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Abstract: There is a long history of using fermentation in food production. Edible seeds, such as certain beans and
cereal grains, are important in the human diet and provide many health benefits. Various microbes, such as lactic acid
bacteria, molds, and yeasts, considered as generally recognized as safe (GRAS) microbes, are commonly used to ferment
edible seeds and their products. Fermentation can change bioactive components and produce new bioactivities. In order to
highlight the importance of fermentation on bioactive components and bioactivities in edible seeds, this review, therefore,
summarizes recent relevant studies and discusses fermentation procedures and influences of fermentation on their bioactive
components and bioactivities. Overall, fermented edible seeds and their products contain enhanced bioactive components,
especially γ -aminobutyric acid and natural phenolics, and they possess versatile bioactivities, such as antioxidant and anti-
cancer effects, and, therefore, can be recommended as an important part of the human diet, or they can be developed
into functional foods to help in the prevention of certain chronic diseases.

Keywords: anti-cancer effect, anti-hypertensive effect, antioxidant effect, beans, bioactive peptides, cereal grains, fermen-
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Introduction
Fermentation, an ancient food biotechnology, is still commonly

employed in the food industry to extend shelf-life as well as to im-
prove nutritional and sensory qualities of foods (Bourdichon and
others 2012). This technology mainly includes natural and inocu-
lated fermentations. The former utilizes the endophytic microbes
naturally occurring on plant-based foods to perform the fermen-
tation process, such as to make the traditional broad bean paste in
China, while the latter is commonly carried out by inoculation
of generally recognized as safe (GRAS) microbes into plant-based
foods or milk-based foods. Therefore, an understanding of the fer-
mentation methods can be of importance to efficiently perform
the fermentation process to develop fermented foods with health
benefits.

Edible seeds, such as edible beans and cereal grains, have been
reported to possess many health benefits (Saleh and others 2013;
Hayat and others 2014; Rebello and others 2014). Moreover, re-
cent studies suggest that many fermented edible seeds and their
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products contain enhanced bioactive components and exhibit var-
ious bioactivities. In order to better understand the fermentation
procedures and to highlight the importance of the effects of fer-
mented edible seeds and their products on health, we searched
for relevant original English articles based on ISI Web of Sci-
ence from 2000 to the present. In this review, we first summarize
and classify the fermentation procedures for edible seeds and their
products, then discuss the influences of fermentation on the vari-
ous bioactive components, such as vitamins, γ -aminobutyric acid
(GABA), natural phenolics, and bioactive peptides, and finally we
highlight the possible benefits of fermented edible seeds and their
products, such as antioxidant, anti-hypertensive, and anti-cancer
effects. Therefore, this article provides a comprehensive review
and updated information about the bioactive components and
bioactivities of fermented edible seeds and their products.

Fermentation procedures
Based on the source of microbes involved in the fermentation

process, there are natural and inoculated fermentations. In addi-
tion, fermentation can be divided into solid-state fermentation
(SSF) and liquid-state fermentation (LSF) according to the water
content in the system. Edible seeds commonly need to be pre-
treated before fermentation, such as by soaking, cracking, milling,
sieving, and cooking. In many cases, these processing methods are
combined together. Next, we summarize and discuss some basic
principles involved in the fermentation process.
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Pretreatment of edible seeds
Before the fermentation process, edible seeds should be pre-

treated. Fermentation commonly requires soaked, cracked, and
cooked seeds or milled flour to start SSF or LSF. Of course, seeds
cannot be cooked or autoclaved before natural fermentation, since
this will partly or completely kill microbes existing on seeds, lead-
ing to the failure of subsequent fermentation. On the other hand,
it is better to reduce microbial populations existing on seeds be-
fore inoculated fermentation, since they would compete with and
inhibit the growth of inoculated microbes during the fermen-
tation process. For example, studies found that LAB-fermented
soybeans and lentil also contain generally the same amount of aer-
obic mesophilic bacteria compared to LAB after 48 or 96 h of
fermentation, suggesting the possible competitive relationship be-
tween aerobic mesophilic bacteria and LAB during fermentation
(Fernandez-Orozco and others 2007; Torino and others 2013).
Therefore, edible seeds can be dried by hot air, such as at 40 to
60 °C for 24 h, or cooked/autoclaved, before the inoculated fer-
mentation process (Duenas and others 2005; Lee and others 2008;
Limon and others 2015). Overall, pretreatment of edible seeds can
enhance the efficiency of fermentation.

The starter culture and inoculum
Many diverse microbes have been used as the starter culture for

fermenting edible seeds and their products, mainly GRAS mi-
crobes, such as food-grade bacteria, fungi, and yeasts. Lactic acid
bacteria (LAB) are the most common bacteria used in edible seed
fermentation, such as Lactobacillus (Lb.) acidophilus, Lb. brevis, Lb.
bulgaricus, Lb. casei, Lb. fermentum, Lb. johnsonii, Lb. paracasei, Lb.
plantarum, Lb. reuteri, Lb. rhamnosus, Lb. rossiae, Lb. zeae, Lactococ-
cus (Lc.) lactis, Bifidobacterium (Bb.) animalis, Bb. infantis, Streptococcus
(Sc.) thermophilus, and Weissella (W.) paramesenteroides (Coda and
others 2010; Dordevic and others 2010; Hole and others 2012;
Ko and others 2013; Lai and others 2013; Rizzello and others
2013; Choi and others 2014a; Zhao and Shah 2014; Jhan and oth-
ers 2015; Zhang and others 2015c). In addition, Bacillus (B.) subtilis
has also been commonly used to ferment edible seeds (Torino and
others 2013; Wang and others 2014; Limon and others 2015).
Additionally, fungi (molds), including Aspergillus (A.) oryzae, A.
awamori, A. sojae, A. niger, Agrocybe (Ac.) cylindracea, Cordyceps (C.)
militaris, Coprinus (Cr.) cinereus, Grifola (G.) frondosa, Ganoderma
(Gd.) austral, Gd. neo-japonicum, Gd. lucidum, Lentinus (L.) edo-
des, Monascus (M.) purpureus, M. ruber, Rhizopus (R.) azygosporus,
R. microspores, R. oligosporus, R. oryzae, and Thamnidium (T.) ele-
gans (Rhyu and others 2000; Lee and others 2004, 2006, 2008;
Fernandez-Orozco and others 2007; Cai and others 2012; Salar
and others 2012; Choi and others 2014c; Starzynska-Janiszewska
and others 2014; Subramaniam and others 2014; Xiao and oth-
ers 2014; Gamboa-Gomez and others 2016), and yeasts, such as
Issatchenkia (I.) orientalis, Saccharomyces (S.) cerevisiae, and S. boular-
idii (Rekha and Vijayalakshmi 2008; Dordevic and others 2010;
Fan and others 2010), have also been employed to ferment edible
seeds and their products. The diversity of starter cultures provides
multiple choices for fermentation, and combinations of different
starter cultures may enhance fermentation efficiency, but this topic
needs further investigation.

The inoculum amount of a starter culture is an important factor
for the fermentation process. For LAB fermentation, inoculation
of 1% to 10% (bacteria (mL)/sample (mL or g)) of the starter cul-
ture (108 cfu/mL) has been commonly employed in SSF and LSF
of edible seeds and their products, with 106 to 107 cfu/mL LAB
in original samples (Duenas and others 2005; Torino and others

2013; Gan and others 2016b). For B. subtilis and fungal fermenta-
tion, inoculation of 5% (bacteria (mL)/sample (mL)) of the starter
culture (105/g sample) has been mainly employed in SSF of edi-
ble seeds (Fernandez-Orozco and others 2007; Torino and others
2013; Limon and others 2015). Overall, the inoculum of starter
cultures can vary due to different starter culture organisms and
substrates, and optimization of the inoculum should be necessary
to perform the fermentation efficiently.

Fermentation conditions
There are several factors, such as fermentation temperature,

time, humidity, and other conditions, affecting the fermentation
efficiency. Natural fermentation has been reported to control the
temperature at 30, 37, or 42 °C (Elyas and others 2002; Granito
and Alvarez 2006; Limon and others 2015), which is probably as-
sociated with the main microbes carried by different seeds. In ad-
dition, the temperature is commonly controlled at 37 °C for LAB
fermentation (Frias and others 2005; Torino and others 2013),
while fermentation using B. subtilis and fungi has mostly been
employed at 30 °C (Fernandez-Orozco and others 2007; Lee and
others 2008), probably due to the optimum growth at this tem-
perature. For fermentation time, several hours to several days has
been reported, while 48 and/or 96 h is most commonly used
for edible seed fermentation. In addition, it is better to control
the fermentation humidity at 90% to 95% if possible (Fernandez-
Orozco and others 2007; Lee and others 2008), which can pro-
vide a relatively moist air condition for the growth of microbes.
SSF of edible seeds and bean milk fermentation are generally per-
formed quiescently, while LSF of edible seeds is commonly carried
out by continuous shaking/stirring, with a speed of 200 to 450
rpm (Duenas and others 2005; Frias and others 2005; Torino and
others 2013; Gan and others 2016b), which can accelerate the
growth of microbes, increase the interaction between microbes
and substrates, and enhance the efficiency of fermentation. Simi-
larly, adding sugars (1% to 2%) to the fermentation system, such as
glucose or sucrose (Jhan and others 2015; Gan and others 2016c),
can provide an extra energy source to accelerate the growth of
microbes. Moreover, fermentation can be performed under aero-
bic or anaerobic conditions, dependent on the species of microbes
involved. For example, it is better to perform LAB fermenta-
tion in an anaerobic or microaerophilic environment. Overall,
the fermentation condition is critical for the efficiency of fer-
mentation and needs to be optimized for fermenting different
products.

Treatment after fermentation
After fermentation, fermented edible seeds are commonly ster-

ilized prior to further application. Autoclaving at 121 °C for
15 min coupled with subsequent freeze-drying is a common treat-
ment (Gan and others 2016b). In addition, hot air drying, such as
at 70 °C for 3 to 4 h, has also been used to treat fermented seeds
(Elyas and others 2002). On the other hand, direct freeze-drying
of fermented samples has also been reported (Frias and others
2005; Lee and others 2008; Jhan and others 2015), which can be
better to retain nutritional and bioactive components. It should
be mentioned that the step of sterilization after fermentation may
be associated with potential food safety problems, which will be
discussed in the final part of this review.
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Table 1–Influences of fermentation on vitamins in edible seeds and their products.

Vitamin content

Edible seeds and their
products

Inoculated
microbes Vitamins

Nonfermented
samples

Fermented
samples Unit References

Kidney bean (Phaseolus
vulgaris)

Natural
fermentation

Vitamin B1 0.20 0.13 to 0.17 mg/100 g DW (Granito and others
2002)

Vitamin B2 0.12 0.14 to 0.16 mg/100 g DW
Lupin (Lupinus albus L.

var. Multolupa)
Natural

fermentation
Vitamin C 6.48 N.D. mg/100 g DW (Frias and others

2005)
α-Tocopherol 0.19 0.25 mg/100 g DW
γ -Tocopherol 20.1 18.9 mg/100 g DW
δ-Tocopherol 0.25 0.14 mg/100 g DW

Lb. plantarum CECT
748

Vitamin C 6.48 N.D. mg/100 g DW

α-Tocopherol 0.19 0.08 mg/100 g DW
γ -Tocopherol 20.1 2.35 mg/100 g DW
δ-Tocopherol 0.25 0.04 mg/100 g DW

Red bean (Phaseolus
radiates)

B. subtilis (BCRC
14716)

Vitamin C 5.41 192 mg/g (Jhan and others
2015)

and Lb. delbrueckii
sp. bulgaricus
(BCRC 14008)

Vitamin E 0.08 0.38 mg/g

Soybean (Glycine max
cv. Merit)

A. oryzae 2094T

(ATCC 1011)
α-Tocopherol 1.00 0.16 mg/100 g DW (Fernandez-Orozco

and others 2007)
β-Tocopherol 0.25 0.32 mg/100 g DW
γ -Tocopherol 4.10 12.8 mg/100 g DW
δ-Tocopherol 1.65 15.8 mg/100 g DW

R. oryzae CECT 2340
(ATCC 24563)

α-Tocopherol 1.00 0.32 mg/100 g DW

β-Tocopherol 0.25 0.35 mg/100 g DW
γ -Tocopherol 4.10 10.9 mg/100 g DW
δ-Tocopherol 1.65 16.2 mg/100 g DW

B. subtilis CECT 39T

(ATCC 6051)
α-Tocopherol 1.00 0.79 mg/100 g DW

β-Tocopherol 0.25 0.57 mg/100 g DW
γ -Tocopherol 4.10 15.4 mg/100 g DW
δ-Tocopherol 1.65 13.4 mg/100 g DW

Lb. plantarum CECT
748T (ATCC
14917)

α-Tocopherol 1.00 0.01 mg/100 g DW

β-Tocopherol 0.25 0.22 mg/100 g DW
γ -Tocopherol 4.10 3.34 mg/100 g DW
δ-Tocopherol 1.65 5.93 mg/100 g DW

Natural
fermentation

α-Tocopherol 1.00 0.01 mg/100 g DW

β-Tocopherol 0.25 0.21 mg/100 g DW
γ -Tocopherol 4.10 3.41 mg/100 g DW
δ-Tocopherol 1.65 6.07 mg/100 g DW

Lb. plantarum CECT
748T (ATCC
14917)

α-Tocopherol 1.00 0.01 mg/100 g DW

β-Tocopherol 0.25 0.22 mg/100 g DW
γ -Tocopherol 4.10 3.33 mg/100 g DW
δ-Tocopherol 1.65 6.17 mg/100 g DW

Natural
fermentation

α-Tocopherol 1.00 0.01 mg/100 g DW

β-Tocopherol 0.25 0.21 mg/100 g DW
γ -Tocopherol 4.10 3.43 mg/100 g DW
δ-Tocopherol 1.65 6.17 mg/100 g DW

Soymilk G. frondosa GCMCC
5.00248

Thiamin 3.27 10.8 mg/L (Yang and others
2015)

Niacin 3.84 8.74 mg/L
Riboflavin 0.81 0.54 mg/L

Lb. casei Zhang Vitamin B6 �2.00 20.9 mg/L (Li and others 2012)
Bb. animalis V9

(CP001892)
Vitamin B6 �2.00 18.1 mg/L

Lb. acidophilus
NCFM

Vitamin B6 �2.00 17.9 mg/L

Lb. rhamnosus GG Vitamin B6 �2.00 14.2 mg/L
Bb. animalis BB12 Vitamin B6 �2.00 13.4 mg/L
Lb. casei Shirota Vitamin B6 �2.00 13.9 mg/L
Lb. acidophilus CSCC

2400
Vitamin C 431 16.2 to 227 μg/g (Zhao and Shah

2014)
Thiamin 35.9 41.3 to 61.1 μg/g
Riboflavin 196 N.D. μg/g
α-Tocopherol 237 73.2 to 214 μg/g

Lb. paracasei CSCC
279

Vitamin C 431 70.2 to 256 μg/g

Thiamin 35.9 4.10 to– 14.1 μg/g
Riboflavin 196 179 μg/g

(Continued)
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Table 1–Continued.

Vitamin content

Edible seeds and their
products

Inoculated
microbes Vitamins

Nonfermented
samples

Fermented
samples Unit References

α-Tocopherol 237 186 to 304 μg/g
Lb. zeae ASCC

15820
Vitamin C 431 182 to 315 μg/g

Thiamin 35.9 7.20 to 16.6 μg/g
Riboflavin 196 185 to 186 μg/g
α-Tocopherol 237 343 to 361 μg/g

Lb. rhamnosus WQ2 Vitamin C 431 27.9 to 183 μg/g
Thiamin 35.9 13.8 to 30.1 μg/g
Riboflavin 196 N.D. μg/g
α-Tocopherol 237 278 to 377 μg/g

Buckwheat groats
(Fagopyrum
esculentum Moench)

R. oligosporus NRRL
2710

Thiamin 9.70 10.9 μg/g (Malgorzata and
others 2015)

Pyridoxine 1.65 1.70 μg/g
Pyridoxine 120 330 μg/g
Vitamin C 50 110 μg/g
α-Tocopherol 0.73 1.10 μg/g
γ -Tocopherol 106 127 μg/g
δ-Tocopherol 2.93 3.45 μg/g

R. oligosporus ATCC
64063

Thiamin 0.67 1.62 mg/kg DW (Starzynska-
Janiszewska and
others 2016)

Riboflavin 0.15 1.01 mg/kg DW

A., Aspergillus; B., Bacillus; Bb, Bifidobacterium; G., Grifola; Lb., Lactobacillus; R., Rhizopus; N.D., not detected. DW, dry weight.

Influences of Fermentation on Bioactive Components
Vitamins

Vitamins are important essential nutrients. Based on solubility,
they can be divided into water-soluble and fat-soluble groups. The
former mainly includes the vitamin B groups and vitamin C, and
the latter mainly contains vitamin A, vitamin D and E groups, and
vitamin K. Edible seeds, such as edible beans and cereal grains, are
good natural sources of some vitamins, mainly the vitamin B and E
groups (Fardet 2010; Hayat and others 2014), while fermentation
has distinct influences on different vitamins in edible seeds and
their products.

The vitamin B group mainly include thiamin (vitamin B1),
riboflavin (vitamin B2), niacin (vitamin B3), pantothenic acid
(vitamin B5), pyridoxine (vitamin B6), biotin (vitamin B7), folic
acid (vitamin B9), and cobalamin (vitamin B12). Fermentation has
been reported to exhibit varying effects on vitamin B members in
edible seeds and their products (Table 1). Especially, fermentation
by fungi and LAB, such as G. frondosa, R. oligosporus, and Lb.
acidophilus, has been found to increase thiamin, riboflavin, niacin or
pyridoxine in soymilk and buckwheat groats (Zhao and Shah 2014;
Malgorzata and others 2015; Yang and others 2015; Starzynska-
Janiszewska and others 2016). This suggests that some microbes
may possess the capacity of producing B group vitamins, consistent
with previous studies that some LAB and fungi can synthesize
B vitamins (Strzelczyk and Leniarska 1985; Martens and others
2002; LeBlanc and others 2011; Capozzi and others 2012). The
biosynthetic pathways of the main vitamin B group members in
microbes have been reported (Magnusdottir and others 2015), and
Figure 1A shows the proposed synthetic pathway of thiamin, one
important B vitamin which is increased in some fermented edible
seeds and their products (Table 1).

Vitamin C (also known as ascorbic acid) generally occurs at
low levels in edible seeds, and fermentation can cause opposite
effects on its content in different edible seeds and their products
(Table 1). Fermentation was found to reduce ascorbic acid in lupin
seeds and soymilk (Frias and others 2005, Zhao and Shah 2014),
while increasing it in red bean and buckwheat groats (Jhan and

others 2015, Malgorzata and others 2015). This discrepancy may
be associated with the degradation or biosynthesis of ascorbic acid
by microbes in the fermentation process, since different microbes
possess the capacity of decomposing or synthesizing it (Bremus and
others 2006; Linster and Van Schaftingen 2007). Several LAB have
been reported to degrade ascorbic acid into simple organic acids,
such as acetic and lactic acids (Montano and others 2013), while
yeasts, such as S. cerevisiae, have been demonstrated to biosynthe-
size L-ascorbic acid from L-galactose (Hancock and others 2000).
In addition, metabolically engineered yeasts have been reported to
synthesize L-ascorbic acid from D-glucose (Branduardi and others
2007), using the synthetic pathway (Figure 1B) found in plants.
On the other hand, although R. oligosporus-fermented buckwheat
groats and B. subtilis combined with Lb. bulgaricus-fermented red
bean have been reported to increase ascorbic acid compared to
unfermented samples (Jhan and others 2015; Malgorzata and oth-
ers 2015), whether these microbes can biosynthesize ascorbic acid
needs further investigation.

E vitamins include tocopherols and tocotrienols, each with α,
β, γ , and δ homolog. In most edible seeds, γ -tocopherol is the
most abundant vitamin E, with much higher content than other
tocopherols (Table 1). Fermentation has been reported to differ-
ently influence the contents of tocopherols in edible seeds and
their products (Table 1), probably associated with microbes in-
volved in the fermentation process. Fungi, such as A. oryzae, R.
oryzae, and R. oligosporus, have been found to increase tocopherols
in soybean and buckwheat groats (Fernandez-Orozco and oth-
ers 2007; Malgorzata and others 2015; Starzynska-Janiszewska and
others 2016). B. subtilis was found to significantly increase γ and δ

tocopherols in soybeans (Martens and others 2002), while LAB ex-
hibited different influences on E vitamins (Frias and others 2005;
Fernandez-Orozco and others 2007; Zhao and Shah 2014). These
results suggest that some microbes may biosynthesize tocopherols
during the fermentation process and a possible biosynthetic path-
way of γ -tocopherol was proposed (Figure 1C) based on a previous
study (Rippert and others 2004). On the other hand, the influence
of fermentation on tocotrienols has scarcely been investigated.
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Figure 1–Proposed biosynthetic pathways of typical vitamins by microbes. (A) Proposed biosynthetic pathway of thiamin (vitamin B1), modified from
Du and others (2011). Abbreviations: Dxs, 1-deoxy-D-xylulose 5-phosphate synthase; IscS, cysteine desulfurase; NifS, sulfur donor; TenI,
transcriptional regulator TenI; ThiC, hydroxymethyl pyrimidine synthase; ThiD, hydroxymethyl pyrimidine (phosphate) kinase; ThiE, thiamin phosphate
synthase; ThiF, adenyltransferase; ThiG, thiazole synthase; ThiH, thiazole synthase; ThiI, sulfur transferase; ThiL, thiamin phosphate kinase; ThiO,
glycine oxidase; ThiS, sulfur carrier protein. (B) Proposed biosynthetic pathway of L-ascorbic acid (vitamin C), cited from Branduardi and others
(2007). The enzymes a to h are as follows. a, hexokinase; b, glucose-6-phosphate isomerase; c, mannose-6-phosphate isomerase; d,
phosphomannomutase; e, mannose-1-phosphate guanylyltransferase; f, GDP-mannose-3,5-epimerase; g, GDP-L-galactose phosphorylase; h,
L-galactose 1-phosphate phosphatase; i, L-galactose dehydrogenase; j, L-galactono-1,4-lactone dehydrogenase. (C) Proposed biosynthetic pathway of
γ -Tocopherol (vitamin E) based on a previous study (Rippert and others 2004).

In general, fermentation has distinct influences on various vita-
mins in edible seeds and their products, which can be associated
with microbe-mediated biosynthesis or degradation of vitamins.
In light of the health benefits of vitamins, it is promising to employ
vitamin-producing microbes or genetically engineered microbes
with enhanced vitamin-producing capacity to develop fermented
edible seeds and their products rich in vitamins.

GABA
GABA, a nonprotein amino acid, is an important inhibitory

neurotransmitter in the mammalian nervous system, and it plays
a critical role in the regulation of blood pressure and many other
physiological functions (Lee and Pan 2012; Diana and others
2014). It can be produced in plants, microorganisms, and mam-
mals, and it is widely distributed in various foods (Jannoey and
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Figure 2–Main bioactivities of fermented edible seeds and their products.

others 2010). Considering the health benefits of GABA, the need
for GABA-rich foods is increasing, and various food processing
methods, such as fermentation, have been employed to enhance
its content (Dhakal and others 2012).

Edible seeds are natural sources of GABA, and many studies
reported that fermentation can further increase GABA content in
many edible seeds and their products (Table 2), such as adzuki
bean, chickpea, faba bean, kidney bean, lentil, soybean, amaranth,
buckwheat, millet, oat, quinoa, rice, rye, spelt, wheat, and/or their
products. A variety of microorganisms has been employed in the
fermentation process to enhance GABA content, and LAB are the
most commonly used (Table 2). In addition, fungi and molds, such
as A. oryzae, R. oryzae, and M. purpureus, are also used to enhance
GABA content in edible seeds (Table 2).

Compared to germination where GABA is mainly synthesized
by the seed itself, fermentation can accumulate GABA with the
help of microorganisms. GABA is synthesized via glutamate decar-
boxylase (GAD)-mediated decarboxylation of glutamic acid, and
GAD plays a central role in the synthesis of GABA (Battaglioli and
others 2003). During the fermentation process, microbes can hy-
drolyze proteins and release free amino acids, such as glutamic acid,
which can be used as the substrate for the synthesis of GABA by
GABA-producing microbes. Many microbes have been reported

to produce GAD to synthesize GABA, such as LAB and fungi
(Dhakal and others 2012; Wu and Shah 2016). In addition, it is
also possible that GABA can be synthesized by the endogenous
GAD of seeds, since its concentration has been reported to be in-
creased in control samples without inoculated microbes (Rizzello
and others 2008; Coda and others 2010). Besides, many factors,
such as fermentation temperature, pH, and fermentation time, as
well as different media additives, can influence the production of
GABA, as previously reviewed by Dhakal and others (2012), and
not further discussed herein. Overall, fermentation is a valuable
bioprocessing strategy for producing GABA-rich products.

Natural phenolics
Natural phenolics, having at least one phenol group, and existing

widely in the plant kingdom, are an important category of phyto-
chemicals. They can be classified into different subgroups based on
their chemical structures, such as phenolic acids, flavonoids, and
proanthocyanidins. In plants, natural phenolics may exist in solu-
ble and bound forms. Soluble phenolics include free and conju-
gated forms, with the latter conjugated with organic acids or sugar
groups, and are synthesized through a multi-enzyme complex lo-
calized on the cytoplasmic surface of the endoplasmic reticulum,
and they subsequently transported to intracellular vacuoles and
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Table 2–Influences of fermentation on GABA content in edible seeds and their products.

GABA content

Edible seeds and their
products Inoculated microbes

Nonfermented
samples

Fermented
samples Unit References

Chickpea (Cicer arietinum) Lb. plantarum C48 18.0 615 mg/kg DW (Coda and others 2010)
Lc. lactis subsp. lactis PU1 18.0 1031 mg/kg DW

Faba bean (Vicia faba L.) Lb. plantarum VTT E-133328 �50.0 �1000 mg/kg DW (Coda and others 2015)
Kidney bean (Phaseolus

vulgaris)
B. subtilis CECT 39T (ATCC

6051)
3.20 2.61 to 2.69 mg/g DW (Limon and others 2015)

Lb. plantarum CECT 748T (ATCC
14917)

2.27 6.76 to 9.90 mg/g DW

Natural fermentation 2.27 7.54 to 10.6 mg/g DW
Lentil (Lens culinaris) Lb. plantarum CECT 748T (ATCC

14917)
�4.40 �6.00 to 7.16 mg/g DW (Torino and others 2013)

Natural fermentation �4.40 �7.50 to 10.4 mg/g DW
B. subtilis CECT 39T (ATCC

6051)
�3.20 �4.00 to 6.54 mg/g DW

Soybean (Glycine max) Lb. plantarum C48 24.0 57.0 mg/kg DW (Coda and others 2010)
Lc. lactis subsp. lactis PU1 24.0 39.0 mg/kg DW
A. oryzae FMB S46471 and L.

brevis GABA100
�0.15 �3.60 to 6.60 g/kg DW (Kim and Ji 2014)

Amaranth (Amaranthus
hypocondriacus)

Lb. plantarum C48 12.0 654 mg/kg DW (Coda and others 2010)

Lc. lactis subsp. lactis PU1 12.0 816 mg/kg DW
Buckwheat (Fagopyrum

esculentum)
Lb. plantarum C48 40.0 643 mg/kg DW

Lc. lactis subsp. lactis PU1 40.0 562 mg/kg DW
Millet (Panicum miliaceum) Lb. plantarum C48 15.0 110 mg/kg DW

Lc. lactis subsp. lactis PU1 15.0 231 mg/kg DW
Oat (Avena sativa) Lb. plantarum C48 27.0 185 mg/kg DW

Lc. lactis subsp. lactis PU1 27.0 206 mg/kg DW
A. oryzae var. effuses 3.2825 57.1 59.0 to 331 μg/g DW (Cai and others 2014)
A. oryzae 3.5232 57.1 59.0 to 435 μg/g DW
R. oryzae 3.275 57.1 59.0 to 126 μg/g DW

Quinoa (Chenopodium
quinoa)

Lb. plantarum C48 78.0 415 mg/kg DW (Coda and others 2010)

Lc. lactis subsp. lactis PU1 78.0 176 mg/kg DW
Rice (Oryza sativa) Lb. plantarum C48 12.0 24.0 mg/kg DW

Lc. lactis subsp. lactis PU1 12.0 30.0 mg/kg DW
M. purpureus CMU 001 N.M. 1.24 to 28.4 mg/g DW (Jannoey and others 2010)
Lc. lactis RO50 N.M. 120 to 150 mg/100 g DW (Saikusa and others 2016)

Rye (Secale cereale) Several LAB N.M. 11.7 to 168 mg/kg DW (Rizzello and others 2008)
Lb. plantarum C48 12.0 39.0 mg/kg DW (Coda and others 2010)
Lc. lactis subsp. lactis PU1 12.0 75.0 mg/kg DW

Spelt (Triticum spelta) Lb. plantarum C48 3.00 72.0 mg/kg DW
Lc. lactis subsp. lactis PU1 3.00 259 mg/kg DW

White wheat (Triticum
aestivum Appulo cv)

Several LAB N.M. 12.7 to 101 mg/kg DW (Rizzello and others 2008a)

Common wheat (Triticum
aestivum)

Lb. plantarum C48 7.00 63.0 mg/kg DW (Coda and others 2010)

Lc. lactis subsp. lactis PU1 7.00 70.0 mg/kg DW
Durum wheat (Triticum

durum)
Lb. plantarum C48 19.0 75.0 mg/kg DW

Lc. lactis subsp. lactis PU1 19.0 84.0 mg/kg DW
Adzuki bean milk Lc. lactis subsp. lactis and L.

rhamnosus GG
�28.0 �68.0 mg/100 mL (Liao and others 2013)

Black bean milk Lb. brevis FPA 3709 1.07 1.34 to 4.04 mg/mL (Ko and others 2013)
Chickpea milk Lb. plantarum M-6 �140 �150 to 537 mg/L (Li and others 2016)
Soymilk A mixture of LAB �100 �130 to 180 mg/g DW (Tsai and others 2006)

Lb. casei Zhang �24.5 �43.0 mg/L (Li and others 2012)
Bb. animalis V9 (CP001892) �24.5 �45.6 mg/L
Lb. acidophilus NCFM �24.5 �36.0 mg/L
Lb. rhamnosus GG �24.5 �39.0 mg/L
Bb. animalis BB12 �24.5 �39.5 mg/L
Lb. casei Shirota �24.5 �45.0 mg/L

Soybean paste Natural fermentation �5.00 �5.00 to 80.0 μmol/g DW (Jung and others 2016)
Oat flakes beverage Lb. plantarum LP09 �4.00 �5.00 mg/kg (Nionelli and others 2014)
Rice-based sunsik A mixture of microorganisms 26.0 66.0 mg/100 g DW (Koh and others 2014)
Wheat-based dosa Lb. plantarum MNZ �0.00 �0.00 to 115 mg/kg (Zareian and others 2015)
Wholemeal wheat Several LAB N.M. 11.0 to 259 mg/kg DW (Rizzello and others 2008)

A., Aspergillus; B., Bacillus; Bb, Bifidobacterium; Lb., Lactobacillus; R., Rhizopus; N.D., not detected. DW, dry weight.
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stored there, while bound phenolics are formed by the secretion
of vacuolar soluble phenolics to the cell wall, where they can cova-
lently bind with cell wall macromolecules, such as polysaccharides
and proteins, as a component of plant cell walls (Agati and others
2012). Edible seeds, such as edible beans and cereal grains, have
been reported to contain a variety of natural phenolics (Deng and
others 2012; Gan and others 2016d). Phenolics mainly exist in
the pigmented seed coats, primarily as flavonoids and proantho-
cyanidins (Gan and others 2016a), and many edible seeds contain
a substantial level of bound phenolics, generally with much higher
content than in common fruits and vegetables (Gan and others
2016a).

Recent studies indicate that fermentation can change phenolic
composition and distribution of edible seeds and their products.
Most studies report that fermentation increases the total pheno-
lics content (TPC) of soluble phenolics, while having different
effects on specific phenolic compounds (Table 3). This can be
partly due to the metabolism of soluble phenolic compounds by
microbes during the fermentation process, since many microbes,
such as LAB and fungi, are able to produce different enzymes,
such as β-glucosidase, esterase, and tannase, to metabolize soluble
phenolics and/or phenolic polymers into free forms or degraded
products (Rodriguez and others 2009; Hole and others 2012;
Huynh and others 2014). For instance, fermentation of soybean
and soy products by many microbes has been found to convert soy-
bean isoflavone glucosides (such as daidzin) into their aglycones
(such as daidzein). Our work (Gan and others 2016b) found that
natural and LAB-mediated fermentation increased soluble TPC
in mottled cowpea, accompanied with a significant increase of
soluble catechin, which was speculated to be associated with the
degradation of proanthocyanidins in the bean coat. Additionally,
soluble phenolics can be released from bound phenolics during
the fermentation process. Our work (Gan and others 2016b) also
indicated that fermentation significantly increased soluble TPC in
small runner bean, partly due to the release of bound phenolics.
This may be related to microbe-mediated decomposition of cell
wall components and subsequent release of bound phenolics, since
many microbes possess various enzymes, such as cellulase, feruloyl
esterase, glucosidase, xylanase, pectinase, and proteinases, which
can degrade the cell wall matrix (Huynh and others 2014). Taken
together, microbe-mediated metabolism of soluble phenolics and
release of bound phenolics may both contribute to the increase
of soluble TPC in some fermented edible seeds and their prod-
ucts. However, several studies also found that fermentation did
not increase, or may even reduce, soluble TPC in some edible
seeds and their products, such as lentil (Torino and others 2013),
black soybean (Lee and others 2008), wheat (Subramaniam and
others 2014), soymilk (Rekha and Vijayalakshmi 2008), buck-
wheat groats (Malgorzata and others 2015), and black rice bran
(Yoon and others 2015), probably associated with the degradation
of some phenolics during the fermentation process.

Although edible seeds contain substantial levels of bound phe-
nolics, the influence of fermentation on TPC and phenolic com-
position of their bound phenolics has been not much investigated.
Our recent work (Gan and others 2016b) found that fermen-
tation exhibited different influences on bound TPC in selected
edible beans. On one hand, bound TPC was found reduced in
naturally fermented small runner bean and LAB-fermented lentil,
small rice bean, and small runner bean, suggesting the release of
bound phenolics during fermentation. On the other hand, bound
TPC was found significantly increased after fermentation of some
other beans, implying that bound phenolics were not released from

cell walls, while becoming more available for extraction. In ad-
dition, the influence of fermentation on specific bound phenolic
compounds has also been scarcely studied. We found that natural
fermentation of mottled cowpea increased the contents of bound
ferulic and p-coumaric acids and reduced the content of bound
protocatechuic acid, while LAB-mediated fermentation did not
evidently change them (Gan and others 2016b). Another study
reported that bound ferulic acid and p-coumaric acid increased
in LAB-fermented barley, but decreased in LAB-fermented oat
groats, probably releasing from cell wall matrix and become solu-
ble phenolics (Hole and others 2012). These limited results suggest
that fermentation can, overall, improve the bioavailability of bound
phenolics in edible seeds and may play an important role in gut
health, therefore, more studies are needed to further investigate the
specific influence of fermentation on bound phenolics in different
edible seeds.

Bioactive peptides
Edible seeds, such as edible beans and cereal grains, are rich

in proteins, which can be hydrolyzed into small-molecule pep-
tides during the fermentation process. Recent studies have found
that some fermented edible seeds and their products can produce
bioactive peptides (Table 4), mainly antioxidant and angiotensin-
converting-I-enzyme (ACE) inhibitory peptides, which are dis-
cussed below.

Antioxidant peptides exhibit various antioxidant activities, such
as reducing, free radical-scavenging, inhibition of lipid peroxida-
tion, and metal ion chelation properties, which are mainly asso-
ciated with the intrinsic characteristics of peptides, such as their
amino acid composition, structure, and hydrophobicity. Table 4
summarizes the main antioxidant peptides derived from fermented
edible seeds and their products, and some intrinsic features and
antioxidant mechanisms of antioxidant peptides have been pro-
posed based on previous studies. (1) They, in general, contain 2
to 20 amino acids, all with molecular weight lower than 6.0 kDa
(Coda and others 2012). (2) The existence of amino acids, such
as A (alanine), C (cysteine), H (histidine), K (lysine), L (leucine),
M (methionine), P (proline), V (valine), W (tryptophan), and Y
(tyrosine), may contribute to the antioxidant activity of peptides
(Sarmadi and Ismail 2010). (3) Amino acid residues, including
C, D (aspartic acid), E (glutamic acid), H, K, M, R (arginine),
W, and Y, can be associated with the chelating activity of an-
tioxidant peptides (Wu and others 2014). (4) Hydrophobic amino
acids can enhance the solubility of peptides in the oil environ-
ment, therefore facilitating the interaction with lipophilic radical
species and polyunsaturated fatty acids (PUFAs) (Coda and others
2012). (5) The sulfur group (SH group) of cysteine and of me-
thionine exhibits antioxidant activity, since it is able to neutralize
reactive free radical species to form stable oxidation products, cys-
tine, and methione sulfoxide, respectively (He and others 2012).
(6) Histidine-containing peptides exhibit strong radical-scavenging
activity due to decomposition of the imidazole ring (He and others
2012). (7) Histidine mainly acts as a chelator of metal ions at the
amino terminus of peptides, while acting as an effective scavenger
against various radicals at the carboxyl terminus (Coda and others
2012). (8) Peptides with aromatic amino acid residues, including
F (phenylalanine), Y and W, are good donors of hydrogen and can
efficiently scavenge free radicals due to their conjugated double-
bond structure of a benzene ring (Zhang and others 2014). These
characteristics of antioxidant peptides can be helpful for predicting
other potential antioxidant peptides, and they can also provide a
reference for the chemical synthesis of antioxidant peptides.
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In addition, fermentation can also produce peptides with ACE-
inhibitory activity in edible seeds and their products (Table 4),
with some features of ACE-inhibitory peptides summarized be-
low. In general, ACE-inhibitory peptides have a low molecular
weight. Many ACE-inhibitory peptides consist of 2 to 12 amino
acids, and peptides with molecular weight about 0.8 to 0.9 kDa
exhibit the highest ACE-inhibitory activity in LAB-fermented
soymilk (Tsai and others 2006). Rizzello and others (2008) stated
that most ACE-inhibitory peptides in LAB-fermented whole-
meal wheat sourdough had molecular weights less than 1.6 kDa.
In addition, the existence and position of some special amino
acids in peptides can also influence the ACE-inhibitory activity.
Peptides containing VAP (valine-alanine-proline) epitope were re-
ported to possess strong ACE-inhibitory effect (Rizzello and oth-
ers 2008). Vallabha and Tiku (2014) suggested that glutamine
at the C-terminal had a more potent effect than other residues,
and leucine (a branch-chained amino acid) at the N-terminal was
more effective than glycine to bind with ACE. Ondetti and Cush-
man (1982) suggested that C-terminal arginine with a positive
charge on the ε-amino group significantly contributed to ACE-
inhibitory activity. Therefore, understanding these characteristics
can be helpful for predicting potential ACE-inhibitory peptides
from natural sources.

Besides, fermented edible seeds and their products also contain
other bioactive peptides, such as taste-active peptides (Zhao and
Gänzle 2016) and lunasin-like peptides (Rizzello and others 2015),
which may possess anti-cancer effects (Rizzello and others 2012).
In general, fermented edible seeds and their products are good
sources of various bioactive peptides. However, bioactive peptides
have only been reported in a limited number of fermented edible
seeds up to now, and the identification of specific bioactive pep-
tides, including their amino acid sequences, has also been scarcely
reported. Therefore, more studies are needed to further explore
bioactive peptides and their identities in fermented edible seeds
and their products.

Other bioactive components
Many other bioactive components have been found in fer-

mented edible seeds and their products, especially in yeast-
fermented rice. A variety of bioactive compounds have been
reported in Monascus spp.-fermented rice, such as monascin,
ankaflavin, rubropunctatin, monascorburin, rubropunctamine,
monascorburamine, two furanoisophthalides, monapurfluores A
and B, monascopyridine A, B, C, and D, monasfluores A and
B, xanthomonasin A and B, monascumic acid, and monacolin K
(Wild and others 2003; Akihisa and others 2005a,b; Chen and
Hu 2005; Hsu and others 2010), which exhibited different bioac-
tivities, such as anti-cancer, anti-inflammatory, and hypolipidemic
effects. Similarly, Monascus spp.-fermented monascal waxy corn
and soybean also contained increased contents of monacolin K
(also known as mevinolin and lovastatin) compared to unfer-
mented samples (Pyo and Lee 2007; Kongbangkerd and others
2014), which was positively associated with the increased antioxi-
dant effect of samples. In addition, fermented wheat germ has been
found to produce benzoquinones with anti-cancer effect (Comin-
Anduix and others 2002; Mueller and others 2011, Rizzello and
others 2013).

Overall, fermented edible seeds and their products contain var-
ious bioactive components, especially vitamins, GABA, natural
phenolics, and bioactive peptides, and these bioactive compo-
nents endow the fermented products with versatile bioactivities,
as discussed in the following section. In the future, bioactive com-

ponents in other fermented edible seeds and their products can
be explored to provide a basis for the development of fermented
functional foods.

Bioactivities of fermented edible seeds and their products
A large number of studies demonstrate that fermented edible

seeds and their products exhibit manifold bioactivities (Figure 1),
such as antioxidant, anti-hypertensive, and anti-cancer effects.

Antioxidant effect
The influence of fermentation on the antioxidant effect of ed-

ible seeds and their products has been extensively investigated in
vitro. Various antioxidant effects, such as free radical-scavenging,
and reducing and metal-chelating effects, have been reported to
be increased in the hydrophilic extracts of most fermented edi-
ble seeds and their products compared to unfermented samples
(Table 5). The increase of antioxidant effect is mainly due to the
increased antioxidant levels in fermented samples, mainly antioxi-
dant phenolics and peptides (Table 3 and 4). However, the influ-
ence of fermentation on antioxidant effect in the lipophilic and
bound extracts of edible seeds and their products has been scarcely
investigated. Unlike the hydrophilic extract commonly prepared
by polar solutions, such as ethanol and methanol water solutions,
the lipophilic extract needs to be prepared by nonpolar solutions,
such as n-hexane or tetrahydrofuran, and the bound extract needs
to be hydrolyzed by acidic, alkaline, or enzymatic solutions. Our
previous study found that fermented and nonfermented soybean
and mung bean milks exhibited much higher ABTS and DPPH
free radical-scavenging effect in their lipophilic extracts than their
hydrophilic extracts, and fermentation had different effects on an-
tioxidant effect in their lipophilic and hydrophilic extracts (Gan
and others 2016c). In addition, we also found that some edible
beans exhibited substantial antioxidant effects in their bound ex-
tracts, while fermentation had varying effects on antioxidant effect
in their bound extracts (Gan and others 2016b). These results sug-
gest that ignoring the lipophilic or bound extracts may significantly
underestimate the total antioxidant effect in some fermented edi-
ble seeds and their products.

On the other hand, fermentation was also reported to decrease
antioxidant effect in the hydrophilic extract of some edible seeds
(Table 5), such as lentil (Gan and others 2016b), black cow gram
(Gan and others 2016b), common bean (Gamboa-Gomez and
others 2016), soybean (Fernandez-Orozco and others 2007; Gan
and others 2016b), wheat (Dordevic and others 2010), buckwheat
(Dordevic and others 2010), and buckwheat groats (Malgorzata
and others 2015). The reduction of antioxidant effect may be
partly associated with the reduction of reduced glutathione and
related antioxidant enzyme activities in these fermented samples,
such as fermented soybeans (Fernandez-Orozco and others 2007),
and may also be associated with the degradation of antioxidant
phenolics into phenolic compounds with lower antioxidant effect
in these fermented samples. This may explain why fermentation
generally increased TPC in these samples, but reduced their an-
tioxidant effect. Overall, fermentation has different influences on
antioxidant effect in edible seeds and their products, probably asso-
ciated with different fermentation methods, different antioxidant
components in samples as well as different extraction and evalua-
tion methods for antioxidant effect.

Anti-hypertensive effect
Hypertension is one of the most important risk factors for car-

diovascular diseases. Blood pressure is tightly controlled by the
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Table 6–Anti-hypertensive effect of fermented edible seeds and their products.

Edible seeds and their
products Inoculated microbes Anti-hypertensive effect

Main anti-hypertensive
components References

Chickpea (Cicer arietinum L.) C. militaris SN-18 Inhibit ACE activity in vitro Potential ACE-inhibitory
peptides

(Xiao and others 2015c)

Lentil (Lens culinaris L.) Lb. plantarum CECT 748T Inhibit ACE activity in vitro Potential ACE-inhibitory
peptides

(Torino and others 2013)

Mung bean (Vigna radiata) Lb. plantarum B1-6 Inhibit ACE activity in vitro Potential ACE-inhibitory
peptides

(Wu and others 2015)

Pea seeds (Pisum sativum var.
Bajka)

Lb. plantarum 299v. Inhibit ACE activity in vitro ACE-inhibitory peptides (Jakubczyk and others 2013)

Soybean (Glycine max) M. pilosus KFRI-1140 Inhibit ACE activity in vitro Potential ACE-inhibitory
peptides

(Pyo and Lee 2007)

Soy protein Lb. casei spp.
pseudoplantarum

Inhibit ACE activity in vitro ACE-inhibitory peptides (Vallabha and Tiku 2014)

Black soybean (Glycine max) B. subtilis BCRC 14715 and
Bacillus sp. CN11

Inhibit ACE activity in vitro Potential ACE-inhibitory
peptides, nicotiamide,
isoflavone aglycones and
other flavonoids

(Juan and others 2010)

A mixture of black beans,
soybeans, and wheat bran
(1:1:1, w/w/w)

B. subtilis B060 Lower blood pressure in
hypertensive rats

GABA and nattokinase (Suwanmanon and Hsieh
2014)

Navy bean (Phaseolus
vulgaris) milk

Different LAB Inhibit ACE activity in vitro ACE-inhibitory peptides (Rui and others 2015)

Soymilk A mixture of LAB Inhibit ACE activity in vitro
and Lower blood pressure
in hypertensive rats

ACE-inhibitory peptides and
GABA

(Tsai and others 2006)

Different LAB Inhibit ACE activity in vitro N.M. (Ewe and others 2011)
Lb. plantarum TWK10 Inhibit ACE activity and lower

blood pressure in
hypertensive rats

N.M. (Liu and others 2016)

Soy yogurt Different LAB Inhibit ACE activity in vitro Potential ACE-inhibitory
peptides

(Donkor and others 2005)

Soy flour sourdoughs Different LAB Inhibit ACE activity in vitro Potential ACE-inhibitory
peptides

(Omedi and others 2016)

Tofuyo (based on soybean) Unknown Inhibit ACE activity in vitro ACE-inhibitory peptides (Kuba and others 2003)
Casein miso paste (based on

rice and soybean)
A. oryzae Lower blood pressure in

hypertensive rats
ACE-inhibitory peptides (Inoue and others 2009)

A dosa made of wheat and
rice flour

Lb. plantarum MNZ Inhibit ACE activity in vitro
and Lower blood pressure
in hypertensive rats

GABA and potential bioactive
peptides

(Zareian and others 2015)

White wheat, wholemeal
wheat and rye

Different LAB Inhibit ACE activity in vitro ACE-inhibitory peptides (Rizzello and others 2008)

N.M., not mentioned; ACE, angiotensin converting-I-enzyme; GABA, γ -aminobutyric acid; LAB, lactic acid bacteria; Lb., lactobacillus; A., Aspergillus; B., Bacillus; C., Cordyceps; M., Monascus.

renin–angiotensin–aldosterone system in humans. As a central
component of the system, ACE functions to convert angiotensin I
into angiotensin II, which is able to increase blood pressure by di-
rectly causing blood vessels to constrict (Skeggs and others 1956).
As a result, ACE plays a central role in the control of blood pres-
sure, and natural or synthetic compounds with ACE-inhibitory
activity have been reported to lower blood pressure in experimen-
tal animals and humans (Fang and others 2008).

Recent studies demonstrate that some fermented edible seeds
and their products exhibit anti-hypertensive effects in vitro and
in vivo. A variety of fermented edible seeds and their products,
mainly edible bean products, such as fermented chickpea, lentil,
mung bean, pea, soybean, soymilk, and navy bean milk, have
been reported to possess ACE-inhibitory activity in vitro or lower
blood pressure in animal models (Table 6). However, the anti-
hypertensive effect of fermented grains has been less investigated.
Their bioactive components, such as GABA, ACE-inhibitory pep-
tides, nattokinase, vitamins, and various antioxidant phenolics,
can be responsible for the anti-hypertensive effect (Kim and oth-
ers 2008; Lee and Pan 2012; Huang and others 2013). Especially,
GABA and ACE-inhibitory peptides are found in many fermented
edible seeds and their products (Table 2 and 4), which have been re-
ported to be predominantly responsible for their anti-hypertensive
effect (Table 6). As a result, fermented edible seeds and their prod-
ucts can be an important dietary component consumed by people
to prevent hypertension. In addition, in light of the importance of

cereal grains as staple foods for humans, more studies are needed
to investigate the potential anti-hypertensive effect of fermented
cereal grains in the future.

Anti-cancer effect
The anti-cancer effect has been investigated in different fer-

mented edible seeds and their products, such as fermented soy-
bean, black bean, green bean, soymilk, wheat germ, and rice
(Table 7). LAB and fungi are the main inoculated microbes to pro-
duce anti-cancer products. Various bioactive compounds, such as
natural phenolics, peptides, amino acids, benzoquinones, GABA,
polysaccharides, monacolin K, and vitamin E, have been suggested
to be potential anti-cancer components. Below, we highlight the
anti-cancer effect of S. cerevisiae-fermented wheat germ and A.
oryzae-fermented brown rice and rice bran, which have been ex-
tensively investigated for their anti-cancer effect.

S. cerevisiae-fermented wheat germ was first produced by Dr.
Mate Hidvegi in the early 1990s with anti-cancer effect in animal
models and cancer patients, and subsequently developed into a
commercial product, with the brand name Avemar (Demidov and
others 2008; Rizzello and others 2013). This fermented wheat
germ has been reported to exhibit anti-cancer effect on a variety
of cancer cells, such as leukemia, lymphoid, pediatric, colon, skin
melanoma, ovarian, and liver cancer/tumor cells in vitro and in
vivo (Table 7). Two benzoquinones, 2-methoxy benzoquinone
(2-MBQ) and 2,6-dimethoxy-benzoquinone (2,6-DMBQ), have
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been reported as the main anti-cancer compounds in it (Mueller
and others 2011; Rizzello and others 2013). S. cerevisiae-fermented
wheat germ exhibits different actions on cancer cells (Table 7). It
can inhibit cancer cell proliferation, induce cancer cell necrosis
and apoptosis, potentiate the efficiency of chemotherapy, as well
as improve the survival of cancer patients. For the anti-cancer
mechanism, it can mainly induce cell cycle arrest and activate
apoptotic signaling. Studies found that it inhibited the G1 phase
cell-cycle progression in HT-29 cells (Illmer and others 2005),
blocked cell cycle from G2–M to G0–G1 phase in human HL-
60 promyelocytic leukemia cells (Saiko and others 2007), and
activated caspase-3 and caspase-7-dependent apoptotic signaling in
human ovarian cancer cells (Wang and others 2015). In addition,
LAB-fermented wheat germ has also been reported to exhibit
anti-cancer effect (Rizzello and others 2013; Zhang and others
2015a,b).

A. oryzae-fermented brown rice and rice bran is another ex-
tensively investigated food with anti-cancer effect. It has also been
reported to inhibit various cancer cells in vitro and in vivo (Table 7),
mainly by inhibiting cancer cell proliferation and inducing cancer
cell apoptosis. Kuno and others (2016) reported that it controlled
the growth of prostate tumor in vivo by activating AMP-activated
protein kinase (AMPK) signaling. Another study suggested that it
induced the apoptosis of human acute lymphoblastic leukemia cells
probably through the death receptor-mediated apoptotic pathway
(Horie and others 2016). However, its anti-cancer components
have not been clarified, with vitamin E and phenolic acids having
been suggested to be responsible for its anti-cancer effect (Kuno
and others 2016). In addition, fermented common rice, black
rice, and their brans have also been reported to possess anti-cancer
effects on different cancer cells (Table 7).

Overall, fermented wheat and rice, especially their germ and
bran, can be excellent anti-cancer foods consumed by humans for
the prevention and treatment of cancer. On the other hand, the
anti-cancer effect of other fermented edible beans, grains, and their
products has been less investigated, and future studies are required
to investigate their anti-cancer effect and anti-cancer components.

Other bioactivities
Fermented edible seeds and their products have also been re-

ported to possess many other bioactivities (Table 8), such as
anti-depressant, anti-diabetic, anti-fungal, anti-inflammatory, anti-
obesity, anti-stress and -fatigue, anti-trypanosomal, cardiovascular
protective, gastrointestinal protective, hepatoprotective, neuropro-
tective, reproductive protective, skin protective, DNA-protective,
heavy metal protective, laxative, immunomodulatory, gut micro-
biota regulatory, and sleep regulatory effects. Likewise, bioactive
components, including GABA, phenolics, bioactive peptides, nat-
urally occurring statins, nucleobases, amino acids, tocopherols,
polyunsaturated fatty acids, monacolin K, dimerumic acid, and
arabinoxylan, have been proposed to be associated with the bioac-
tivities (Table 8).

In general, fermented edible seeds and their products possess
versatile bioactivities, implying that they should have comprehen-
sive health benefits. Therefore, it is recommended to consume
fermented edible seeds and their products as a part of the diet to
prevent chronic diseases such as cancer and cardiovascular diseases.

Potential problems of food safety
Although fermented edible seeds and their products have been

demonstrated to contain a variety of bioactive components and
to confer a great number of health benefits, their potential safety

problem cannot be ignored. However, it should be pointed out that
there are few studies focused on the potential safety problems of
fermented products. On one hand, fermented seed products with-
out sterilization may contain pathogenic microbes or those with
potential pathogenic risk, especially naturally fermented products.
For example, naturally fermented and LAB-fermented soybeans
and lentils have been reported to contain substantial numbers
of aerobic mesophilic bacteria (Fernandez-Orozco and others
2007; Torino and others 2013), which may include pathogenic
bacteria and increase the risk of food poisoning. On the other
hand, microbes may release toxic or harmful substances during
fermentation, which may be harmful for health and cannot be
excluded without toxicological analysis. Recent emerging food
technologies, such as ultraviolet radiation, pulsed electric field,
and high-pressure processing, have been reported to inactivate
Bacillus spores (Soni and others 2016), and these technologies may
also be employed to treat fermented products. Therefore, from a
food safety viewpoint, fermented products may be processed to
kill microbes in them and/or toxicological analysis may be un-
dertaken prior to further applications. However, it should also be
pointed out that some fermented products, such as yogurt, known
as safe and requiring a live culture (such as LAB) to provide the
full health benefits, on the contrary, require maximization of the
viability of their live cultures.

Conclusions
Fermented edible seeds and their products generally contain in-

creased bioactive components, such as some vitamins, GABA, nat-
ural phenolics, and bioactive peptides, compared to unfermented
materials. More importantly, they exhibit various bioactivities,
such as antioxidant, anti-hypertensive, and anti-cancer effects, sug-
gesting that they may have potential and comprehensive health
benefits. Therefore, it is highlighted that fermented edible seeds
and their products are excellent natural sources of bioactive com-
ponents and can be recommended for consumption as a part of
dietary components and developed into functional foods to pre-
vent chronic diseases.
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