–85.
https://doi.org/10.1016/0168-1605(92)90137-R
220

Shurtleff, W., & Aoyagi, A. (1979). The book of tempeh. Soyinfo Center.
Shurtleff, W., & Aoyagi, A. (2020). History of tempeh and tempeh products (1815-2020):
Bibliography and sourcebook. Soyinfo Center.
Siagian, N. D. K., Arbianti, R., & Utami, T. S. (2017). The influence of biofilm
formation on electricity production from tempe wastewater using tubular
membraneless microbial fuel cell reactor. In F. Taufany, W. Widiyastuti, & S.
Nurkhamidah (Eds.), International Seminar on Fundamental and Application of
Chemical Engineering 2016 (isfache 2016) (Vol. 1840, p. 030003). Amer Inst
Physics. https://doi.org/10.1063/1.4982263
Signorini, C., Carpen, A., Coletto, L., Borgonovo, G., Galanti, E., Capraro, J., Magni, C.,
Abate, A., Johnson, S. K., Duranti, M., & Scarafoni, A. (2018). Enhanced vitamin
B12 production in an innovative lupin tempeh is due to synergic effects of
Rhizopus and Propionibacterium in cofermentation. International Journal of
Food Sciences and Nutrition, 69(4), 451–457.
https://doi.org/10.1080/09637486.2017.1386627
Sihite, N. W., Rusmarilin, H., Suryanto, D., & Sihombing, D. R. (2018). Utilization of
jasmine flower extract as antimicrobial in tempeh sausage. In International
Conference on Agribusiness, Food and Agro-Technology (Vol. 205, p. UNSP
012037). Iop Publishing Ltd. https://doi.org/10.1088/1755-1315/205/1/012037
Silva, F. V., & Gibbs, P. A. (2012). Thermal pasteurization requirements for the
inactivation of Salmonella in foods. Food Research International, 45(2), 695–
699.
Skotti, E., Anastasaki, E., Kanellou, G., Polissiou, M., & Tarantilis, P. A. (2014). Total
phenolic content, antioxidant activity and toxicity of aqueous extracts from
selected Greek medicinal and aromatic plants. Industrial Crops and Products, 53,
46–54. https://doi.org/10.1016/j.indcrop.2013.12.013
Slinkard, K., & Singleton, V. L. (1977). Total phenol analysis: Automation and
comparison with manual methods. American Journal of Enology and Viticulture,
28(1), 49–55.
Smith, L. J., Holbrook, J. T., Wise, R., Blumenthal, M., Dozor, A. J., Mastronarde, J.,
Williams, L., & Centers, A. L. A. A. C. R. (2004). Dietary intake of soy genistein
is associated with lung function in patients with asthma. Journal of Asthma, 41(8),
833–843. https://doi.org/10.1081/JAS-200038447
221

Soka, S., Suwanto, A., Sajuthi, D., & Rusmana, I. (2015). Impact of tempeh
supplementation on mucosal immunoglobulin A in Sprague-Dawley rats. Food
Science and Biotechnology, 24(4), 1481–1486. https://doi.org/10.1007/s10068015-0191-z
Song, Y.-S., Frias, J., Martinez-Villaluenga, C., Vidal-Valdeverde, C., & de Mejia, E. G.
(2008). Immunoreactivity reduction of soybean meal by fermentation, effect on
amino acid composition and antigenicity of commercial soy products. Food
Chemistry, 108(2), 571–581. https://doi.org/10.1016/j.foodchem.2007.11.013
Sparringa, R. A., & Owens, J. D. (1999a). Glucosamine content of tempe mould,
Rhizopus oligosporus. International Journal of Food Microbiology, 47(1), 153–
157. https://doi.org/10.1016/S0168-1605(99)00020-3
Sparringa, R. A., & Owens, J. D. (1999b). Inhibition of the tempe mould, Rhizopus
oligosporus, by ammonia. Letters in Applied Microbiology, 29(2), 93–96.
https://doi.org/10.1046/j.1365-2672.1999.00591.x
Sparringa, R. A., & Owens, J. D. (1999c). Protein utilization during soybean tempe
fermentation. Journal of Agricultural and Food Chemistry, 47(10), 4375–4378.
https://doi.org/10.1021/jf981279u
Sparringa, R. A., & Owens, J. D. (1999d). Causes of alkalinization in tempe solid
substrate fermentation. Enzyme and Microbial Technology, 25(8–9), 677–681.
https://doi.org/10.1016/S0141-0229(99)00097-6
Srinivasan, M., Sudheer, A. R., & Menon, V. P. (2007). Ferulic acid: Therapeutic
potential through its antioxidant property. Journal of Clinical Biochemistry and
Nutrition, 40(2), 92–100. https://doi.org/10.3164/jcbn.40.92
Stabler, S. P., & Allen, R. H. (2004). Vitamin b12 deficiency as a worldwide problem.
Annual Review of Nutrition, 24(1), 299–326.
https://doi.org/10.1146/annurev.nutr.24.012003.132440
Starzynska-Janiszewska, A., Baczkowicz, M., Sabat, R., Stodolak, B., & Witkowicz, R.
(2017). Quinoa tempe as a value-added food: Sensory, nutritional, and bioactive
parameters of products from white, red, and black seeds. Cereal Chemistry, 94(3),
491–496. https://doi.org/10.1094/CCHEM-07-16-0186-R

222

Starzynska-Janiszewska, A., Dulinski, R., Stodolak, B., Mickowska, B., & Wikiera, A.
(2016). Prolonged tempe-type fermentation in order to improve bioactive
potential and nutritional parameters of quinoa seeds. Journal of Cereal Science,
71, 116–121. https://doi.org/10.1016/j.jcs.2016.08.001
Starzynska-Janiszewska, A., Stodolak, B., Dulinski, R., Baczkowicz, M., Mickowska, B.,
Wikiera, A., & Byczynski, L. (2016). Effect of solid-state fermentation tempe
type on antioxidant and nutritional parameters of buckwheat groats as compared
with hydrothermal processing. Journal of Food Processing and Preservation,
40(2), 298–305. https://doi.org/10.1111/jfpp.12607
Starzyńska-Janiszewska, A., Stodolak, B., Duliński, R., & Mickowska, B. (2012). The
influence of inoculum composition on selected bioactive and nutritional
parameters of grass pea tempeh obtained by mixed-culture fermentation with
Rhizopus oligosporus and Aspergillus oryzae strains. Food Science and
Technology International, 18(2), 113–122.
Starzyńska-Janiszewska, A., Stodolak, B., & Jamróz, M. (2008). Antioxidant properties
of extracts from fermented and cooked seeds of Polish cultivars of Lathyrus
sativus. Food Chemistry, 109(2), 285–292.
https://doi.org/10.1016/j.foodchem.2007.12.028
Starzynska-Janiszewska, A., Stodolak, B., Socha, R., Mickowska, B., & WywrockaGurgul, A. (2019). Spelt wheat tempe as a value-added whole-grain food product.
Lwt-Food Science and Technology, 113, UNSP 108250.
https://doi.org/10.1016/j.lwt.2019.108250
Starzyńska-Janiszewska, A., Stodolak, B., & Wikiera, A. (2015). Proteolysis in tempehtype products obtained with Rhizopus and Aspergillus strains from grass pea
(Lathyrus sativus) seeds. Acta Scientiarum Polonorum Technologia Alimentaria,
14(2), 125–132.
Starzynska-Janiszewska, A., Stodolak, B., & Wikiera, A. (2015). Antioxidant potential
and alpha-galactosides content of unhulled seeds of dark common beans subjected
to tempe-type fermentation with Rhizopus microsporus var. Chinensis and
Lactobacillus plantarum. Food Science and Technology Research, 21(6), 765–
770. https://doi.org/10.3136/fstr.21.765
Stephanie, S., Ratih, N. K., Soka, S., & Suwanto, A. (2017). Effect of tempeh
supplementation on the profiles of human intestinal immune system and gut
microbiota. Microbiology Indonesia, 11(1), 2.

223

Stillings, B. R., & Hackler, L. R. (1965). Amino acid studies on the effect of fermentation
time and heat-processing of tempeh. Journal of Food Science, 30(6), 1043–1048.
https://doi.org/10.1111/j.1365-2621.1965.tb01884.x
Stodolak, B., & Starzynska-Janiszewska, A. (2008). The influence of tempeh
fermentation and conventional cooking on anti-nutrient level and protein
bioavailability (in vitro test) of grass-pea seeds. Journal of the Science of Food
and Agriculture, 88(13), 2265–2270. https://doi.org/10.1002/jsfa.3341
Stodolak, B., Starzynska-Janiszewska, A., & Mickowska, B. (2013). Effect of flaxseed
oil-cake addition on the nutritional value of grass pea tempeh. Food Science and
Technology Research, 19(6), 1107–1114. https://doi.org/10.3136/fstr.19.1107
Stodolak, B., Starzynska-Janiszewska, A., Wywrocka-Gurgul, A., & Wikiera, A. (2017).
Solid-state fermented flaxseed oil cake of improved antioxidant capacity as
potential food additive. Journal of Food Processing and Preservation, 41(2),
e12855. https://doi.org/10.1111/jfpp.12855
Su, D., Zhang, R., Hou, F., Zhang, M., Guo, J., Huang, F., Deng, Y., & Wei, Z. (2014).
Comparison of the free and bound phenolic profiles and cellular antioxidant
activities of litchi pulp extracts from different solvents. BMC Complementary and
Alternative Medicine, 14(1), 9.
Sudargo, T., Kusuma, R. J., Arjuna, T., Hasnawati, R. A., Rubi, D. S., & Rohman, A.
(2015). Effect of sodium iron EDTA fortification in tempe in serum iron and
ferritin level of anemic female Wistar rats. Pakistan Journal of Nutrition, 14(2),
88–93.
Sudarmadji, S., & Markakis, P. (1977). The phytate and phytase of soybean tempeh.
Journal of the Science of Food and Agriculture, 28(4), 381–383.
Sudarmadji, S., & Markakis, P. (1978). Lipid and other changes occurring during the
fermentation and frying of tempeh. Food Chemistry, 3(3), 165–170.
https://doi.org/10.1016/0308-8146(78)90015-8
Sugimoto, S., Fujii, T., Morimiya, T., Johdo, O., & Nakamura, T. (2007). The fibrinolytic
activity of a novel protease derived from a tempeh producing fungus, Fusarium sp
BLB. Bioscience Biotechnology and Biochemistry, 71(9), 2184–2189.
https://doi.org/10.1271/bbb.70153

224

Suparmo, & Markakis, P. (1987). Tempeh prepared from germinated soybeans. Journal
of Food Science, 52(6), 1736–1737. https://doi.org/10.1111/j.13652621.1987.tb05919.x
Supartono, W., Widyasari, L., & Purwadi, D. (2014). Implementation of life cycle
assessment (LCA) on tempeh production in Bantul district, Yogyakarta Special
Province, Indonesia. The Role of Innovation to Enhance German Alumni in
Scientific and Professional Capacities, 133.
Susilowati, A., Maryati, Y., & Aspiyanto, A. (2018). Differences in ratio of tempeh pasta
and fermented vegetables mixture and nixtamalized corn in preparing fortificant
powder of natural folic acid. In Y. Kusumawati, S. Fatmawati, A. S. Purnomo, F.
Kurniawan, & H. Juwono (Eds.), 3rd International Seminar on Chemistry: Green
Chemistry and Its Role for Sustainability (Vol. 2049, p. UNSP 030007). Amer
Inst Physics. https://doi.org/10.1063/15082508
Sutardi, & Buckle, K. A. (1988). Characterization of extra- and intracellular phytases
from Rhizopus oligosporus used in tempeh production. International Journal of
Food Microbiology, 6(1), 67–79. https://doi.org/10.1016/0168-1605(88)90086-4
Syida, W. S. W. K., Noriham, A., Normah, I., & Yusuf, M. M. (2018). Changes in
chemical composition and amino acid content of soy protein isolate (SPI) from
tempeh. International Food Research Journal, 25(4), 1528–1533.
Symond, D., Oenzil, F., Darwin, E., & Lipoeto, N. I. (2016). Efikasi suplemenasi formula
tempe bengkuang terhadap kadar albumin dan z-skor berat badan menurut umur
(bb/u) pada anak gizi kurang. Jurnal Gizi Dan Pangan, 11(1), Article 1.
https://doi.org/10.25182/jgp.2016.11.1.%p
Takeda, S., Okazaki, H., Kudo, T., Kakizoe, K., Himeno, T., Matsumoto, K., Shindo, M.,
& Aramaki, H. (2016). Bongkrekic acid as a warburg effect modulator in longterm estradiol-deprived MCF-7 breast cancer cells. Anticancer Research, 36(10),
5171–5182.
Tamam, B., Syah, D., Suhartono, M. T., Kusuma, W. A., Tachibana, S., & Lioe, H. N.
(2019). Proteomic study of bioactive peptides from tempe. Journal of Bioscience
and Bioengineering, 128(2), 241–248.
https://doi.org/10.1016/j.jbiosc.2019.01.019

225

Tang, Y., Zhang, B., Li, X., Chen, P. X., Zhang, H., Liu, R., & Tsao, R. (2016). Bound
phenolics of quinoa seeds released by acid, alkaline, and enzymatic treatments
and their antioxidant and α-glucosidase and pancreatic lipase inhibitory effects.
Journal of Agricultural and Food Chemistry, 64(8), 1712–1719.
Taverniti, V., & Guglielmetti, S. (2011). The immunomodulatory properties of probiotic
microorganisms beyond their viability (ghost probiotics: Proposal of paraprobiotic
concept). Genes & Nutrition, 6(3), 261–274.
Tawali, A. B., Hain, J. U., & Schwedt, G. (1998). Determination of phytic acid content of
soybeans during tempeh production using capillary electrophoresis. Deutsche
Lebensmittel-Rundschau, 94(1), 28–30.
Tawali, A. B., & Schwedt, G. (1998). Change of iron-species during processing of soy
beans to its fermented product tempeh. Nahrung-Food, 42(1), 29–31.
https://doi.org/10.1002/(SICI)1521-3803(199802)42:01<29::AIDFOOD29>3.0.CO;2-4
Taylor, J., Bekhit, A. E. D., & Chandraratne, M. R. (2013, August 23). Phsyico-chemical
and sensory properties of tempeh extended beef patties. The 59th International
Congress of Meat Science and Technology, Izmir, Turkey.
Tewari, L. (2002). Removal of the flatulence factors (alpha-galactooligosaccharides)
from chickpea (Cicer arietinum) by germination and mold fermentation. Journal
of Food Science and Technology-Mysore, 39(5), 458–462.
Tham, D. M., Gardner, C. D., & Haskell, W. L. (1998). Potential health benefits of
dietary phytoestrogens: A review of the clinical, epidemiological, and mechanistic
Evidence. The Journal of Clinical Endocrinology & Metabolism, 83(7), 2223–
2235. https://doi.org/10.1210/jcem.83.7.4752
Thanh, N. V., Rombouts, F. M., & Nout, M. J. R. (2005). Effect of individual amino
acids and glucose on activation and germination of Rhizopus oligosporus
sporangiospores in tempe starter. Journal of Applied Microbiology, 99(5), 1204–
1214. https://doi.org/10.1111/j.1365-2672.2005.02692.x
Thanh, N. V., Rombouts, F. M., & Nout, M. J. R. (2007). Viability and physiological
state transitions of Rhizopus oligosporus sporangiospores in tempe starter culture.
Antonie Van Leeuwenhoek International Journal of General and Molecular
Microbiology, 91(1), 35–44. https://doi.org/10.1007/s10482-006-9093-7

226

Thiébaud, H. P., Knize, M. G., Kuzmicky, P. A., Hsieh, D. P., & Felton, J. S. (1995).
Airborne mutagens produced by frying beef, pork and a soy-based food. Food and
Chemical Toxicology, 33(10), 821–828. https://doi.org/10.1016/02786915(95)00057-9
Tunçel, G., & Göktan, D. (1990). Effect of different methods of soaking soya beans on
the growth of Bacillus cereus, Klebsiella pneumoniae and Staphylococcus aureus
in tempeh. Journal of the Science of Food and Agriculture, 53(3), 287–296.
https://doi.org/10.1002/jsfa.2740530302
Tunçel, G., Nout, M. J. R., Brimer, L., & Göktan, D. (1990). Toxicological, nutritional
and microbiological evaluation of tempe fermentation with Rhizopus oligosporus
of bitter and sweet apricot seeds. International Journal of Food Microbiology,
11(3), 337–344. https://doi.org/10.1016/0168-1605(90)90027-3
United States Department of Agriculture. (2019). USDA FoodData Central.
https://fdc.nal.usda.gov
United States Department of Agriculture. (2020). USDA Economic research service—
Meat price spreads. https://www.ers.usda.gov/data-products/meat-price-spreads/
Ushijima, K., Nozawa, T., Tanaka, N., Nonaka, G., & Ishimaru, K. (2001). Purification
of catechins using tempe protein. Journal of the Japanese Society for Food
Science and Technology-Nippon Shokuhin Kagaku Kogaku Kaishi, 48(12), 913–
917.
Utama, Z., Okazaki, Y., Tomotake, H., & Kato, N. (2013). Tempe consumption
modulates fecal secondary bile acids, mucins, Immunoglobulin A, enzyme
activities, and cecal microflora and organic acids in rats. Plant Foods for Human
Nutrition, 68(2), 177–183. https://doi.org/10.1007/s11130-013-0357-x
Utami, R., Wijaya, C. H., & Lioe, H. N. (2016). Taste of water-soluble extracts obtained
from over-fermented tempe. International Journal of Food Properties, 19(9),
2063–2073. https://doi.org/10.1080/10942912.2015.1104509
Vaidehi, M. P., Annapurna, M. L., & Vishwanath, N. R. (1985). Nutritional and sensory
evaluation of tempeh products made with soybean, ground-nut, and sunflowerseed combinations. Food and Nutrition Bulletin, 7(1), 54–57.

227

van der Riet, W. B., Wight, A. W., Cilliers, J. J. L., & Datel, J. M. (1987). Food chemical
analysis of tempeh prepared from South African-grown soybeans. Food
Chemistry, 25(3), 197–206. https://doi.org/10.1016/0308-8146(87)90146-4
van Veen, A. G., & Sohaefer, G. (1950). The influence of the tempeh fungus on the soya
bean. Documenta Neerlandica et Indonesica de Morbis Tropicis, 2, 270–281.
Varzakas, T. H., Pyle, D. L., & Niranjan, K. (1997). Mycelial penetration and enzymic
diffusion on soybean tempe. In S. Roussos, B. K. Lonsane, M. Raimbault, & G.
ViniegraGonzalez (Eds.), Advances in Solid State Fermentation (pp. 59–70).
Springer.
Vebliza, Y., Sjamsuridzal, W., Oetari, A., Santoso, I., & Roosheroe, I. G. (2018). Reidentification of five strains of Rhizopus arrhizus from tempeh based on ITS
regions of rDNA sequence data. In T. Mart, D. Triyono, I. T. Anggraningrum, K.
A. Sugeng, & R. Yuniati (Eds.), Proceedings of the 3rd International Symposium
on Current Progress in Mathematics and Sciences 2017 (iscpms2017) (Vol. 2023,
pp. 020167–1). Amer Inst Physics. https://doi.org/10.1063/1.5064164
Vital, R. J., Bassinello, P. Z., Cruz, Q. A., Carvalho, R. N., De Paiva, J. C. M., &
Colombo, A. O. (2018). Production, quality, and acceptance of tempeh and white
bean tempeh burgers. Foods, 7(9), 136. https://doi.org/10.3390/foods7090136
Wagenknecht, A. C., Mattick, L. R., Lewin, L. M., Hand, D. B., & Steinkraus, K. H.
(1961). Changes in soybean lipids during tempeh fermentation. Journal of Food
Science, 26(4), 373–376. https://doi.org/10.1111/j.1365-2621.1961.tb00375.x
Walther, G., Pawłowska, J., Alastruey-Izquierdo, A., Wrzosek, M., Rodriguez-Tudela, J.
L., Dolatabadi, S., Chakrabarti, A., & de Hoog, G. S. (2013). DNA barcoding in
Mucorales: An inventory of biodiversity. Persoonia - Molecular Phylogeny and
Evolution of Fungi, 30(1), 11–47. https://doi.org/10.3767/003158513X665070
Wang, H. L. (1984). Tofu and tempeh as potential protein sources in the western diet.
Journal of the American Oil Chemists’ Society, 61(3), 528–534.
Wang, H. L. (1986). Uses of soybeans as foods in the West with emphasis on tofu and
tempeh. In R. L. Ory (Ed.), Plant Proteins: Applications, Biological Effects, and
Chemistry (Vol. 312, pp. 45–60). American Chemical Society.
https://doi.org/10.1021/bk-1986-0312.ch005

228

Wang, H. L., & Hesseltine, C. W. (1966). Wheat tempeh. Cereal Chemistry, 43, 563–
570.
Wang, H. L., Swain, E. W., & Tine, C. W. H. (1975). Mass production of Rhizopus
oligosporus spores and their application in tempeh fermentation. Journal of Food
Science, 40(1), 168–170. https://doi.org/10.1111/j.1365-2621.1975.tb03762.x
Wang, H.-J., & Murphy, P. A. (1996). Mass balance study of isoflavones during soybean
processing. Journal of Agricultural and Food Chemistry, 44(8), 2377–2383.
https://doi.org/10.1021/jf950535p
Wang, Q., Ge, X., Tian, X., Zhang, Y., Zhang, J., & Zhang, P. (2013). Soy isoflavone:
The multipurpose phytochemical (Review). Biomedical Reports, 1(5), 697–701.
https://doi.org/10.3892/br.2013.129
Watanabe, N., Aoki, H., & Fujimoto, K. (2008). Fermentation of soybean by Rhizopus
promotes the calcium absorption ratio in rats. Journal of the Science of Food and
Agriculture, 88(15), 2749–2752. https://doi.org/10.1002/jsfa.3403
Watanabe, N., Fujimoto, K., & Aoki, H. (2007). Antioxidant activities of the watersoluble fraction in tempeh-like fermented soybean (GABA-tempeh). International
Journal of Food Sciences & Nutrition, 58(8), 577–587.
https://doi.org/10.1080/09637480701343846
Watanabe, S., & Koessel, S. (1993). Colon cancer: An approach from molecular
epidemiology. Journal of Epidemiology, 3(2), 47–61.
https://doi.org/10.2188/jea.3.47
White, B. L., Howard, L. R., & Prior, R. L. (2010). Release of bound procyanidins from
cranberry pomace by alkaline hydrolysis. Journal of Agricultural and Food
Chemistry, 58(13), 7572–7579.
Wijaya-Erhardt, M., Muslimatun, S., & Erhardt, J. G. (2011). Fermented soyabean and
vitamin C-rich fruit: A possibility to circumvent the further decrease of iron status
among iron-deficient pregnant women in Indonesia. Public Health Nutrition,
14(12), 2185–2196. https://doi.org/10.1017/S1368980011000954

229

Wikandari, R., Millati, R., Lennartsson, P. R., Harmayani, E., & Taherzadeh, M. J.
(2012). Isolation and characterization of Zygomycetes fungi from tempe for
ethanol production and biomass applications. Applied Biochemistry and
Biotechnology, 167(6), 1501–1512. https://doi.org/10.1007/s12010-012-9587-x
Wiloso, E. I., Sinke, P., Muryanto, Setiawan, A. A. R., Sari, A. A., Waluyo, J., Putri, A.
M. H., & Guinée, J. (2019). Hotspot identification in the Indonesian tempeh
supply chain using life cycle assessment. The International Journal of Life Cycle
Assessment, 24(11), 1948–1961. https://doi.org/10.1007/s11367-019-01617-7
Wilson, S., Martinez-Villaluenga, C., & De Mejia, E. G. (2008). Purification, thermal
stability, and antigenicity of the immunodominant soybean allergen P34 in soy
cultivars, ingredients, and products. Journal of Food Science, 73(6), T106–T114.
https://doi.org/10.1111/j.1750-3841.2008.00834.x
Winarni, S., & Dharmawan, Y. (2017). The processing model in making tempeh benguk
[Mucuna pruriens (L.) DC] containing high L-dopa. KnE Life Sciences, 241–246.
Winarno, F. G., Haryadi, Y., & Satiawiharja, B. (1985). Special traditional foods of
Indonesia. Proc. IPB-JICA Int. Symp. Agricultural Product Processing
Technology, 45–63.
Winarno, F. G., Winarno, W., & Ahnan-Winarno, A. D. (2017). Tempe—Kumpulan
Fakta Menarik Berdasarkan Penelitian. Gramedia Pustaka Utama.
Wirawanti, I. W., Hardinsyah, Briawan, D., & Astawan, M. (2017). The effect of tempe
drink intervention on low density lipoprotein decreasing. Jurnal Gizi Dan
Pangan, 12(1), 9–16. https://doi.org/10.25182/jgp.2017.12.1.9-16
Wolkers–Rooijackers, J. C., Endika, M. F., & Smid, E. J. (2018). Enhancing vitamin B
12 in lupin tempeh by in situ fortification. LWT - Food Science and Technology.
World Health Organization. (2005). Severe malnutrition: Report of a consultation to
review current literature, 6-7 September 2004. Nutrition for Health and
Development, World Health Organization.
Wronkowska, M., Christa, K., Ciska, E., & Soral-Śmietana, M. (2015). Chemical
characteristics and sensory evaluation of raw and roasted buckwheat groats
fermented by Rhizopus oligosporus. Journal of Food Quality, 38(2), 130–138.

230

Xiao, Y., Fan, J., Chen, Y., Rui, X., Zhang, Q., & Dong, M. (2016). Enhanced total
phenolic and isoflavone aglycone content, antioxidant activity and DNA damage
protection of soybeans processed by solid state fermentation with Rhizopus
oligosporus RT-3. RSC Advances, 6(35), 29741–29756.
Xu, B., & Chang, S. K. C. (2008). Total phenolics, phenolic acids, isoflavones, and
anthocyanins and antioxidant properties of yellow and black soybeans as affected
by thermal processing. Journal of Agricultural and Food Chemistry, 56(16),
7165–7175. https://doi.org/10.1021/jf8012234
Xu, X., Harris, K. S., Wang, H.-J., Murphy, P. A., & Hendrich, S. (1995). Bioavailability
of soybean isoflavones depends upon gut microflora in women. The Journal of
Nutrition, 125(9), 2307–2315. https://doi.org/10.1093/jn/125.9.2307
Yadav, S., & Khetarpaul, N. (1994). Indigenous legume fermentation: Effect on some
antinutrients and in-vitro digestibility of starch and protein. Food Chemistry,
50(4), 403–406. https://doi.org/10.1016/0308-8146(94)90213-5
Yan, Z.-Y., Spencer, P. S., Li, Z.-X., Liang, Y.-M., Wang, Y.-F., Wang, C.-Y., & Li, F.M. (2006). Lathyrus sativus (grass pea) and its neurotoxin ODAP.
Phytochemistry, 67(2), 107–121.
Yang, W.-S., Va, P., Wong, M.-Y., Zhang, H.-L., & Xiang, Y.-B. (2011). Soy intake is
associated with lower lung cancer risk: Results from a meta-analysis of
epidemiologic studies. The American Journal of Clinical Nutrition, 94(6), 1575–
1583. https://doi.org/10.3945/ajcn.111.020966
Yang, Y., Kameda, T., Aoki, H., Nirmagustina, D. E., Iwamoto, A., Kato, N., Yanaka,
N., Okazaki, Y., & Kumrungsee, T. (2018). The effects of tempe fermented with
Rhizopus microsporus, Rhizopus oryzae, or Rhizopus stolonifer on the colonic
luminal environment in rats. Journal of Functional Foods, 49, 162–167.
https://doi.org/10.1016/j.jff.2018.08.017
Yulandi, A., Sugiokto, F. G., & Suwanto, A. (2016). Genomic sequence of Klebsiella
pneumoniae IIEMP-3, a vitamin B12-producing strain from Indonesian tempeh.
Genome Announc., 4(1), e01724–15.
Yuliani, S. H., Istyastono, E. P., & Riswanto, F. D. O. (2016). The cytotoxic activity on
T47D breast cancer cell of genistein-standardized ethanolic extract of tempeh-a
fermented product of soybean (Glycine max). Orient. J. Chem, 32(3), 1619–1624.

231

Yusof, H. M., Ali, N. M., Yeap, S. K., Ho, W. Y., Beh, B. K., Koh, S. P., Long, K.,
Abdul Aziz, S., & Alitheen, N. B. (2013). Hepatoprotective effect of fermented
soybean (nutrient enriched soybean tempeh) against alcohol-induced liver damage
in mice. Evidence-Based Complementary and Alternative Medicine, 2013, 1–8.
https://doi.org/10.1155/2013/274274
Zhou, Z., Liu, Y., Miao, A.-D., & Wang, S.-Q. (2005). Protocatechuic aldehyde
suppresses TNF-α-induced ICAM-1 and VCAM-1 expression in human umbilical
vein endothelial cells. European Journal of Pharmacology, 513(1), 1–8.
https://doi.org/10.1016/j.ejphar.2005.01.059
Zoumas, B. L., Armstrong, L. E., Backstrand, J. R., Chenoweth, W. L., Chinachoti, P.,
Klein, B. P., Lane, H. W., Marsh, K. S., & Tolvanen, M. (2002). High-energy,
nutrient-dense emergency relief product. Washington (DC): National Academies
Press (US).
Zuhri, F., Arbianti, R., Utami, T. S., & Hermansyah, H. (2016). Effect of methylene blue
addition as a redox mediator on performance of microbial desalination cell by
utilizing tempe wastewater. International Journal of Technology, 7(6), 952–961.
https://doi.org/10.14716/ijtech.v7i6.1795

232

