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Abstract:

Introduction. The fungus Aspergillus oryzae is widely used in the production of fermented soy-based products. However, there is little
data on how its genetic characteristics affect the biochemical and fractional composition of protein substances during fermentation
and the quality of fermented products. This study aimed to investigate the conversion of soy meal under the influence of two 4. oryzae
strains with different morphological and cultural properties during the production of a fermented soy sauce.

Study objects and methods. The study used two A. oryzae strains, RCAM 01133 and RCAM 01134, which were isolated from the
industrial F-931 strain (Russian Collection of Industrial Microorganisms), a producer of hydrolytic enzymes. Micromycetes were
cultivated by a solid-phase method on soy meal, followed by dry fermentation. The results were analyzed with regard to accumulation
of amine nitrogen, bound and free amino acids, proteins and carbohydrates.

Results and discussion. The cultivation of micromycetes resulted in a 35-38% increase in protein, a tenfold increase in free amino
acids, and a 1.5-1.7 fold decrease in polysaccharides. The contents of essential amino acids in the fermented soy sauce were
1.7 and 1.2 times as high as in the initial medium (soy meal) and in the reference protein, respectively. Fermentation enhanced the
biological value of proteins, increasing the amino acid scores of phenylalanine (7.3—7.7 times), phenylalanine (2 times), as well as
valine, threonine, tryptophan, and lysine. The contents of protein and essential amino acids were slightly higher in the sauce with the
RCAM 01133 strain.

Conclusion. Fermenting soy materials with the RCAM 01133 strain of 4. oryzae is an alternative way to produce food ingredients
with good sensory properties containing carbohydrates and biologically complete protein in easily digestible forms.
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INTRODUCTION been growing over the past decades, especially after the
Food and Drug Administration (FDA) linked soy protein
with a reduced risk of coronary heart disease [8—10]. Soy
protein contains all essential amino acids. Also, it has
a higher biological value than plant proteins of cereals
and a lower content of saturated fatty acids than animal
products [11].

Asian countries mostly use fermented soy.
Fermentation increases the solubility of soy polymers

Soy is the most common plant protein source in the
world that has a wide range of health benefits. Clinical
studies of soy-based products have revealed their
antioxidant, antitumor, hypoglycemic, and hypotensive
effects [1-5]. Having been cultivated since ancient times
in Asian countries, since the 18th century in Europe,
and since the 19th century in the USA, soy is now one

of the most important agricultural crops worldwi- and improves absorption in the intestine, which provides
de [6, 7]. The USA is currently the leading producer of  soy-based products with high nutritional value and
soybean, accounting for over 30% of world production. functional properties [12]. High soy consumption in
The popularity of soy products in North America has Japan and China correlates with a low incidence of
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cardiovascular and oncological diseases. Soy-based
products contain a large amount of soluble proteins,
including bioactive peptides and amino acids, as well as
isoflavones, polyamines, and other bioactive substances
resulting from soy bioconversion [13-16].

Aspergillus oryzae is widely used in the production
of fermented soy-based foods (soy sauce, soy paste,
rice wine, etc.). The FDA declared the strains of this
filamentous fungus safe for food production (GRAS),
which was supported by the World Health Organization
(WHO) [17-19]. The A. oryzae strains are industrial
producers of enzyme preparations with proteolytic and
amylolytic action [20]. The fungus synthesizes proteases
as it adapts to a protein-rich environment during soy
fermentation, with acidic proteases (carboxyl proteinase,
carboxy-peptidase) playing the most important role in
protein hydrolysis to form free amino acids [12, 20-23].

In addition, 4. oryzae produces hydrolytic enzymes
that break down polysaccharides into smaller mono-
and oligosaccharides, which can also affect the quality
of fermented products [20, 24, 25]. Apparently, these
enzymes play a regulatory role in the long-term
conversion of plant materials, activating subsequent
fermentation and supplying metabolites that act as
precursors for the formation of the characteristic taste of
soy sauce [26—29]. However, literature lacks information
on the biosynthesis and catalysis of 4. oryzae biomass or
the influence of genetic and physiological characteristics
of its strains on the biochemical and fractional
composition of protein substances during microbial
conversion of soy materials.

We conducted comparative studies of soy conversion
under the influence of two A. oryzae strains with
different morphological and cultural properties to
produce a fermented sauce.

STUDY OBJECTS AND METHODS

Our study objects were two strains of the filamentous
fungus Aspergillus oryzae isolated as a result of
selection from the F-931 industrial strain, a producer of
proteolytic and amylolytic enzymes (Russian Collection
of Industrial Microorganisms) [29]. The strains were
deposited in the Russian Collection of Agricultural
Microorganisms (RCAM) and differed in their
morphological characteristics and cultural properties.
RCAM 01133 and RCAM 01134 A. oryzae strains were
used for the fermentation of soybean meal.

Micromycetes were cultivated by the solid-phase
method in flasks on natural nutrient media containing
soybean meal (55% moisture) for 4 days at 30-32°C.
We used standard methods to analyze the activity
of hydrolytic enzymes in the fungus biomass [30].
Microscopic studies were conducted with a Nikon
Eclipse microscope (Japan).

Fungal cultures grown on soy were dry fermented
for 48 h at 55-60°C in a TS-1/180 SPU dry-air
thermostat. Surface cultures were extracted with a
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20% NaCl solution in a ratio of 1:1.5 for 1 hour at
20-25°C. The incubation mixture was kept on a Biosan
ES-20 (EU) incubator shaker at 200-210 rpm. Following
the extraction, the soy sauce was separated in an OS-6M
centrifuge at 5000 rpm for 10 min.

The biocatalytic conversion of fungal biomass
polymers was evaluated according to the degree of
accumulation of amine nitrogen, free amino acids, and
general reducing substances [31]'. The total protein
content was determined by the Kjeldahl method on an
automatic Vadopest system (Germany)".

The amino acid content in the soy sauce samples
was analyzed on a KNAUER EUROCHROM 2000
chromatograph. After that, the components were
determined with a spectrophotometric Smartline
UV Detector 2500 at A = 570 nm (Germany). The
aminograms were calculated by comparing the areas of
the standard and the sample [32].

The amino acid score (AAS) was expressed as
a percentage ratio between the amount of a certain
essential amino acid in the test protein and that of
the same amino acid in the FAO/WHO reference
protein [33]:

M
AAS MR* 100 )
where AAS is the amino acid score, %; M is the content
of an essential amino acid in the test protein, g/100 g
protein; M, is the content of an essential amino acid in
the reference protein, g/100 g protein.

The experiments were carried out in at least three
replicates. The data were statistically processed
in Microsoft Excel using the Student’s coefficient
(confidence interval 0.95).

RESULTS AND DISCUSSION

The solid-phase cultivation of Aspergillus oryzae
RCAM 01133 and RCAM 01134 strains on nutrient
media containing soybean meal revealed significant
differences in their growth and development. At the
first stage of growth (24 h), we observed swelling
and germination of spores, as well as the formation of
hyphae in both cultures.

At the second stage (42 h), RCAM 01133 showed
more active mycelium formation accompanied by the
release of metabolites and excess heat (the temperature
in the medium layer increased to 34°C). RCAM 01134,
however, featured a slightly slower rate of growth and
mycelium formation.

By the third stage (72 h), both cultures had formed
mycelium, which was airier and whiter in RCAM
01133. We also noticed the beginning of sporulation in

' OFS.1.2.3.0022.15 Opredelenie aminnogo azota metodami
formolnogo 1 yodometricheskogo titrovaniya [GPC.1.2.3.0022.15
Determination of amine nitrogen by formal and iodometric titration
methods]. 2015. 3 p.

" State Standard 32044.1-2012 (ISO 5983-1:2005). Feeds, mixed
feeds and raw material. Determination of mass fraction of nitrogen
and calculation of mass fraction of crude protein. Part 1. Kjeldahl
method. Moscow: Standartinform; 2014. 15 p.
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Figure 1 Aspergillus oryzae mycelium: (a) RCAM 01133;
(b) RCAM 01134

RCAM 01134 (Fig. 1). The processes of biosynthesis
and accumulation of enzymes took place at the same
time, with the temperature of the medium dropping
to 28-30°C.

By the end of growth, on day 4, the fungal cultures
looked like accreted colonies with 55-57% moisture.
RCAM 01134 had more abundant yellow-green conidia,
while RCAM 01133 had a white colony and a reduced
ability to sporulate.

Then, we analyzed the biosynthetic features of the
A. oryzae strains cultivated on soy. In particular, we
measured the content of protein, polysaccharides, and
amine nitrogen in surface cultures (Fig. 2), as well as
determined the levels of proteolytic and amylolytic
enzymes (Fig. 3).

We found that the cultivation of the A. oryzae strains
increased the content of crude protein by 35-38%
and decreased the concentration of polysaccharides
1.5-1.7 times compared to the initial medium. The
contents of protein and polysaccharides were 55.3% and
18.0% for RCAM 01133 and 52.3% and 19.5% for RCAM
01134, respectively. The content of amine nitrogen was
17 times as high in RCAM 01134 (13.24 mg/g) and
1.5 times as high in RCAM 01133 (8.59 mg/g), compared
to the initial medium (0.8 mg/g).

The A. oryzae strains differed in the level of
synthesized enzymes (Fig. 3). RCAM 01133 produced
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Figure 3 Enzymatic activity of Aspergillus oryzae strains,
RCAM 01133 and RCAM 01134

more a-amylase. The amylolytic activity of this strain
reached 128.3 units/g, which was 1.6 times as high
as that of the other strain. However, the proteolytic
activity was 2.4 times higher in RCAM 01134 compared
to RCAM 01133 (56.0 units/g and 23.5 units/g,
respectively).

The grown fungal cultures were subjected to dry
fermentation during which protein and carbohydrate
polymers converted under the action of intracellular
enzymes of micromycetes. After 48 h, the fermented
biomass acquired a dark brown color, indicating the end
of dry fermentation.

Then, we developed test samples of fermented sauces
with the A. oryzae strains by extraction with saline.
According to their biochemical and sensory analysis, the
conversion of soy materials resulted in the accumulation
of protein substances in the fermented sauces. The
total amounts of amino acids were 23.0 g/100 g and
23.35 g/100 g in the sauces with RCAM 01133 and
RCAM 01134, respectively. The percentages of
essential amino acids amounted to 44.83% and 42.73%,
respectively (Fig. 4.).

In addition to increasing total amino acids in the
fermented sauces, caused by the synthesis of protein
substances during the solid-phase cultivation of the
fungus, the fermentation released amino acids from
bound forms into free forms (Figs. 2, 4). Free amino
acids accounted for 43.9% and 48.3% in the sauces
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Figure 4 Contents of amino acids in fermented soy sauces
with Aspergillus oryzae
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Table 1 Essential amino acid contents in the initial soy
material and fermented sauces vs. reference protein

Amino acid Content of essential amino acids,
2/100 g protein
Reference Initial Sauce Sauce
protein medium  with with
RCAM RCAM
01134 01134
Valine 5.0 4.11 5.60 4.74
Isoleucine 4.0 4.16 3.89 3.36
Leucine 7.0 7.03 4.04 3.71
Lysine 5.5 5.28 7.17 6.19
Methionine 3.5 1.17 2.65 2.76
Threonine 4.0 3.26 3.92 3.43
Phenylalanine 6.0 0.28 2.16 2.06
Tryptophan 1.0 1.07 15.40 16.48
TOTAL 36.0 26.36 4483 42.73

with RCAM 01134 and RCAM 01134, respectively.
About 50% of them were essential amino acids, which
indicated higher medical and biological efficiency of the
fermented products since free amino acids are easily
absorbed into the blood, activating metabolic processes
in the human body (Fig. 4)

The cultivation of A. oryzae micromycetes on a
plant medium not only increased the content of protein
substances but also improved their biological value in
the fermented sauces. As we know, the content and
composition of essential amino acids in the FAO/WHO
reference protein can fully meet the physiological needs
of the human body [34-36]. Our studies showed that
the test samples of fermented soy sauce contained a
full range of essential amino acids. Their amount was
1.7 times as high as in the original plant medium and
1.2 times as high as in the reference protein, mainly due
to a high content of tryptophan (Table 1, Fig. 4).

We compared the composition of essential amino
acids and their scores in the fermented products (Table 1,
Fig. 5). The amino acid score, which is calculated by
comparing the content of each amino acid in the proteins
of the initial medium (soy meal) and the fermented
sauces with its content in the reference protein, shows
changes taking place during soy fermentation [37, 38].

We found that phenylalanine, methionine, valine, and
threonine were the limiting amino acids in the protein
of the initial soy material, with their score under 82.2%.
Although the score of the main limiting amino acid,
phenylalanine, was only 4.7%, it increased 7.7-7.3 times
in the fermented sauces, reaching 36.0-34.3%. The score
of the second limiting amino acid, methionine, more
than doubled as a result of fermentation. The scores also
increased for valine, threonine, tryptophan, and lysine
but decreased for leucine (Fig. 5).

The composition of essential amino acids in the
fermented sauce proteins did not differ significantly,
featuring three limiting amino acids — phenylalanine,
leucine, and methionine. The score of the main limiting
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amino acids was slightly higher in the sauce with the
RCAM 01133 strain of 4. oryzae.

The increased score of individual amino
acids (tryptophan, valine, lysine, methionine, and
phenylalanine), which resulted from the fermentation
of plant materials by micromycetes, indicated a higher
biological value of the fermented products. The highest
score was recorded for tryptophan, whose content was
15.40 g and 16.48 g per 100 g protein in the sauces with
RCAM 01133 and RCAM 01134, respectively (Table 1).

It appears that the predominant amount of
tryptophan gave the sauces their major functional
properties. Tryptophan is known for its antidepressant,
hypoglycemic, and cardioprotective effects. It helps to
regulate appetite and synthesize the “joy hormone”,
serotonin. Also, it stimulates the production of growth
hormone and vitamin B3 (niacin). According to recent
studies, tryptophan exerts a stress-protective effect
on the cardiovascular system and acts not only as a
precursor of the main neurotransmitter, serotonin, but
also as a component of the body’s antioxidant system
[39]. Tryptophan deficiency entails disturbances in
the psycho-emotional state of a person such as sleep
disturbances, digestive problems, and mental disorders.
Together with magnesium deficiency, it can cause

Table 2 Sensory and physicochemical indicators
of the fermented sauces based on Aspergillus oryzae

Indicator Sauce with Sauce with
RCAM 01133 RCAM 01134

Appearance Opaque liquid

Color Dark brown

Aroma Strong mush- Mushroom-

room-like aroma like aroma

Dry substances, % 29.7 27.5
Carbohydrates 2.3 1.9
(reducing substances), %

Protein, % 27.9 26.1
Amine nitrogen, mg% 574.0 630.0
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Figure 6 Sensory profilogram for fermented sauces based
on Aspergillus oryzae

spasms of the coronary artery, cardiovascular pathology,
and diabetes mellitus.

Increased amounts of valine, lysine, and methionine
add more functional properties to fermented foods. They
are among the most important essential amino acids,
whose biological role in the human body is primarily
associated with protein metabolism. They help with the
growth and repair of tissues, accelerate cell regeneration,
prevent the formation of lipoproteins, and participate in
the regulation of the immune system [40, 41].

Sensory and physicochemical indicators of the
fermented sauces are shown in Table 2 and Fig. 6. We
found that the RCAM 01133-based sauce had a more
pronounced mushroom-like aroma and a uniform
consistency.

CONCLUSION

Our study investigated the bioconversion of soy
materials under the influence of two strains of the
filamentous fungus Aspergillus oryzae that produce

hydrolytic enzymes. The strains differed in their
morphological characteristics and cultural properties.

We found that the cultivation of the RCAM 01133
and RCAM 01134 strains on a nutrient medium with
soy meal increased the concentration of protein and
amine nitrogen, as well as decreased the content of
polysaccharides. The fermented soy sauce contained a
full range of essential amino acids whose amount was
larger than in the protein of the initial soy material and
in the reference protein.

The comparative analysis of the fermented sauce
proteins and the reference protein showed that the test
samples had a higher biological value compared to the
initial medium (soy meal). We found that fermentation
increased the score of the main limiting amino acids,
phenylalanine and methionine, as well as that of valine,
threonine, tryptophan, and lysine. The score of leucine,
however, decreased.

As a result, we selected the A. oryzae RCAM 01133
strain for use in biotechnology of functional additives
based on microbial and biocatalytic conversion of plant
materials. This strain had a high growth rate and a low
spore-forming ability, which makes it technologically
attractive for use in production.

To conclude, the fermented RCAM 01133-based soy
sauce contained a full range of essential amino acids in
free form and possessed good sensory properties. Thus,
we can recommend it for ready meals as a seasoning and
a salt substitute enriched with essential amino acids.
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