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ARTICLE INFO ABSTRACT

Keywords: Faba beans (Vicia faba L.) and whole-grain oats (Avena sativa L.) offer a high protein content, are a source of
Tempe dietary fibre and they can be sustainably produced in the Nordic countries, yet face sensory limitations that
Tempeh

restrict their wider use in food. This study aimed to overcome these sensory limitations by soaking the faba bean

Plant-based

Lactic acid bacteria
Odour
Fermentation
Sensory evaluation

and whole-grain oats with Lactiplantibacillus plantarum, followed by solid-state fermentation with Rhizopus
microsporus to produce tempeh-like products. Volatile organic compounds in uncooked and cooked tempeh were
analysed using Headspace Solid-Phase Micro-Extraction (HS-SPME) with Gas Chromatography-Mass Spectrom-
etry (GC-MS). Sensory profiling was combined with texture and moisture measurements from uncooked and
cooked tempeh-like products to explore sensory and physicochemical attributes. A hedonic test evaluated overall
acceptability of the selected samples. A total of 65 volatile organic compounds were identified and semi-
quantified, including 3-methyl-1-butanol, ethanol, 2-butanone, acetic acid, and acetoin. L. plantarum soaking
reduced certain volatile organic compounds typically associated with beany off-flavours, while cooking increased
certain compounds such as acids and pyrazines, potentially masking off-flavours. The soaking resulted in
increased sourness, umami taste, and chewiness, with notable texture variation when whole-grain oats were
included compared to only faba bean tempeh. Texture measurements were significantly influenced by
L. plantarum soaking, as shown by the panellist. Hedonic testing (n = 107) indicated a higher degree of liking for
tempeh made from the faba beans and whole-grain oats mix compared to only faba bean tempeh. These findings
emphasise the need to assess how pre-treatments, such as soaking, impact on tempeh-like production.
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Abbreviation Description

- - Abbreviation Description
SSF Solid-state fermentation
1F 100 % faba bean, 0 % whole-grain oat, no L. plantarum L. plantarum Lactiplantibacillus plantarum
1FL 100 % faba bean, 0 % whole-grain oat, yes L. plantarum LAB Lactic acid bacteria
8F 85 % faba bean, 15 % whole-grain oat, no L. plantarum LSmeans Least squares means
8FL 85 % faba bean, 15 % whole-grain oat, yes L. plantarum MEA Malt extract agar
9F 92 % faba bean, 8 % whole-grain oat, no L. plantarum NaHCOs3 Sodium bicarbonate
9FL 92 % faba bean, 8 % whole-grain oat, yes L. plantarum PCA Principal component analysis
C Cooked PCA Principal component analysis
dw Dry weight basis PLS Partial least squares regression
GC-MS Gas chromatography-mass spectrometry R. microsporus Rhizopus microsporus
GDA Generic descriptive analysis SE Standard error
HS-SPME Headspace solid-phase micro-extraction TPA Textural profile analysis
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(continued)
Abbreviation Description
0) Uncooked
VOCs Volatile organic compounds
w Weight
ww Wet weight basis

1. Introduction

Tempeh is a traditional Indonesian fermented food made from soy-
beans. The production process involves steps such as soaking, dehulling,
boiling, and inoculating with Rhizopus microsporus for solid-state
fermentation (SSF) (Ahnan-Winarno et al., 2021), (Dinesh Babu et al.,
2009). Tempeh provides a high protein content, carbohydrates, dietary
fibre, and low levels of saturated fats (Romulo and Surya, 2021),
(Sjamsuridzal et al., 2021).

Soybean tempeh is characterised by nutty, umami, mushroom-like,
and buttery flavours, along with an entirely white-covered, compact
appearance, and chewable texture by expert panellists from Indonesia
(Jelen et al., 2013). Tempeh sensory characteristics are highly influ-
enced by the cooking method, with frying being the most popular.
Steaming, roasting, and other preparation methods are also commonly
used (Feng et al., 2007), (Kaczmarska et al., 2021). Its popularity in
Europe as a plant-based meat alternative aligns with the planetary
health diet, advocating for a more sustainable plant-based diet (Beal
et al., 2023).

Nevertheless, soybean is considered a less sustainable raw material
in Northern Europe due to its reliance on imports and consumer asso-
ciations with deforestation, genetically modified organisms (GMOs),
and allergenic properties (Fogelberg, 2021). Therefore, the development
of non-soy tempeh has focused on utilising locally available legumes and
cereals, which provide regional adaptability and a high nutritional
profile due to the fermentation (Rahmawati et al., 2021). Faba beans
and whole-grain oats could emerge as promising raw materials for
tempeh production in colder climates (Auer et al., 2023). Faba beans
provide high-quality protein, bioactive compounds such as L-DOPA and
dietary fibre, offering potential benefits such as improved cardiac health
and glycaemic control (Kadar et al., 2018), (Martineau-Coté et al.,
2022). Similarly, meta-analyses show that whole-grain oats effectively
lower total cholesterol (Marshall et al., 2020). Moreover, consumers
exhibit a higher familiarity with oat-derived food products in the Nordic
countries (Laaksonen et al., 2020). This may facilitate the enhancement
of the sensory profile of tempeh from faba beans and oats, potentially
improving its acceptance and overall appeal. The consumption of faba
beans (Vicia faba L.) and their derived food products are constrained by
undesirable sensory attributes such as bean-like flavours and bitter taste
linked with specific volatile and non-volatile organic compounds. The
high lipoxygenase activity in this kind of legume catalyses the oxidation
of polyunsaturated fatty acids, resulting in volatiles like hexanal, 1-hex-
anol, and 2-pentylfuran that impart grassy, green, and earthy notes
(Akkad et al., 2019), (Tuccillo et al., 2022a). Non-volatile organic
compounds, such as phenolic compounds, and the degradation products
of certain amino acids (e.g. leucine, alanine) have been linked to
bitterness and trigeminal sensations such as astringency in faba bean
flours (Akkad et al., 2019). Nevertheless, processing techniques such as
soaking, boiling, and fermentation can alter the sensory profile by
reducing the formation of off-flavours and/or masking them with
desirable volatile compounds (He et al., 2022), (Tuccillo et al., 2022b).

Sensory characteristics of plant-based substrates can be enhanced by
using an appropriate microbial consortium. For instance, fermentation
with lactic acid bacteria, specifically Lactiplantibacillus plantarum
(L. plantarum) in legumes and cereals improves the odour profile by
reducing aldehydes and furans, such as hexanal and 2-furfural, which
are associated with beany and grassy off-flavours (Roland et al., 2017).
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It also generates odour compounds that may mask these undesirable
notes with sour and buttery notes such as acetic acid, ethanol, diacetyl,
ethyl acetate, and acetaldehyde (Roland et al., 2017), (Tangyu et al.,
2023).

In tempeh fermentation, SSF with R. microsporus contributes to
sweet, mushroom-like, buttery, and meaty odours due to its proteolytic
activity with the generation of 2,3-butanedione and 2-methylbutanal.
R. microsporus promotes the formation of free amino acids and dipep-
tide flavour precursors, such as glutamyl dipeptides, within specific
concentration ranges that enhance umami and savoury tastes.
R. microsporus has been described to produce desirable compounds such
as acetaldehyde, ethanol, 2-methylpropanal, and 2-propanol, while also
reducing hexanal levels (Feng et al., 2007), (Xiao et al., 2024). In terms
of texture, mycelial growth binds the beans into a cake-like structure,
enhancing moisture retention and improving texture by increasing
chewiness and compactness, while reducing the typical graininess and
grittiness associated with beans (Handoyo and Morita, 2006), (Erkan
et al., 2020). The use of microbial consortia has shown that L. plantarum
does not hinder R. microsporus growth in tempeh (Feng et al., 2007),
(Fernandez Castaneda et al., 2024). However, the effects of induced
pre-fermentation during soaking with L. plantarum (LAB) on sensory
attributes and volatile organic compounds (VOCs) in tempeh-like made
using alternative raw materials remain unexplored.

Previous studies have not characterised the sensory properties of
faba bean-oat tempeh, often masking inherent flavours through deep
frying with oil. This study evaluates uncooked and cooked (no oil added)
faba bean-oat tempeh. The impact of LAB pre-fermentation during
soaking, followed by SSF with R. microsporus, on tempeh-like products
were investigated. Three samples were tested using Nordic raw mate-
rials: faba bean alone and two faba bean-oat mixtures in different ratios.
Soaking with and without LAB pre-fermentation was compared in both
uncooked and cooked tempeh-like samples. The focus was on analysing
volatile profiles, sensory attributes, and its likability using an affective
test (hedonic scaling). The findings reveal the potential of traditional
fermentation to create sustainable plant-based food from Nordic
ingredients.

2. Materials and methods
2.1. Study materials

The faba beans (Vicia faba L. var. Gloria) were sourced from the
Research Institutes of Sweden (RISE, Gothenburg, Sweden). Cultivated
in central Sweden, the beans were harvested in 2020 and dehulled in
2021 (Hi-Tech Machinery Manufacturing Co., Ltd., Ningbo, China).
Whole-grain oat (Avena sativa L.), hulled and steam-treated, were grown
in Sweden and processed in 2021 (Lantmannen Oats AB, Kimstad,
Sweden). Food grade sodium bicarbonate (NaHCO3) was bought from a
supermarket in Uppsala, Sweden (Eldorado, Bohus, Sweden).

For pre-fermentation during the soaking process, L. plantarum
(Harvest LB-1, pure culture, freeze-dried) provided by Novozymes
(Bagsvaerd, Denmark), was used with a total cell count exceeding 10!
CFU/g, as specified by the manufacturer.

For SSF, R. microsporus in powdered form was obtained from Top-
Cultures (Zoersel, Belgium). Powder was spread on malt extract agar
(MEA) plates (Oxoid, Basingstoke, UK) and incubated at 30 °C in a
Binder BF series convection incubator (class 3.1, Tuttlingen, Germany).
After 6 days, the spores were harvested and subjected to four wash cy-
cles using 9 g/L NaCl aqueous solution. The suspensions were centri-
fuged (Thermo Scientific Sorvall LYNX 4000, Waltham, MA, USA) at
5000xg for 10 min. The remaining spore suspension was mixed and its
concentration was determined using a Biirker counting chamber
(Hirschmann EM, Eberstadt, Germany). The suspension was stored at
4 °C (Beko model BSRCNA365HW, Istanbul, Tiirkiye) for a maximum of
2 days before use in tempeh production.
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2.2. Tempeh-like products preparation

The lab-scale production of tempeh-like products was adapted from a
method originally developed for faba beans, with modifications to
include whole-grain oats in some samples, Fig. 1 (Fernandez Castaneda
et al., 2024).

Two treatments were studied in this experiment. The first treatment,
referred to as "No LAB," involved soaking faba beans and whole-grain
oats (separately) without the addition of L. plantarum. In this case,
only tap water was used in a ratio of 1:2.5 (beans/oats:water) both raw
materials on a dry weight basis. The second treatment, labelled as "LAB,"
involved adding 0.1 g of L. plantarum dissolved in tap water to soak 100
g of either faba beans or whole-grain oats. The soaking was carried out at
a consistent ratio of 1:2.5 (beans/oats:water), with both raw materials
measured on a dry weight basis.

Six samples were prepared, consisting of three prototypes, all based
in wet weight: 100 % faba bean only; 92 % faba bean +8 % whole-grain
oat and 85 % faba bean +15 % whole-grain oat, which included each
prototype from soaking treatment without and with L. plantarum
(Fig. 1C). Additionally, NaHCOs3 (1 % w/dw of beans) was used in faba
bean soaking in all treatments to reduce boiling time (Fernandez Cas-
taneda et al., 2024).

After soaking for 12 h at 25 °C, the beans and oats were rinsed
thoroughly and boiled in water separately for 8 min.
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After soaking and boiling, faba bean and whole-grain oat were
allowed to cool down to room temperature; then 1 mL of spore sus-
pension of R. microsporus per 100 g wet raw material was added
(approximately 108 CFU/mL), mixed, and tightly packed into perforated
food-grade zip-lock plastic bags to facilitate oxygen exchange. The
packaging dimensions were 100 x 150 x 0.05 mm (length, width, and
thickness) using LDPE food-grade material (manufactured in China and
distributed by VWR, Leuven, Belgium). Tempeh-like products had di-
mensions of 100 x 150 x 25 m. Fermentation process was conducted for
40 h at 30 °C.

Tempeh samples were stored at —20 °C until analysis. The frozen
samples were shipped to the University of Turku, Finland and stored at
—20 °C until analysis (Beko model BSRCNA365HW, Istanbul, Tiirkiye).
Tempeh samples used for the affective test in Sweden were newly pre-
pared and stored at —20 °C.

2.3. Sample preparation for analysis

The samples were thawed at 4 °C (Beko model BSRCNA365HW,
Istanbul, Tiirkiye) for 24 h prior to sensory profiling with the semi-
trained panel. The samples were cut into rectangles of 3 x 2 x 1 cm
(length, width, and thickness). The frying pan was preheated for 3 min at
a temperature setting of 7 out of 10 on a conduction stove (Bosch,
Stuttgart, Germany). The tempeh samples were then roasted for 2 min

S

a4
| st

No L. plantarum }

L. plantarum

G ¥ | Jii—
'l Water + NaHCOs Soaking Water
i
i Water + NaHCOs 12 hours at 25 °C Water +
'+ L. plantarum ‘ ' L. plantarum
Boiling
Mix

L

Starter culture
Inoculation

«

Packaged in
plastic bags

Fermentation

Te nge h

Freezing

L 4

Refrigeration

In a frying pan
\ (NO OIL added)

Preparation
Cooked (-C)

Uncooked (-U)

Boiling
U
SSF
&
TEMPEH

—

No LAB LAB
L IF 9F &8F IFL 9FL 8FL
C Tempeh-like food prototypes
Aconym  Faba bean  Whole-grain Oat  Treatment
- 1F 100% Faba bean 0% Whole-grain Oat  No L. plantarum
< o . :
| 9F 92% Faba bean 8% Whole-grain Oat  No L. plantarum
=
4 8F 85% Faba bean 15% Whole-grain No L. plantarum
Oat
1FL  100% Fababean 0% Whole-grain Oat  Yes L. plantarum
= . s :
< OFL  92%Fababean 8% Whole-grain Oat  Yes L. plantarum
-
SFL 85% Faba bean 15% Whole-grain  Yes L. plantarum
Oat
U Uncooked
-C Cooked

Fig. 1. A. Flow chart depicting the lab-scale faba bean and whole-grain oat tempeh production processing line. B. Graphical flow chart in summary of lab-scale
tempeh production. C. Description of food prototypes ingredients, soaking and cooking treatments. NaHCOs;= Sodium bicarbonate.
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on each side. All samples were cooked under the same conditions.
Although tempeh can be prepared in various ways, deep frying in seed
oil is the most common method. However, in this study, no oil was used
to avoid any potential flavour alterations caused by the oil. The same
sample preparation was performed for analysis of volatiles compounds,
sensory study, texture profile, and affective test (hedonic scale).

2.4. Analysis of volatile organic compounds (VOCs) by HS-SPME-GC-MS

For HS-SPME, 2.0 g of uncooked and cooked tempeh samples were
placed separately in 20 mL SPME glass vials and incubated for 10 min at
50 °C. A 2 cm DVB/CAR/PDMS fibre (50/30 pm, Supelco, Bellefonte,
PA, USA) was used for extraction of volatile organic compounds from
the vial headspace. The fibre was pre-conditioned for 1 min and post-
conditioned for 7 min at 240 °C. Each sample was analysed in tripli-
cates. Next, the fibre with the extracted volatile organic compounds was
transferred to the Trace 1300/1310 gas chromatograph, coupled with an
ISQ 7000 single quadrupole mass spectrometer (Thermo Fisher Scien-
tific, Waltham, MA, USA). The sample vial parameters included a needle
speed of 20 mm/s, an extraction time of 30 min, a sampling vial depth of
45 mm, an injection depth of 40 mm, a penetration speed of 40 mm/s,
and a desorption time of 5 min.

Separation was carried out using a DB-WAX polar capillary column
(60 m length x 0.25 mm i.d. x 0.25 pm film thickness, J&W Scientific,
Folsom, CA, USA). Helium was the carrier gas used, at a flow rate of 1.6
mL/min and in split-less mode. The gas chromatograph oven was pro-
grammed to start at 40 °C for 3 min, followed by an increase of 5 °C/min
to a final temperature of 200 °C, with a holding time of 8 min. The
temperatures of the MS transfer line and the ionisation source were
approximately 220 °C and 240 °C, respectively. Peak integration was
performed manually, and compound identification was achieved by
comparing the MS spectra with the NIST;4 database (National Institute
of Standards and Technology), using the Chromeleon 7.2.9 Chroma-
tography Data System (Thermo Fisher Scientific, Waltham, MA, USA).
The matching factors (MFs) were set to be > 800. The results are re-
ported as peak areas (counts x s x 106).

2.5. Sensory study

2.5.1. Ethical approval

The sensory evaluation on tempeh-like samples was approved by the
Ethics Committee for Human Sciences, Humanities and Social Sciences
Division, University of Turku, Finland, Case Number TY/138/06.
January 01, 2024, granted on 01-03-2024. Each participant provided
written consent prior to their participation in the study. The privacy
notice was disclosed according to Articles 13 and 14 of the European
Union (EU) General Data Protection Regulation and no monetary
compensation or incentives were given.

2.5.2. Panels

The semi-trained panel was recruited via email and consisted of eight
healthy volunteers from the Food Sciences unit at the University of
Turku, all with a background in food science and prior experience in
sensory evaluation and quantitative methods, ensuring familiarity with
sensory attributes relevant to plant-based products. Training sessions
included calibration exercises with reference compounds, focusing on
key aroma, taste, and texture descriptors. Panellists practiced intensity
scaling to ensure consistency and reliability in evaluations. They
participated in all training and evaluation sessions.

The hedonic panel included 107 healthy volunteers (ages 23-70),
comprising students and staff from the University of Turku in Finland
and the Swedish University of Agricultural Sciences in Sweden.
Recruited through public advertisements and university mailing lists,
participants provided informed consent and evaluated overall sensory
attributes using a structured hedonic scale. The panel featured diverse
demographics with a broad age range (23-70) and was selected based on
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practical access to university facilities. Conducting the study across two
countries (Finland and Sweden) added cross-cultural insights.

2.5.3. Panel training and generic descriptive analysis (GDA) sensory
evaluation

The training process was conducted over three sessions on different
days, each lasting 2 h. The training process began with a generic
descriptive analysis, during which numerous attributes were listed. The
selection of reference materials was based on previous sensory studies of
faba bean ingredients with modification (Tuccillo et al., 2022a). The
panellists were familiarised and trained using the reference samples to
ensure precision in evaluating each attribute.

Standard reference samples for the descriptors were used for the
sensory profiling of tempeh-like products (Appendix Al Table A1). All
samples were cooked in a frying pan under identical conditions as pre-
viously described. Herein, a commercial faba bean tempeh (Green-
Java®, Lieto, Finland) was used as reference product alongside two of
the developed products during training sections.

The descriptors and intensity levels were decided by the panel after
joint discussions with the panel leader (Table Al). For the final
descriptive test, sensory profiling was conducted by a semi-trained panel
(n = 8) with test samples evaluated as triplicates on three consecutive
days. All tempeh samples were cut into 3 x 2 x 1 cm (length, width, and
thickness) and cooked in a frying pan under the same conditions as
previously described with no oil addition in section 2.3.

The tests were divided into two and evaluated using intensity line
scales (0 as zero intensity-10 as maximum intensity). In the first tests,
the uncooked samples (Fig. 1C) were served in brown amber bottles, and
their odour attributes were evaluated. In the second tests, the odour,
appearance, taste, and texture of cooked samples were evaluated. These
samples were served in glass bowls covered with Petri plates, labelled
with randomised three-digit codes, and presented in a balanced partially
randomised order (Williams Design model). Water, crackers (for tastes),
and ground coffee (for odours) were served for palate cleansing to
conform to the laboratory requirements set under ISO 8589. The sensory
tests were performed with Compusense20 (version 23; Compusense Inc.,
Guelph, ON, Canada).

2.5.4. Affective test (hedonic scaling)

A group of non-trained panellists (n = 107 volunteers) participated
in the evaluation of three tempeh samples (cooked), all made with the
addition of LAB in the soaking process. The samples were 1FL, 9FL and
8FL (Fig. 1C). All tempeh samples were cut into 3 x 2 x 1 cm (length,
width, and thickness) and cooked in a frying pan under the same con-
ditions as previously described with no oil addition in section 2.3.

Participants were asked to taste the samples and then indicate their
preference using a nine-point balanced hedonic scale with 1 = "Dislike
extremely" and 9 = "Like extremely" for the overall acceptance of
tempeh samples (questionnaire in Appendix A3.2). Samples were coded
with three-digit numbers, and the evaluation order was randomised
using Compusense20 (version 23; Compusense Inc., Guelph, ON,
Canada).

2.6. Texture profile

A Texture Analyser (Stable Micro Systems Ltd., Surrey, UK) was used
to conduct the Texture profile analysis (TPA) in cooked tempeh samples
(Fernandez Castaneda et al., 2024). A double compression model was
used to simulate chewing. After thawing at room temperature, the
samples were cooked as previously described in section 2.3. Then,
tempeh-like products were cut into 3 x 2 x 1 cm (length, width, and
thickness) and compressed to 50 % of their original height using a 20
mm diameter cylindrical acrylic probe. The pre-test speed was 2.0
mm/s, with the test and post-test speeds at 5.0 mm/s, and a 5-s interval
between compressions. A 50 kg load cell measured the applied force.
Key texture attributes were analysed, including hardness (peak force
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during the first compression), adhesiveness (area under the curve for the
first negative peak), cohesiveness (ratio of areas under the second and
first compression curves), and chewiness (product of hardness, cohe-
siveness, and springiness). The software version TA.XT plus C (Stable
Micro Systems, TA-HDi, Surrey, UK) was used. Three measurements
were performed per sample from three different batches.

2.7. Moisture content

The moisture content of all uncooked and cooked tempeh-like sam-
ples was measured in triplicates by calculating the weight difference
before and after drying overnight in an oven (Model, 2000655, J.P.
Selecta, Barcelona, Spain) at 105 °C, following the AOAC official method
934.01.

2.8. Data analysis

Analysis of the effects of soaking and prototype on VOCs, TPA and
sensory parameters was performed using SAS software, version 9.4 (SAS
Institute Inc., Cary, NC, USA). A generalised linear model (GLM)
included fixed factor of treatment soaking (with and without LAB),
prototypes (Fig. 1), and their interaction (soaking*prototype). Concen-
trations of VOCs, except for phenol, were log-transformed to normalise
the distributions prior to analysis. Concentrations of phenol, TPA values,
and sensory parameters were approximately normally distributed. All
results were expressed as least squares means (LSmeans). The heat map
(Fig. 2) visualises VOCs distribution across uncooked (-U) and cooked
(-C) tempeh, with or without LAB. The colour scale reflects the mean
values after statistical analysis, ranging from white to red, indicating the
intensity of VOCs. VOCs LSmeans with 95 % confidence intervals (CI)
were reported after back-transformation to the original scale (Table 1
and Appendix A2 Table A2). Analyses were conducted separately for
uncooked and cooked samples. These data are presented with standard
error (SE) and p-values for the treatments described above. For PCA, X-
data included VOCs (n = 65) from uncooked and cooked samples, and
sensory attributes (n = 21) from cooked samples. For PLS-regression,
interactions were analysed between VOCs, TPA, and moisture content
as predictors (X-data; n = 71) and sensory scores (Y-data; n = 21) in
cooked samples. Statistical analyses for the multivariate models were
performed using SIMCA® version 18, with p < 0.05 as the significance
threshold (Appendix A5 Figs. 2-4). For the affective test, the hedonic
scores were analysed using one-way ANOVA, followed by Tukey HSD for
pairwise comparisons when significance was found (p < 0.05) per-
formed using RStudio version 4.3.2 (RStudio Inc., Boston, MA, USA).

3. Results and discussion
3.1. Analysis of volatile organic compounds (VOCs)

3.1.1. Identification of signals

VOCs were analysed using GC-MS combined with HS-SPME to
explore, in a semi-quantitative manner, the variations in volatile profiles
among the tempeh-like products. Six tempeh-like products were tested
in two forms: uncooked and cooked (Fig. 1C). The objective was to assess
changes due to raw materials (prototypes) and soaking pre-treatment,
categorised as No LAB (without L. plantarum) and LAB (with
L. plantarum), as well as the interaction effects. Roasting in a frying pan
for 2 min per side was selected as the cooking method and applied under
the same conditions as in the sensory profiling, physical properties, and
volatile tests.

A total of 65 peaks were identified as VOCs in tempeh-like products
(Table 1) and odour descriptors were sourced from The Good Scents
Company (Oak Creek, WI, USA). Some of the dominant volatiles
detected in both uncooked and cooked faba/oat tempeh were 3-methyl-
1-butanol, ethanol, 2-methyl-1-butanol, 2-butanol, and 2-methyl-1-
propanol, which primarily originate from tempeh fermentation with
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R. microspores (Feng et al., 2007). In contrast, 2-butanone, acetoin,
acetic acid, and ethyl acetate may be produced through LAB fermenta-
tion in the soaking (Tangyu et al., 2023), (Engels et al., 2022). (Ap-
pendix A2 Table A2 statistical analysis results p-values). VOCs were
categorised into seven chemical groups: 15 esters, 13 alcohols, 12 al-
dehydes, 11 ketones, 4 acids, 4 pyrazines, and 6 others (Figs. 2 and 3).

3.1.2. Analysis per chemical group of VOCs

The total composition per chemical group, expressed as total per-
centages, highlights the differences between uncooked and cooked
samples (Fig. 3B), as well as between No LAB and LAB. Significant dif-
ferences (p < 0.05) were observed in the total concentration of VOCs per
chemicals group. There was a tendency for increased levels of ketones,
esters, acids, and pyrazines in the cooked samples, along with a slight
increase in compounds from other chemical composition groups. In
contrast, a significant decrease (p < 0.05) in the intensity of alcohols
was observed in the cooked samples. Aldehydes showed a varied trend,
with some samples exhibiting a slight decrease, while others showed an
increase after cooking. Moreover, the soaking process with LAB resulted
in increased esters and acids, while also leading to slightly higher pyr-
azine levels compared to No LAB-soaked tempeh-like products. In
contrast, a lower intensity of alcohols and aldehydes was observed in the
LAB-treated samples (Fig. 3B).

Of the fifteen esters identified, none were dominant due to their
lower sensory detection thresholds compared to alcohols and acids.
These esters were formed through reactions between carboxylic acids
with alcohols through coenzyme A (CoA) (Rajendran et al., 2023).
Despite a low abundance, their sweet and fruity notes created distinct
sensory perception for each sample, significantly influencing (p < 0.05)
the sensory profile. As an example, ethyl acetate, which has been
considered a desirable VOC in fermented legumes (Vong and Liu, 2017),
was detected in all samples in present study (Fig. 2, V35). This com-
pound was likely developed from the SSF with R. microsporus, as
detected in other studies with MEA agar, barley, soybean and sweet
potato residues (Feng et al., 2007) (Yin et al., 2023). Moreover, an in-
crease of ethyl acetate in barley tempeh was found in co-cultivation with
R. microsporus and L. plantarum SR 3.60 (Feng et al., 2007). In this study,
in samples tempeh 100 % faba bean-LAB (1FL) and 92 % faba bean + 8
% whole-grain oat LAB (9FL) the VOC ethyl acetate showed higher levels
than in 100 % faba bean-No LAB (1F) and 92 % faba bean + 8 %
whole-grain oat-No LAB (9F) sample. Therefore, there is a positive
correlation between the presences of L. plantarum and an increase in
ethyl acetate. However, in 85 % faba bean +15 % whole-grain oat No
LAB (8F) samples, high concentrations of ethyl acetate were found in
both, the uncooked and cooked groups.

Thirteen alcohols were detected in tempeh-like products produced
during this study. These included most dominant compounds such as 3-
methyl-1-butanol, ethanol, 2-methyl-1-propanol, 2-methyl-1-butanol,
and 2-butanol, based on their high values of areas under the peaks
(counts x s x 10°). Among these, 3-methyl-1-butanol (V45) was the
most dominant VOC across all samples. Previous studies have also re-
ported 3-methyl-1-butanol as a dominant compound in tempeh (Feng
et al., 2007), (Chukeatirote et al., 2017). This alcohol is a product of
leucine amino acid catabolism and imparts malty and alcoholic notes
but it can be pungent and unpleasant at high concentrations (Rajendran
et al., 2023). Some LAB strains, for instance, strains of L. plantarum and
L. acidophilus have been shown to reduce its levels in plant-based ma-
terials (Rajendran et al., 2023). For this case, soaking pre-treatment with
LAB in combination with cooking further decreased 3-methyl-1-butanol
VOC significantly (p < 0.05). Notably, the 8F samples in U and C (No
LAB) had the highest levels of 3-methyl-1-butanol, as well as ethanol and
2-methyl-1-propanol. Interestingly, in 8F samples (U and C), other al-
cohols compounds such as 4-heptanol, 3,5-dimethyl-; (E)-2-octen-1-ol;
and 4-methyl-2-heptanol were not detected. The high content of
whole-grain oat may be responsible for the significant changes, likely
affecting carbohydrate fermentation pathways and amino acid
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Table 1

Volatile organic compounds semi-quantified and their main descriptors detected by HS-SPME-GC-MS of tempeh-like products made from faba bean and a mix of
faba bean and whole-grain oat, pre-treated by soaking without or with L. plantarum, in uncooked and cooked states. Results are presented as LSmeans with 95 %
Confidence Intervals (CI).

voc* Compound Aroma NIST RT TREATMENT=UNCOOKED TREATMENT= COOKED
descriptor® | match® | (min)*
* o 1F No 1F LAB 9F No 9F LAB 8F No 8F 1F No 1F LAB 9F No 9F LAB 8F No 8F LAB
LAB LAB LAB LAB LAB LAB LAB
Vi Acetaldehyde Fruity 975 3.75 13.06 13.87 25.89 14.48 23.53 12.13 7.2 9.07 8.75 9.65 7.24(5.94- | 9.81
(10.2- (10.83- (20.22- | (11.31- (18.37- | (9.47- (5.91- (7.45- (7.19- (7.92- 8.81) (8.05-
16.73) 17.76) 33.16) | 18.55) 30.14) | 15.53) | 8.76) 11.04) 10.65) 11.74) 11.94)
V2 2- Nutty, malty 933 4.68 1.04 0.21 1.91 0.94 1.24 0.95 0.79 1.33 2.4 (14- | 1.3(0.76- | 1(0.59- 0.97
Methylpropanal (0.32- (0.07- (0.6- (0.3- (0.39- (0.3- (0.46- (0.78- 4.11) 2.23) 1.71) (0.56-
3.31) 0.68) 6.09) 3.01) 3.97) 3.04) 1.35) 2.28) 1.66)
V3 (Z)-2-Butenal Nutty, 927 9.4 11 9.75 27.98 15.66 11.55 10.8 2.62 3.84 6.31 4.82(33- | 7.02(4.81- | 5.87
almond (6.89- (6.11- (17.54- | (9.82- (7.24- (6.77- (1.8- (2.63- (4.32- 7.03) 10.25) (4.02-
17.54) 15.56) 44.64) | 24.98) 18.43) 17.23) | 3.83) 5.61) 9.21) 8.57)
V4 Hexanal Grassy, 946 10.54 0.57 0.29 0.81 0.21 2.02 0.73 0.52 0.75 3.02 1.94 3.97 (2.64- | 5.94
green, fat (0.39- (0.2- 0.56- | (0.15- (1.4- (0.5- (0.34- 0.5- (2.01- (1.29- 5.96) (3.95-
0.81) 0.41) 1.17) 0.31) 2.91) 1.05) 0.78) 1.13) 4.53) 2.92) 8.93)
V5 2-Methyl-2- Fruity, 912 10.93 2.35 1.33 349 1.59 1.07 0.26 1.18 0.63 1.95 1.39 0.78 (0.57- | 2.56
butenal pungent (0.26- (0.15- (0.39- (0.18- (0.12- (0.03- (0.87- (0.46- (1.43- (1.02-1.9) | 1.06) (1.88-
20.85) 11.77) 31.01) | 14.13) 9.47) 2.35) 1.61) 0.86) 2.65) 3.49)
A Nonanal Fatty, green, 901 19.59 1.15 0.6 2.05 0.72 1.32 1.64 0.76 0.8 1.21 0.5(0.38- | 2.26 (1.75- | 0.65
grass (0.78- (0.41- (1.4- (0.49- (0.9- (1.12- (0.59- (0.62- (0.94- 0.64) 2.91) (0.51-
1.69) 0.89) 3.01) 1.06) 1.94) 2.41) 0.99) 1.04) 1.56) 0.84)
Vi 44- Green, 852 1347 | 213 1.14 424 1.41 0.1 1.61 0.52 0.32 2.38 0.28 1.88(1.18- | 0.42
Dimethylpent- pungent (0.64- (0.34- (1.26- (0.42- (0.03- (0.48- (0.33- (0.2- (1.5- (0.17- 2.99) 0.27-
2-enal 7.13) 3.83) 14.2) 4.71) 0.32) 5.41) 0.82) 0.51) 3.79) 0.44) 0.67)
V8 (E)-2-Nonenal Waxy, 905 23.41 0.13(0- | 0(0- 0.33 0.2 (0- 1.74 0.16 0.2 0.16 0.24 0.8 (0.42- | 2(1.06- 0.1 (0.05-
cucumber 139.42) | 0.08) (0- 221.04) | (0- - 0.11- (0.09- (0.13- 1.51) 3.79) 0.19)
367.76) 1929.1 175.16 | 0.38) 0.31) 0.46)
5) )
V9 Phenylacetaldeh Almond, 944 26.03 1.66 1.04 0.67 0.63 0.7 0.6 0.32 0.51 0.89 2.6 (1.05- | 0.57(0.23- | 1.83
yde sweet (0.66- (0.41- (0.26- (0.25- (0.28- (0.24- 0.13- (0.21- (0.36- 6.4) 1.4) (0.74-
4.18) 2.61) 1.68) 1.59) 1.75) 1.5) 0.78) 1.26) 2.2) 4.51)
V10 3-Phenylbut-2- | Sweet, nutty 926 3258 | 498 22 6.58 2.88 0.96 13 0.96 1.09 1.5 0.5(0.31- | 1.02(0.63- | 0.27
enal 3.2- (1.41- (4.22- (1.84- (0.61- (0.83- 0.6- (0.68- (0.93- 0.81) 1.65) 0.17-
7.77) 3.44) 10.25) | 4.48) 1.49) 2.03) 1.55) 1.77) 2.41) 0.43)
Vi1 Benzaldehyde Bitter 885 23.15 0.21(0- | 0.31(0- | 0.51 nd. 0.9 (0- | nd. 0.59 0.34 0.94 0.25 2.72(1.69- | 0.15
almond, malt 266.42) | 394.64) | (0- 1146.5 (0.37- 0.21- (0.59- (0.15- 437) (0.09-
646.58) 5) 0.94) 0.54) 1.51) 0.39) 0.24)
V12 2- Malty, fruity 922 6.29 7.74 7.79 8.04 6.51 1.58 0.6 6.17 5.42 13.27 7.07 6.36 (4.84- | 6.52
Methylbutanal (1.41- (1.42- (1.46- (1.19- (0.29- (0.11- (4.7-8.1) | (4.12- (10.1- (5.38- 8.35) (4.97-
42.55) 42.84) 44.22) | 35.81) 8.7) 3.33) 7.12) 17.43) 9.29) 8.57)
Vi3 Acetone Solvent-like, 966 4.73 28.52 26.21 18.56 29.44 39 26.61 17 13.86 21.06 25.73 3.9(3.22- 18.24
pungent, (22.96- (21.1- (14.94- | (23.7- (3.14- (21.42- | (14.02- (11.44- (17.37- (21.23- 4.73) (15.05-
sweet 35.43) 32.56) 23.06) | 36.58) 4.85) 33.06) | 20.6) 16.8) 25.52) 31.19) 22.1)
vi4 2-Butanone Sharp, 948 6.05 52.57 84.96 81.77 98.93 16.23 55.21 59.66 31.33 952 127.6 13.68 77.47
sweet, (47.01- (75.98- (73.13- | (88.48- (14.52- | (49.38- | (24.95- (13.1- (39.82- (53.37- (5.72- (32.41-
acetone-like 58.78) 94.99) 91.43) | 110.62) | 18.15) | 61.73) | 142.61) | 74.89) 227.59) | 305.03) 32.7) 185.21)
Vi5 3-Methyl-2- Fruity, 887 6.67 028 (0- | 027(0- | 0.1(0- | 0.42(0- | nd. 0.11 0.32 0.23 0.36 0.48 0.45(0.31- | nd.
butanone pungent 159.25) 155.02) | 57.02) | 238.1) (0- (0.22- (0.16- (0.25- (0.33- 0.65)
0.08) 0.46) 0.33) 0.52) 0.69)
Vie 2,3- Buttery, 843 7.73 13.84 9.85 8.14 9.41 12.84 143 8.6 4.54 5.8 4.74 7.2 (5.81- 6.5(5.24-
Butanedione creamy (9.76- (6.94- (5.74- (6.63- (9.05- (10.08- | (6.94- (3.66- (4.68- (3.82- 8.92) 8.06)
19.63) 13.97) 11.55) 13.35) 18.21) | 20.29) | 10.67) 5.63) 7.19) 5.87)
V17 2-Heptanone Fruity, 881 13.54 | 0.77(0- | 0.75(0- | 0(0- 0.39(0- | nd. 0.77 0.34 0.31 0.29 0.31 0.28 (0.22- | 0.23
cheese-like 301.59) | 292.8) 0.02) 154.51) (0- (0.26- (0.23- (0.22- (0.24-0.4) | 0.37) (0.18-
300.28 | 0.44) 0.4) 0.38) 0.31)
)
Vis 3-Penten-2-one | Fruity, green 937 11.93 11.27 11.09 9.04 9.81 1.48 17.98 10.66 4.02 20.13 4.61 11.06 1.77
(6.91- (6.8- (5.55- (6.02- (0.91- (11.03- | (6.79- (2.56- (12.82- (2.94- (7.04- (1.13-
18.37) 18.08) 14.74) 16) 2.41) 29.32) | 16.74) 6.32) 31.6) 7.23) 17.36) 2.78)
V19 cis-2- Minty, 915 20.48 0.43 0.48 0.19 0.39 0.31 0.49 0.52 0.49 0.14 0.43 0.69 (0- 0.06
Methylcyclohex | camphor-like (0.2- (0.23- (0.09- (0.19- (0.15- (0.23- (0.34- (0.32- (0.09- (0.091- 1.23) (0.04-
anol 0.91) 1.01) 0.4) 0.83) 0.66) 1.04) 0.79) 0.75) 0.21) 1.48) 0.09)
V20 1-Hydroxy-2- Buttery, 864 17.11 1.43(1- | 112 1.28 0.97 0.49 1.28 1.01(0- | 0.76 (0- | 0.51(0- | 0.67 (0- 0.57 (0- 0.09 (0-
propanone sweet 2.05) (0.78- (0.9- (0.67- (0.35- (0.89- 648.02) | 483.98) | 329.68) 1.61) 251.86) 1.61)
1.6) 1.83) 1.38) 0.71) 1.82)
V21 2- Minty, 902 17.28 0.19 0.24 0.16 0.3 n.d. 0.26 0.26 (0- | 0.22(0- | 0.23(0- | 0.19(0- 039 (0- | 0.01 (0-
Methylcyclohex | solvent-like (0.15- (0.18- 0.13- | (0.24- 0.2- 84.42) 72.54) 75.13) 63.64) 1.61) 1.61)
anone 0.25) 0.3) 0.21) 0.39) 0.33)
V22 Acetoin Butter, sweet 907 16.70 | 63.13 50.02 67.72 42.93 31.09 48.49 284 17.54 18.17 14.08(5.6 | 13.32 15.74(4.6
(51.71- (40.96- (55.46- | (35.16- (25.46- | (39.72- | (0.06- (0.04- (0.04- 7-23.45) (0.03- 7-53.45)
77.09) 61.07) 82.69) | 52.42) 37.96) | 59.21) | 13746.8 | 8490.59 | 8795.9) 6445.23)
5) )
V23 6-Methyl-5- Green, 896 18.06 0.49 0.36 0.42 031 0.11 0.21 0.36 0.31 122 0.08 0.19 (0.11- | 0.36
hepten-2-one herbal 0.31- (0.23- 0.26- | (0.19- 0.07- | (0.14- | (0.21- (0.18- 0.71- (0.05- 0.33) 0.21-
0.78) 0.57) 0.66) 0.48) 0.17) 0.34) | 0.62) 0.53) 2.11) 0.14) 0.61)
V24 Ethyl butanoate Fruity, 941 9.31 1.39 1.68 1.96 1.53 1.23 1.32 1.24 3.03 1.96 1.94 1.74 (0.66- | 0.97
pineapple, (1.09- (1.31- (1.53- (1.19- (0.96- (1.03- (0.88- (2.14- (1.38- (1.37- 2.33) (1.21-
sweet 1.79) 2.16) 2.51) 1.96) 1.58) 1.69) 1.76) 4.3) 2.78) 2.76) 2.44)
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V25 Ethyl 2- Fruity, 943 9.76 2.66 3.08 3.81 2.81 1233 427 7.98 17.73 14.23 11.25 6.29 (4.08- | 49.26
methylbutanoat | sweet, apple- (1.78- (2.06- (2.55- (1.88- (8.26- (2.86- (5.18- (11.5- (9.23- (7.3- 9.69) (31.96-
e like 3.98) 4.6) 5.68) 4.2) 18.42) | 6.38) 12.3) 27.33) 21.93) 17.34) 75.93)
V26 Ethyl 3- Fruity, 947 10.19 8.56 9.21 11.33 8.38 5.05 11.12 5.97 7.59 10.24 7.02 5.55(4.24- | 541
methylbutanoat | sweet, apple- (6.37- (6.85- (843- | (6.23- (3.75- | 827- | (4.57- (5.81- (7.83- (5.37- 7.25) (4.14-
e like 11.51) 12.38) 1524) | 1127) | 6.79) 14.96) | 7.8) 9.92) 13.38) | 9.18) 7.07)
V27 2-Methylpropyl Fruity, 862 1332 | 0.09(0- | 0(0- 0.11 0.05(0- | 0.25 0.03 0.07 0.15 0.34 0.1 (0.06- | 0.04(0.02- | 2.32
2- tropical, 614.23) | 091) (0- 357.32) | (0- (0- (0.04- (0.09- (0.2-0.6) | 0.18) 0.07) (1.34-
methylbutanoat sweet 693.6) 1632.1) | 157.32 | 0.12) 0.26) 4.02)
e ).
V28 3-Methylbutyl Fruity, ripe 889 16.32 4.85 4.98 4.05 33 5.26 32 224 6.08 2.66 3.62 5.28(1.43- | 76.97
2 fruit (1.79- (1.84- (1.5- (1.22- (1.94- | (1.18- | (0.61- (1.65- 0.72- (0.98- 19.49) (20.86-
methylbutanoat 13.11) 13.46) 10.96) 8.92) 14.24) 8.67) 8.25) 22.41) 9.83) 13.34) 283.95)
e
V29 2-Methylbutyl Fruity, 829 16.40 | 0.21 0.22 0.37 0.18 0.37 0.21 0.05 0.15 0.21 14.06 1.85(0.92- | 15.72
2- sweet, wine- (0.06- (0.06- (0.11- (0.05- (0.11- (0.06- (0.03- (0.07- (0.1- (6.96- 3.74) (7.79-
methylbutanoat like 0.73) 0.76) 126) | 0.61) 128) | 072) | o011 0.29) 0.42) 28.38) 31.75)
e
V30 Methyl 3- Creamy, 870 19.18 0.73 0.43 1.37 1.54 0.08 1.66 1.73 0.45 2.9 0.31(0.2- | 0.13(0.08- | 1.13
hydroxy-3- buttery (0.53-1) | (0.31- (1- (1.12- (0.06- (1.21- (1.09- (0.29- (1.82- 0.5) 0.21) (0.71-
methylbutanoat 0.59) 1.88) 2.11) 0.11) 2.28) 2.76) 0.72) 4.62) 1.79)
e
V31 Ethyl 2- Fruity, 923 7.49 3.34 3.73 (3- 5.02 5.56 16.16 6.25 5.46 7.95 7.81 6.83 18.92 6.32
methylpropanoa | sweet, apple- (2.68- 4.65) (4.03- (4.47- (12.97- | (5.02- (4.69- (6.83- (6.71- (5.87- (16.25- (5.43-
te like 4.17) 6.26) 6.93) 20.13) | 7.79) 6.35) 9.25) 9.09) 7.96) 22.03) 7.35)
V32 Ethyl Floral, 867 29.37 | 0.67 0.84 0.61 122 0.7 1.25 0.85 1.14 0.51 16.34 1.4 (1.02- 6.24
phenylacetate sweet, (0.48- (0.61- (0.44- (0.89- (0.51- (0.91- (0.62- (0.83- (0.37- (11.89- 1.92) (4.54-
honey-like 0.92) 1.16) 0.84) 1.68) 0.96) 1.72) 1.17) 1.56) 0.71) 22.43) 8.57)
V33 Ethyl 3- Creamy, 921 23.02 | 4.54 552 8.66 9.4 3.88 16.34 24 3.81 2.33 0.6 (0.31- | 5.04(2.55- | 0.88
hydroxybutanoa buttery, (2.6- (3.16- (4.96- (5.39- (2.22- (9.36- (1.21- (1.92- (1.18- 1.2) 9.99) (0.45-
te sweet 7.92) 9.64) 15.13) 16.42) 6.78) 28.53) | 4.75) 7.54) 4.62) 1.75)
V34 Ethyl 2- Sweet, 899 18.25 1(0.59- | 045 1.32 0.48 7.65 0.52 0.25 0.61 1.41 239 9.08 (5.37- | 2.31
hydroxypropano | fruity, mild 1.7) (0.27- (0.78- (0.28- (4.51- (0.31- (0.15- (0.36- (0.83- (1.42- 15.35) (1.36-
ate 0.77) 2.23) 0.82) 12.95) | 0.88) 0.42) 1.03) 2.38) 4.05) 3.89)
V35 Ethyl acetate Fruity, 923 5.80 10.88 18.15 7.28 16.17 29.35 16.82 9.35 14.57 8.01 14.48 18.14 19.4
sweet, (8.23- (13.74- (5.51- (12.24- (22.22- | (12.73- | (8.52- (13.27- (7.3- (13.19- (16.52- (17.67-
pineapple 14.37) 23.97) 9.61) 21.36) 38.77) | 22.21) | 10.26) 15.99) 8.79) 15.9) 19.91) 21.29)
V36 Ethyl 4- Fruity, wine- 871 13.76 | 0.54 0.4 0.52 0.29 0.77 0.32 0.26 0.31 0.49 36.23 42.22 2.49 (1.4-
methylpentanoa like, sweet (0.31- (0.23- (0.3- (0.17- (0.45- (0.19- 0.15- (0.18- (0.28- (20.37- (23.74- 4.43)
te 0.92) 0.69) 0.9) 0.5) 1.32) 0.55) 0.46) 0.56) 0.87) 64.43) 75.08)
V37 Isobutyl acetate Fruity, 923 8.66 1.47 1.09 0.59 1.31 1.49 0.87 0.94 1.07 0.58 0.89 0.96 (0.47- | 3.19
sweet, (0.86- (0.64- 034- | (0.77- (0.87- | (0.51- | (0.46- (0.52- (0.28- (0.43- 1.97) (1.55-
banana-like 2.51) 1.87) 1) 2.24) 2.54) 1.49) 1.93) 2.21) 1.18) 1.83) 6.56)
V38 Methyl Fruity, 877 8.82 2.7 1.06 2.02 2.14 1.75 2.57 0.64 0.76 2.89 0.91 0.54 (0.41- | 1.82
isovalerate apple-like, (0.98- (0.38- 0.73- | (0.78- 0.63- | (0.93- | (0.48- (0.58- (2.18- (0.69- 0.72) (1.37-
sweet 7.46) 2.93) 5.56) | 5.91) 483) | 7.08) | 085) 1.02) 3.84) 1.21) 2.41)
V39 Propan-2-ol Alcoholic 966 6.76 2.62(0- | 426(0- | 4.05 7(0- 2.86 3.21 5.33 7.21 5.83 5.7(3.87- | 2.69 (1.82- | 3.19
3864.24 | 6273.04 | (0- 10318.7 | (0- (0- (3.61- (4.89- (3.96- 8.4) 3.96) (2.16-4.7)
) ) 59629 |) 4217.1 | 4.95) 7.85) 10.63) 8.6)
9) 3)
V40 Ethanol Alcoholic, 931 6.91 141.35 157.11 172.18 | 192.59 31437 | 23044 | 153.57 164.39 157.9 130.63 178.06 300.49
pungent (123.95- | (137.77- | (150.99 | (168.88- | (275.67 | (202.0 | (141.28- | (151.23- | (145.26- | (120.17- (163.8- (276.43-
161.19) 179.16) | - 219.62) | -358.5) | 8- 166.94) 178.7) 171.64) 142) 193.56) 326.64)
196.36) 262.79
)
V41 2-Butanol Alcoholic, 967 9.13 12.01 22.59 39.73 28.78 24.13 18.96 18.65 27.13 48.45 44.63 27.31 21.04
fruity (10.8- (20.31- (35.72- | (25.88- (21.7- (17.05- | (17.15- (24.95- (44.54- (41.03- (25.1- (19.34-
13.36) 25.12) 44.18) | 32.01) 26.84) | 21.09) | 20.29) 29.52) 52.7) 48.55) 29.7) 22.88)
V42 1-Propanol Alcoholic, 871 9.49 2.12 1.71 3.79 237 3.7 2.67 0.98 1.01 1.26 127 1.93 (1.62- | 2.25
fruity (1.72- (1.39- (3.09- (1.93- (3.01- 2.17- (0.82- (0.85- (1.06- (1.07- 2.29) (1.89-
2.6) 2.1) 4.66) 2.91) 4.54) 3.28) 1.16) 1.2) 1.5) 1.51) 2.67)
V43 2-Methyl-1- Alcoholic, 942 11.13 46.04 42.6 57 48.31 85.68 46.53 22.17 17.24 50.06 2334 22.89 79.97
propanol fruity (38.12- (35.27- (47.19- | (40- (70.94- | (38.52- | (19.13- (14.87- (43.19- (20.14- (19.75- (69-
55.61) 51.45) 68.85) | 58.35) 103.49) | 56.2) 25.7) 19.98) 58.02) 27.05) 26.53) 92.69)
V44 2-Methyl-1- Fruity, 951 14.37 | 42.69 47.98 39.09 49.96 27.76 42.78 53.67 29.49 54.66 189.47 151.58 2.02
butanol alcohol (34.73- (39.03- (31.8- (40.64- (22.58- | (34.8- (3.52- (1.93- (3.58- (12.43- (9.94- (0.13-
52.48) 58.98) 48.06) | 61.42) 34.12) | 52.59) | 818.29) | 449.61) | 833.4) 2888.96) | 2311.18) 30.86)
V45 3-Methyl-1- Malty, 946 14.44 | 521 448.92 468.62 | 480.24 551.23 | 424.96 | 200.79 164.11 365.04 190.07 152.19(0.1 | 587.79
butanol alcoholic, (450.6- (388.26- | (40529 | (415.35- | (476.74 | (367.5 | (0.26- (0.21- (0.47- (0.12- 0- (0.76-
pungent 602.4) 519.05) | - 555.27) | - 3- 154467. | 126250. | 280822. | 1134524 | 325125.1) | 452186.7
541.83) 637.35) | 49135 | 7) 4) 9) ) )
)
V46 1-Hexanol Green, leafy, 923 18.56 | 291 3.38 1.04 2.04 0.99 2.74 1.65 3.25 0.25 245 2.64 (1.92- | 0.49
fatty (2.23- (2.59- (0.8- (1.57- (0.76- 2.1- (1.2- (2.37- (0.18- (1.78- 3.63) (0.36-
3.8) 4.4) 1.35) 2.67) 1.29) 3.57) 2.26) 4.46) 0.35) 3.36) 0.68)
v47 3-Methylbutyl Fruity 937 11.71 1(0.03- | 1.07 3.19 5.19 22.54 8.74 0.04 (0- | 7.18 9.15 5.36 0.84 (0.08- | 0.44
acetate 34.03) (0.03- (0.09- (0.15- (0.66- (6.02- | 0.45) (0.7- (0.89- (0.52- 8.59) (0.04-
36.51) 108.68) | 176.85) | 768.7) | 25.13) 73.85) 94.09) 55.09) 4.48)
V48 Phenylethyl Floral, 883 3223 25.55 21.47 545 37.71 27.96 15.21 10.35 6.39 23.14 1.58 1.18 (0.63- | 38.14
alcohol honey-like (2032- | (17.07- | (4334- | (29.99- | (22.23- | (12.1- | (5.48- (3.39- (1226 | (0.84- 2.23) (20.2-
32.13) 27) 68.54) | 47.42) 35.16) 19.13) | 19.54) 12.07) 43.69) 2.98) 72.02)
V49 3,5-Dimethyl-4- | Mushroom, 889 22,12 | 345 239 1.16 1.55 nd. 1.67 0.46 0.37 0.21 2.28 433 (2.77- | nd.
heptanol earthy (2.16- (1.5- (0.72- (0.97- (1.05- (0.29- (0.24- (0.13- (1.46- 6.79)
5.5) 3.81) 1.85) 2.47) 2.67) 0.72) 0.58) 0.32) 3.58)
V50 (E)-2-Octen-1- Mushroom 881 2542 | 029(0- | 0(0- n.d. n.d. n.d. 0.13 0.22(0- | 0(0- nd. 0(0-3.36) | 0.05 (0- | nd.
ol 2275.06 | 1.24) (0- 9703.92 | 6.87) 2311.26)
) 1.19) )
V51 4-Methyl-2- Herbal, 808 17.02 | 0.61(0- | 0.71(0- | 0.08 049 (0- | 0.18 0.16 0.33 0.35 nd. 0.58 0.54 (0.34- | nd.
heptanol slightly 59664.3 | 692519 | (0- 475902 | (0- (- (0.21- (0.22- (0.36- 0.86)
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5) 2) 46.78) | 7) 19.06) | 0.02) 0.52) 0.56) 0.92)
V52 Butanoic acid Cheesy, 933 25.81 0.46 (0- | 0.54(0- | 0.06 0.01(0- 0.28 0(0- 0(0- 0.98 (0- | nd. 0.74 (0- 043 (0- | 0.28(0-
rancy 15812.0 | 18494.5 | (0- 2.43) (0- 3.15) 1.53) 7403.27 5549.62) | 3220.68) 2091.43)
6) 6) 331) 9397) )
V53 Acetic acid Vinegar, 977 21.11 22,6 22.96 10.83 10.78 4.6 11.42 10.76 19.17 2.66 7.52 531 (29- | 2.76
sour (15.64- (15.89- (7.49- (7.46- (3.18- (7.9- (7.32- (13.04- (1.81- (5.23- 8.2) (1.88-
32.65) 33.18) 15.64) 15.58) 6.65) 16.5) 15.83) 28.18) 3.91) 10.16) 4.06)
V54 2- Pungent, 879 2434 | 0.02 1.1 0.9 0.6 0.38 0.06 0.18(0- | 1.64(0- | 0.32(0- | 0.82(0- 0(0-0.04) | 0.25(0-
Methylpropanoi | sour, cheesy (0.01- (0.29- (0.24- (0.16- (0.1- (0.02- 92.26) 839.25) 162.36) 262.36) 128.67)
¢ acid 0.08) 4.13) 339) | 225 142) | 024)
V55 2- Fatty, 841 2677 | 6.4 8.27 9.39 4.18 351 3.92 4.92 7.22 2.73 0.36 1.31 (0.64- | 10.75
Methylhexanoic cheesy, (3.45- (4.46- (5.06- (2.25- (1.89- 2.11- (2.42- (3.55- (1.34- (0.18- 2.65) (5.29-
acid unpleasant 11.89) 15.35) 17.43) | 7.77) 6.51) 7.28) 9.99) 14.67) 5.54) 0.73) 21.85)
V56 2-Ethyl-6- Roasted, 851 19.55 nd. 0.58 (0- | n.d. nd. nd. nd. 1.09 (0- | 0.29(0- | 0.66 (0- | 1.34(0- 122 (0- | 0(0-0.08)
methylpyrazine nutty, 5.08) 633.64) 168.5) 385.1) 780.27) 707.21)
coffee-like
V57 | Trimethylpyrazi Earthy, 880 20.10 | 054(0- | 03(0- | 03(0- | 0.14(0- | 0.04 0.55 146 0.23 0.52 043 0.68 (0.36- | 0.24
ne nutty, 229.99) 127.04) 127.99) | 59.97) (0- (0- (0.76- (0.12- (0.27- (0.22- 1.31) 0.12-
roasted 0.03) 234.58 | 2.8) 0.44) 0.99) 0.82) 0.46)
)
V58 2,5- Roasted, 923 17.80 1.66 12 1.09 1.49 0.08 1.71 1.82 1.11 0.94 0.9 (0.79- | 1.67 (1.46- | 0.37
Dimethylpyrazi nutty, burnt (1.02- (0.74- (0.68- (0.92- (0.05- (1.06- (1.59- (0.97- (0.82- 1.04) 1.92) (0.32-
ne 2.68) 1.95) 1.77) 241) 0.14) 2.77) 2.09) 1.27) 1.08) 0.42)
V59 2,6- Roasted, 900 17.97 | 0.55 0.26 039 0.33 nd. 1.01 2.13 0.27 0.74 0.2 (0.1- 0.27 (0.13- | 0.22
Dimethylpyrazi | earthy, nutty (0.3- (0.14- (0.21- (0.18- (0.55- (1.07- (0.13- (0.37- 0.39) 0.53) 0.11-
ne 1.02) 0.49) 0.72) 0.6) 1.88) 4.25) 0.53) 1.48) 0.43)
V60 4- Earthy, 904 16.16 0.15 0.43 0.48 0.3 0.18 0.4 0.68 (0- 0.37 (0- 0.41 (0- 0.61(0- 0.71(0- 0.18 (0-
Methylpyrimidi | medicinal (0.08- (0.22- 024- | (0.15- 0.09- | (0.2- 3240.16 | 1749.92 | 1929.72 | 0.129) 0.231) 832.75)
ne 0.3) 0.85) 0.94) 0.6) 0.35) 0.78) ) ) )
V61 8- Woody, 851 17.72 | 0.12 0.19 0.21 0.24 n.d. 0.12 0.16 0.15 0.17 1.81 2.14 (1.51- | 0.5(0.35-
Oxabicyclo[5.1. herbal (0.09- (0.14- (0.15- (0.18- (0.08- 0.11- (0.1- (0.12- (1.28- 3.04) 0.7)
OJoctane 0.16) 0.26) 0.28) 0.33) 0.16) 0.22) 0.21) 0.24) 2.57)
V62 Styrene Sweet, 957 1572 | 3.51(0- | nd. 1.71 0.47(0- | 1.8(0- | 091 0.76 0.75 0.86 0.61 0.71 (0.4- | 1.98
floral, 2485.73 (0- 330.08) 12754 | (0- (0.43- (0.42- (0.48- (0.34- 1.27) (1.11-
balsamic ) 1211.3 4) 644.68 | 1.36) 1.34) 1.53) 1.09) 3.54)
6) )
V63 Acetamide Nutty, sweet 955 2892 | 3.14 1.89 (0- | nd. 0.22(0- | nd. 112 2.23 3.08 0.12 0.9 (0.53- | 1.24 (0.74- | 0.1 (0.06-
0.01- 862.45) 100.73) (- (1.32- (1.82- 0.07- 1.51) 2.1) 0.16)
1435.78 511.04 | 3.77) 52) 0.2)
) )
V64 2-Methylfuran Sweet, 869 5.92 3.58 3.06 1.08 2.11 2.97 1.19 3.13 222 1.34 2.77 2.59 (2.15- | 1.1(0.91-
ethereal, (2.89- (2.46- (0.87- (1.7- (2.39- (0.96- (2.6- (1.85- (1.12- (2.31- 3.11) 1.32)
nutty 4.45) 3.8) 1.33) 2.62) 3.68) 1.48) 3.77) 2.68) 1.62) 3.34)
V65 Phenol Medicinal, 962 33.98 1.49 0.25 0.59 0.79 0.12 0.20 0.50 0.47 0.40 0.54 0.27 0.36
tarry, smoky
Identified based on a comparison of mass spectra and retention index data with those in reference databases.
*Aroma descriptions obtained from the database of The Good Scents Company (https://www.thegoodscentscompany.com)
**NIST = Match number in spectral database
***RT (min) = Retention time in the capillary GC column
Analyses were conducted separately for uncooked and cooked samples.
n.d. = Not detected
Results are presented as back-transformed LSmeans with 95% Confidence Intervals (CI) for V1-V64. LSmeans unit [counts X s X 10°] n= 3.
= LSmeans with standard error for V65 Phenol, since its data was normally distributed.
Analyses were conducted separately for uncooked and cooked samples.

catabolism, leading to varied alcohol production.

1-Hexanol, a key contributor of beany off-flavour which is produced
via enzymatic oxidation of linoleic acid and is commonly found in the
VOC profiles of legumes and cereals, has been quantified in faba beans
without fermentation (Tuccillo et al., 2022a). A significant increase (p
< 0.05) in 1-hexanol was observed in LAB treated samples (Fig. 3C),
suggesting its formation was primarily due to auto-oxidation of poly-
unsaturated fats. The sample with No LAB had significantly lower (p <
0.05) levels of 1-hexanol in the cooked group but it was not the case for
LAB group.

In this study, (E)-2-octen-1-ol, was detected in five out twelve sam-
ples (Table 2, Fig. 2 V50). For instance, the highest levels were found in
1F uncooked and cooked, while a slight increase was found in the group
with LAB. According to Chukeatirote et al., (E)-2-octen-1-ol was detec-
ted only in tempeh from soybean fermented in co-cultivation of
R. microsporus and Bacillus subtilis TN51 (Chukeatirote et al., 2017). This
compound is rarely mentioned in plant-based fermented foods but is
well-characterised in edible mushrooms like pine mushroom (Tricho-
loma matsutake (S. Ito and S. Imai) Singer), where it contributes to the
desirable mushroom flavours with distinct fungal and buttery notes (Cho
et al., 2008).

In the aldehydes group, 12 VOCs were detected in all samples. These
VOCs are generated from various substrates such as amino acids, free
fatty acids, and sugars (Roland et al., 2017). Notably, two important
VOCs hexanal (V4) and nonanal (V6) were detected in all samples, as
they have a significant negative influence on the sensory perception due

to their beany, grass-like, fresh green, waxy, and earthy notes (Jiang
et al., 2016). Hexanal is produced from the oxidation of linoleic acid,
while nonanal is derived from oleic acid oxidation (Lampi et al., 2015).

Samples pre-treated with LAB contained of lower hexanal levels;
while, only sample 8FL-C exhibited a significantly increased hexanal
formation (p < 0.05) in cooked compared to uncooked. Conversely,
while hexanal levels were the highest in the sample 8FL-C, nonanal
showed the highest value in 8F-C without LAB. Both hexanal and
nonanal were detected at low levels in 100 % faba bean tempeh (1F and
1FL) compared to faba bean-whole-grain oat tempeh, likely due to
endogenous lipid oxidation and/or oxidation from the oats during
cooking.

Hexanal and nonanal tended to slightly increase in samples treated
with the combination of LAB and cooking; Feng, Larsen, and Schniirer
(Feng et al., 2007) had reported hexanal and nonanal VOCs in soybean
tempeh. However, in their study a total reduction of hexanal was
observed after 20 h of SSF in barley tempeh with and without
L. plantarum SR 3.60 (Feng et al., 2007); it was attributed to the action of
SSF with R. microsporus (Feng et al., 2007).

Pentanal was not detected in this study, despite being frequently
reported in faba beans and their fractions, where it negatively contrib-
utes to the sensory profile with a strong beany off-flavour (Akkad et al.,
2019), (Tuccillo et al., 2022a), (Stone et al., 2024), (Xiang et al., 2023).

Some aldehydes are associated with desirable flavours, such as
acetaldehyde with fruity notes, benzaldehyde with almond-like notes,
and (Z)-2-butenal with roasted, nutty, and umami-like notes. All of these
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Fig. 2. Heat map analysis for the discriminatory VOCs on the two main groups of —~U: uncooked and -C: cooked, -No LAB and -LAB; VOC names are depicted on the
right side and grouped by functional groups. Mark indicates some of the most influential VOCs in the flavour of tempeh-like products based on their well described
sensory profile in food products; descriptions obtained from database of The Good Scents Company (https://www.thegoodscentscompany.com). Scale intensity is
presented as the values of areas under the peaks (counts x s), colour ranging from white as zero to red as >10® (counts x s).

VOCs were detected in almost all tempeh samples, except for the sam-
ples 9FL and 8FL, where benzaldehyde was detected only in cooked
samples (Fig. 2, V11). This component has been linked to lactic acid
fermentation from the amino acid phenylalanine (Rajendran et al.,
2023) and typical odour-active Maillard reaction end products including
Strecker aldehydes (Li et al., 2022).

Eleven volatile ketones were detected in this study, with 2-butanone,
acetoin, and acetone being the most dominant compounds in all tempeh
samples, showing the highest peak areas within the ketone chemical
group. The presence of 2-butanone in this study is associated with LAB,
as most samples showed an increase in this compound, particularly,
when combined with cooking. This ketone is perceived with sweet and
solvent-like notes (Rajendran et al., 2023) and has been reported in
another study as the most dominant compound in soybean tempeh,
though it was also present in barley tempeh without and with LAB (Jelen

et al., 2013). Moreover, Stone et al. (2024), reported 2-butanone as one
of the major volatile organic compounds in fermented chickpea and faba
bean protein isolates, following fermentation with LAB, Aspergillus ory-
zae and Aspergillus niger, separately.

Acetoin (3-hydroxy-2-butanone) was consistently detected with high
levels in all uncooked samples but significantly decreased (p < 0.05) in
all cooked samples. Its presence in uncooked faba bean, whole-grain oat,
and tempeh products has not been previously documented but Feng,
Larsen, and Schniirer (Feng et al., 2007) noted its formation in MEA
from Rhizopus oligosporus fermentation. Acetoin is perceived with
desirable flavours of creamy and buttery notes (Xiao and Lu, 2014). A
study found that LAB 23169 increased acetoin levels in mung beans,
enhancing fermentation through its “deodorisation” effect and the
development of other desirable VOCs (Vi et al., 2021).

In the 8F-U sample (No LAB), three VOCs as 3-methyl-2-butanone, 2-
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Fig. 3. A. Typical chromatogram with the volatile organic compound profile of cooked 100 % faba bean tempeh with LAB as pre-treatment (1FL-C) with up to 43 min
retention time. B. Category distribution ( %) of the VOCs by chemical group in the six tempeh-like products with uncooked and cooked samples. C. Selected VOCs
associated with beany off-flavours hexanal, nonanal, and 1-hexanol, and selected desirable odour-masking compounds, acetoin, 3-methly-1-butanol, and acetic acid,
in tempeh-like products, X-axis show the samples, Y-axis indicates the relative peak area intensity [counts*s], n = 3. —U: uncooked and —C: cooked, light colours No

LAB, dark colours LAB.

heptanone, and 2-methylcyclohexanone were not detected but they
were present in the cooked sample. In contrast, 8FL-U showed detectable
levels of these compounds, although in lower concentrations compared
to other samples. Those compounds may play a flavour enhancing role
due to their odour complexity, contributing fruity, sweet, and herbal
notes, as found in mature cheeses (Engels et al., 2022).

Four acid VOCs were detected in all samples, with 2-methyl hexanoic

10

acid, and acetic acid being the most dominant within the group. Hex-
anoic acid provides cheesy notes, while acetic acid gives sour and
vinegar-like notes (Rajendran et al., 2023). In this study, acetic acid
increased significantly (p < 0.05) in LAB samples, while comparing 1F
and 1FL both in U and C treatments. The combined effect of L. plantarum
and cooking intensified acetic acid (Fig. 3C, V53). Acetic acid is
considered as an effective flavour-masking compound and has been
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Fig. 4. Correlation of dominant volatile compounds, based on their semi-quantification, with aroma descriptors obtained from The Good Scents Company database

(https://www.thegoodscentscompany.com).

Table 2

Textural and moisture properties of tempeh-like products made from faba bean and a mix of faba bean and whole-grain oat, pre-treated by soaking without or with

L. plantarum, in the uncooked and cooked states.

Prototype 1F 9F 8F SE p-value, Prototype  p-value, LAB  p-value, Prototype*LAB

100 % faba bean 92 %Faba bean+8 %whole- 85 %Faba bean+15 %whole-

grain oat grain oat

Soaking NoLAB LAB NoLAB LAB NoLAB  LAB
UNCOOKED
Moisture ( %) 68.9° 68.3%  69.9° 67.9% 68.6% 65.7° 2.24 0.308 0.086 0.63
TPA
Hardness (N) 23.0¢ 48.8°  34.2° 63.8° 55.2° 74.0° 2.24 <0.001 <0.001 0.089
Adhesiveness (N.s) ~ —1.3% -1.3*  -1.9° —o.8a —0.8% ~1.7% 0.43 0.9703 0.795 0.0889
Cohesiveness 0.2¢ 0.3% 0.2¢ 0.3 0.3° 0.3% 0.02 0.0902 <0.001 0.001
Springiness ( %) 33.0° 49.3° 258 41.1¢ 36.8¢ 38.5¢ 2.20 0.015 <0.001 0.010
Chewiness (N) 1.5¢ 8.2b 2.0¢ 8.8° 6.3 8.8° 0.48 <0.001 <0.001 0.001
COOKED
Moisture ( %) 65.6° 63.2°  65.8° 63.7% 65.7% 66.2° 0.83 0.193 0.076 0.207
TPA
Hardness (N) 56.3¢ 56.8°  51.9¢ 63.3° 73.5% 47.64 21 0.197 0.020 <0.001
Adhesiveness (N.s) ~ —2.3% -0.8* —-1.1° -1.2% -0.8% -1.5% 0.44 0.504 0.520 0.070
Cohesiveness 0.3 0.3 0.3 0.3 0.3 0.3 0.016 0.953 0.424 0.051
Springiness ( %) 33.3° 345°  37.9° 35.1° 36.7° 40.6° 2.2 0.145 0.678 0.364
Chewiness (N) 6.2 5.3¢ 5.5¢ 6.9° 8.0° 5.74 0.25 0.003 0.013 <0.001

Values represent LSmeans and SE.

Mean values in the same row with different letters differ significantly (p < 0.05).

Bold p-values represent significant differences.

Moisture ( %) and TPA, n = 3. -U: uncooked and -C: cooked groups.

reported in soybean tempeh and other fermented faba bean products
(Feng et al., 2007), (Tuccillo et al., 2022b). However, its presence in
tempeh may come from the direct addition of vinegar in the production
process, as in the soaking medium and/or before R. microsporus inocu-
lation (Feng et al., 2007). In our case here, no vinegar was added.
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The concentration of pyrazines significantly increased (p < 0.05)
with cooking due to Maillard reactions that were triggered by high-
temperature exposure (Wang et al., 2021). In this study, VOCs such as
2-ethyl-6-methylpyrazine, 2,6-dimethylpyrazine, and two other related
VOCs were identified in tempeh samples. These compounds are
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associated with nutty, caramelised, and roasted notes, which help to
mask off-flavours in plant-based materials (Bi et al., 2020). For instance,
2-ethyl-6-methylpyrazine was detected in only 1 of the 6 uncooked
samples (1FL-U). However, after cooking, it was present in all samples,
where 9FL-U (uncooked) showed no detection, while 9FL-C (cooked)
exhibited the highest concentration among all samples.

Six VOCs were classified in the “others” group, including ethers,
amide, and furan. The most dominant compounds in this group were 2-
methylfuran and phenol. 2-methylfuran increased in samples treated
with LAB and after cooking. 2-methylfuran is a key VOC commonly
found in soybean paste fermented with Aspergillus oryzae and in other
brine fermentation processes on plant-based materials (Kum et al.,
2015).

LAB soaking significantly increased certain esters, acids, and pyr-
azines, enhancing fruity, sour, and roasted notes while reducing or
preventing the formation of high concentrations of alcohols and alde-
hydes, which contribute to beany and grassy off-flavours. LAB helped
prevent excessive alcohol and aldehyde formation while promoting
compounds that enriched the tempeh-like aroma, creating a more
complex and improved flavour profile. Cooking further intensified
roasted and nutty notes by increasing pyrazines and ketones while
reducing alcohols and acetoin.

Comparing the different prototypes, the addition of whole-grain oats
generally resulted in higher concentrations of ketones and aldehydes
and lower alcohol levels, suggesting a more diverse aromatic profile,
especially in cooked samples. The LAB soaking process had a significant
impact on VOC concentrations in samples with whole-grain oats
(Fig. 3B), indicating a richer profile that may enhance the tempeh-like
flavour while also helping to mask off-flavours in faba beans and
whole-grain oats.

3.1.3. Impact of LAB soaking pre-treatment and SSF on Tempeh’s VOC
profile

This study demonstrated that soaking with L. plantarum as a pre-
treatment altered the VOC profile of tempeh uncooked and cooked,
where 32 of 65 VOCs (uncooked group) and 44 of 65 VOCs (cooked)
were significantly different due to the “LAB” as explanatory/indepen-
dent variable (no L. plantarum and L. plantarum) in the statistical model
(Appendix A2 Table A2). L. plantarum treatment appeared to enhance
the tempeh odour profile, through complex microbial and enzymatic
processes. The mechanism of odour and flavour development may rely
on the induced fermentation stage during the soaking process, where the
production of lactic acid, acetic acid, ethanol, and carbon dioxide by
L. plantarum leads to favourable changes in the VOC profile (Engels
et al., 2022), (Yi et al., 2021). This metabolic shift resulted in increased
levels of desirable VOCs as ketones, acids, and pyrazines, associated
with sweet, buttery, nutty, and roasted notes, alongside simultaneously
reduced formation of off-flavours, typically associated with some alco-
hols and aldehydes mentioned previously (Rajendran et al., 2023).

These sensory improvements were further amplified during SSF with
R. microsporus in the tempeh production process as it generated pro-
teases, lipases, and amylases, which broke down proteins, fats, and
starches into VOCs, enriching the aromatic profile with malty, nutty,
fruity, and alcoholic notes. For instance, R. microsporus produces pecti-
nases and cellulases, releasing sugars that participate in Maillard re-
actions and caramelisation in heat exposure, leading to the formation of
pyrazines that impart roasted, nutty, and sweet notes (Yin et al., 2023).
Fig. 4 shows correlation between some of the most dominant and sig-
nificant VOCs with aromatic descriptors.

However, understanding the flavour of fermented legume-cereal
products requires linking VOC analysis to sensory perception. The
next section uses descriptive analysis to explore how volatile compounds
shape the sensory attributes, highlighting key odour and taste
characteristics.
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3.2. Sensory evaluation

3.2.1. Descriptive analysis

The tempeh-like products made from faba bean and a mixture of faba
bean and whole-grain oat in this study exhibited a diverse sensory
profile, see Fig. 5. In general, the butter and flour odour attributes were
relatively mild compared to the most intense notes of fermented, beany
and sweet odours. However, nutty and ethanol odours were significantly
different (p < 0.05) in both uncooked and cooked groups (Appendix A3
Table A3).

In terms of taste, the higher sourness compared to bitterness pro-
vided a better balance to the flavour, in tempeh-like products. Moreover,
umami was the most intense taste perceived by the panel see Fig. 4. The
texture of tempeh-like products was described as crumbly and grainy,
with a noticeable chewiness and softness. The overall appearance of all
the samples was compact, with significant differences in the colour as
golden hue (due to the cooking/roasting process) with a slightly grey
undertone.

In the cooked samples, LAB treatment resulted in a more intense
overall odour, with a slight increase in beany and nutty notes. However,
only nutty and ethanol odours showed a significant difference (p <
0.05) due to the LAB treatment in cooked sample (Appendix A3
Table A3). In terms of taste, sourness differed significantly across sam-
ples (p = 0.006), and umami intensity was significantly affected by
soaking with LAB treatment (p = 0.001), reaching up to 5.1 in 8FL
compared to 3.8 in F8 (no LAB); the same tendency was observed in the
other tempeh-like products (Fig. 4). However, no significant differences
were found due to the interaction effect between prototype and LAB
treatments. Sweetness and sourness were slightly higher in LAB group,
while bitterness and astringency remained similar between both
groups.

In general, all odour attributes were perceived as slightly more
intense in the cooked samples compared to the uncooked ones. On the
other hand, the ethanol odour decreased significantly (p < 0.05) in the
LAB compared to No LAB, while the fermented odour showed a slight
but non-significant reduction. LAB and cooked group exhibited the
highest overall odour intensity (Fig. 4, Table A3).

Significant sensory profile differences (p < 0.05) in cooked samples
were highly associated with the effect of prototype formulations. Higher
whole-grain oat content prototypes, such as 85 % faba bean +15 %
whole-grain oat (8F and 8FL), generally exhibit higher sourness,
elevated nutty, sweet, butter, and ethanol odours, as well as increased
chewiness, and compactness in texture (Fig. 4). In contrast, the 100 %
faba bean formulation (1F) retains softer textures and milder flavour
profiles. These differences suggested that the inclusion of whole-grain
oat notably influenced the overall sensory profile, intensifying specific
odours, tastes, and texture characteristics in cooked tempeh.

Regarding texture described by the panel, all attributes as graininess,
crumbliness, softness, and chewiness were significantly different (p <
0.05) due to LAB treatment. For instance, 1F and 1FL had significantly
lower chewiness (p < 0.05) values of 3.5 and 4.4 compared to 8F and
8FL with 4.4 and 6.3 (in average), respectively. However, the highest
chewiness values of 6.5 and 6.3 were reported in samples 9FL and 8FL,
respectively. These results are related to appearance analysis, where the
compactness attribute was significantly higher (p < 0.05) in all samples
with LAB compared to those without LAB. Compactness was defined by
the panellists in the training session as the position of the beans close to
each other by the mycelium. Higher compactness values may consider as
a positive attribute that contributes to an appealing texture. Photo-
graphs of uncooked and cooked tempeh samples, both without and with
LAB, are presented in supplementary material Appendix A4.

Descriptive analysis helps create a detailed sensory profile by eval-
uating key attributes such as appearance, texture, and flavour, while
highlighting differences between them as observed in the spider chart in
Fig. 4 and Table A3. However, training for this process is resource-
intensive and may not always align with consumer perceptions
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Fig. 5. Sensory profile of tempeh-like products made from faba bean and a mixture of faba bean and whole-grain oat, pre-treated by soaking without or with
L. plantarum, in cooked states. O: odour; A: appearance; T: taste; Tx: texture; presented as means of 3*8 evaluations on a scale 0-10; statistically significance (p <

0.05) due to prototypes treatment and prototypes and LAB treatments.

(Tuccillo et al., 2022a).

3.2.2. Affective test

The hedonic scale test was conducted using a nine-point balanced
scale with 107 participants from Sweden and Finland. Only the cooked
samples pre-treated with LAB during soaking were included as 1FL, 9FL
and 8FL. This selection was based on their balanced sensory profiles, as
identified by the semi-trained panel, thus, their potential for higher
likability compared to the tempeh-like products without L. plantarum
soaking. Moreover, the analysis was streamlined by reducing the num-
ber of samples from six to three, considering that the hedonic panel was
not trained. This approach allowed for a detailed comparison of the
effect of the raw materials used in the tempeh-like products on likability.

The data is presented with frequency data table and overall average
mean in Fig. 6; a significant difference was found among all three
samples.

The addition of higher concentration of whole-grain oat to the faba
bean base to produce tempeh positively impacted the acceptance scores,
with 8FL (85 % faba bean + 15 % whole-grain oat) receiving the highest
score of average 5.7 compared to only faba bean (4.7) and 92 % faba
bean + 8 % whole-grain oat samples (5.1) (1FL and 9FL, respectively).
This is a favourable outcome compared to the unprocessed faba bean
flour or its fractions (Tuccillo et al., 2024), showing an enhancement of
sensory qualities due to fermentation.

While analysing the sensory profile of the cooked 8FL sample with
LAB, it was noted to have the lowest intensity in bitterness and sweet-
ness, but a high intensity in sourness and the highest umami score
among all samples. 8FL sample also received the second highest chew-
iness score from the panel, which aligns with its low crumbly and grainy
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Fig. 6. Affective test results on cooked tempeh samples, A. Distribution of
overall liking scores and B. Total average hedonic scores of tempeh-like prod-
ucts made with L. plantarum soaking treatment, evaluating 1FL: 100 % faba
bean, 9FL: 92 % faba bean 8 % whole-grain oats, and 8FL: 85 % faba bean 15 %
whole-grain oats mixtures (n = 107).
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texture rating.

Compared to soybean tempeh, which is the most commonly sold
variety worldwide and in Sweden, some studies have reported to have an
average acceptance score of 7.91 soybean tempeh deep fried
(Rahmawati et al., 2021) and 5.5 soybean tempeh air fried with no oil
addition (Dahlan et al., 2022); the scores for 1FL and 9FL tempeh in our
study remained relatively lower. On the other hand, red kidney bean
tempeh has been reported with an overall acceptance score of 4.21 and
the combination of soybean with red kidney (75:25) shows a higher
score of 7.18 in deep oil fried conditions (Rahmawati et al., 2021). In
another study, velvet bean tempeh obtained a 3.04 score on the hedonic
scale while soybean had 6.04 and the combination of soybean with
velvet bean (70:30) reported a score of 5.48 (Fitri et al., 2024). As dis-
cussed previously, the cooking method is an important consideration in
this study as no oil was added; alternative preparation methods could
enhance the sensory profile. Thus, faba bean and whole-grain oat pre-
sent a promising alternative for producing tempeh-like foods, reducing
the dependence on soybean.

3.3. Physical properties: TPA and moisture content

The analyses for physical properties included moisture content and
texture profiling are presented in Table 2. Moisture content ranged from
63.2 % to 69.9 % among all samples, where uncooked samples generally
had a higher moisture than cooked ones, probably due to water evap-
oration during the heat processing. Compared to our previous study on
faba bean tempeh, these faba bean and faba bean-whole-grain oat
tempeh prototypes showed slightly higher moisture content in the un-
cooked group. However, in this study, a similar trend of lower moisture
values was observed in samples with LAB treatment across both un-
cooked and cooked groups compared to our previous research
(Fernandez Castaneda et al., 2024).

The highest chewiness from sensory evaluation by the semi-trained
panel was observed in sample 9FL, with a corresponding high TPA
chewiness (N), though this association was not consistent for samples 8F
and 8FL across both methods. Nevertheless, both sensory and TPA
analysis identified that faba bean and whole-grain oat mix samples had
higher chewiness. Additionally, higher moisture content was associated
with lower hardness and greater softness, consistent across TPA and
sensory assessments.

Tempeh soaked with LAB showed notable texture improvements,
with higher chewiness alongside reduced graininess and crumbliness
compared to untreated samples. Enhanced mycelium formation by
R. microsporus during SSF likely contributed to a more cohesive texture,
making the product more appealing.

From another perspective, the multivariate analysis highlights as-
sociations between VOCs (uncooked and cooked) and sensory attributes
(cooked), as shown in Appendix A5 (Figs. A2 and A3). The sensory PCA
explains more variance (76.9 %) than the VOC PCA (51.3 %), indicating
stronger differentiation in sensory data. The PLS analysis clarifies re-
lationships between physicochemical properties (VOCs, texture, mois-
ture) and sensory attributes, as shown in Appendix A5 (Fig. A4). For
instance, umami taste and flour and beany odour are positively linked to
certain esters and alcohol VOCs, while crumbliness and softness are
negatively related and associated with 100 % faba bean tempeh NO LAB
samples. These results suggest volatiles play a crucial role in shaping
sensory profiles and could inform strategies for optimising sensory
characteristics in tempeh-like products.

4. Conclusion

The study evaluated the effects of raw materials and soaking pre-
treatment without and with L. plantarum on the volatile and sensory
profiles of uncooked and cooked tempeh-like products. A total of 65
VOGCs, including 3-methyl-1-butanol, ethanol, and acetic acid, were
grouped into esters, alcohols, aldehydes, ketones, acids, pyrazines, and
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others. LAB pre-treatment reduced pungent alcohols (e.g., 3-methyl-1-
butanol) and increased desirable compounds such as ketones, alde-
hydes, esters and acids contributing to fermented, nutty, buttery, sour,
roasted, and umami notes.

LAB pre-treatment combined with SSF using R. microsporus enhanced
odour complexity, masking beany and musty odours, while increasing
umami taste and sourness (p < 0.05). Bitterness and astringency
remained steady, but increasing umami taste and sourness modulated
the off-flavours.

Significant texture changes were observed in LAB treated tempeh, as
shown by sensory analysis and TPA. The inclusion of whole-grain oat
and LAB-soaked treatments increased chewiness and reduced graininess,
especially in samples with 85 % faba bean +15 % whole-grain oat
treated with LAB. This tempeh-like product exhibited enhanced volatile,
sensory, and texture profiles, leading to greater likability compared to
only faba bean tempeh amongst the participants living in Sweden and
Finland.

This study offers important insights into the role of different raw
material combinations and fermentation processes, including microbial
inoculation as a pre-treatment, in shaping the flavour profile of tempeh
made from faba beans and faba bean-whole-grain oat mixtures. It
highlights the potential for producing sustainable and high-quality
tempeh-like products with an enhanced flavour.
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