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A new method has been developed to increase the productivity of aspergilli - producers of extracellular
proteinases based on their cultivation on vermiculite under solid-state fermentation conditions. The
productivity of the mycelium Aspergillus ochraceus L-1 and Aspergillus ustus 1 was 3-18 times higher not
only in comparison with submerged cultivation, but also in comparison with growth on other carriers

studied under solid-state fermentation conditions. Vermiculite can be considered as a new promising
carrier for solid-state fermentation of micromycetes.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Solid-state fermentation (SSF) is a widespread technique for
extracellular enzyme production by filamentous fungi based on
their cultivation on moistened particles to which any liquid of the
system (water or nutrient medium) is completely bound [1,2,17].
SSF is most favorable for filamentous fungi and has considerable
advantages over traditional submerged fermentation (SmF) for
extracellular enzyme production. In particular, filamentous fungi
under SSF conditions yield 2- to 10-fold more hydrolases as
compared with submerged fermentation. Such overproduction is
determined by the fact that micromycetes develop under
conditions that are closer to their natural growth conditions [3-
6]. In SSF a wider range of micromycete genes are expressed,
including genes encoding enzymes. Certain enzymes are produced
only under these conditions and obtaining them by SmF is not
possible. The differences in physicochemical properties of the
enzymes synthesized by micromycetes in SSF from those produced
in SmF are of considerable scientific interest. It was shown that the
best carriers for SSF are inert carriers, such as polyurethane foam,
perlite, amberlite, or silica gel, which show biological and chemical
stability and a high water capacity [6,7,17]. However, to obtain
specific enzymes in the cultivation of specific producers, it is
necessary to work on the selection of a suitable carrier. The carrier
for SSF should provide good anchoring of fungal hyphae, a large
surface area, and the secretion of a significant amount of
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extracellular enzymes. In view of this, studies are emerging
presenting different substrates and carriers for SSF [8-10].

One of the most suitable carriers for SSF may be vermiculite. It is
a hydrated magnesium aluminum silicate micaceous mineral that
is capable of exfoliation and resembles mica in appearance.
Vermiculite mines are found in various parts of the world including
Australia, Brazil, Bulgaria, Kenya, Russia, South Africa, Uganda, USA
and Zimbabwe. Vermiculite, when subjected to heat, exfoliates to
form elongated concertina-like particles which are lightweight,
incombustible, compressible, highly adsorbent, and non-reactive
[11]. Exfoliated vermiculite is used in a wide number of markets
including the construction industry (concrete as aggregate, in
plaster and premix, and in blocks), in insulation (loose fill,
acoustical tiles), in horticulture and agriculture (aggregate, seed
germination, soil amendment, fertilizer carrier). It has a high
moisture content and porosity, can hold 2-5 times its weight in
water [12] Also vermiculite particles are of suitable size for their
usage as a carrier in solid-state fermentation.

Proteases of microbial origin prevail on the market and are
widely used in biotechnology, as they have several advantages:
high activity, ease of purification, thermal stability, possibility of
genetic manipulation, and economic profitability. They are
successfully used in the laundry industry (for example, alkalase
from Bacillus licheniformis), as well as in the chemical industry
(Aspergillus, Bacillus, Pseudomonas) and medicine. Compared to
bacteria, mycelial fungi (micromycetes) are able to secrete a larger
spectrum of extracellular proteases, which play an important role
in commerce. Proteases of fungal origin are able to function in a
wider pH range (pH 4-11) and have a broader substrate specificity,
which is why they are used in medical practice as therapeutic
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agents for the treatment of blood coagulation pathologies, as part
of cosmetics, as well as in the food industry for clarifying various
beverages (beer, fruit juices, wine), for improving dough consis-
tency or curdling of milk [13]. An important characteristic of a
protease producer is the presence of a target type of activity: for
collagenases this is collagenolytic activity, for proteinases acting on
proteins of the hemostasis system these are fibrinolytic and
specific amidolytic activities.

Many proteases are produced by filamentous fungi especially
under SSF conditions. Filamentous fungi from genus Aspergillus are
the most favorable producers of proteases with different proper-
ties and specificity.

The aim of this work was to develop a new SSF system for
proteases production by Aspergillus with the usage of vermiculite.

2. Materials and methods
2.1. Study object

The study was performed with microscopic filamentous fungi
Aspergillus ochraceus L-1 and Aspergillus ustus 1, selected in earlier
studies as the most active producers of extracellular proteinases
[14]. To obtain the inoculation material, micromycetes were grown
in test tubes on wort agar slants at 25 °C for 7 days.

2.2. Solid-state fermentation of micromycetes

Sterilized polyurethane foam (in the form of cubes of 5.0 x 5.0 x
5.0 mm, porosity 16 %, moisture content by volume 12 %), perlite
(particle size up to 2 mm, porosity 26 %, moisture content by
volume 40 %), silica gel (particle size up to 1.5 mm, porosity 30 %,
moisture content by volume 60 %) and vermiculite (particle size up
to 3.5 mm, porosity 42 %, moisture content by volume 53 %) were
added into Eppendorf® Cell Culture Flasks T-75 with a filter cap. To
prevent overheating of systems, in the case of polyurethane foam,
the height of the carrier layer did not exceed 0.5 cm, in the cases of
other carriers - 0.35 cm. Flasks were poured with a sterile nutrient
medium with the same composition as we used in previous studies
[7,14]: 3.5 % glucose, 0.1 % starch, 0.5 % fish flour hydrolysate, 0.5 %
peptone, 0.2 % NaCl, 0.05 % KH,POg4, 0.05 % MgSOg4, pH 5.5. The
optimum ratio between the amount of carrier, the nutrient
medium and the duration of cultivation were determined in
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Fig. 2. Productivity of mycelium A. ochraceus L-1 and A. ustus 1 under SSF conditions
(growth on different inert carries).

preliminary experiments, depending on the moisture capacity of
each carrier. An amount of growth medium was used so that all of
the added liquid was bound by the carriers.

In the experiment with polyurethane foam the amount of the
substrate and the volume of the added nutrient medium were 2.5 g
and 20 mL respectively; perlite, 5 gand 15 mL; silica gel, 10 g and 15
mL; and vermiculite, 5 g and 25 mL. Inoculation was performed
with 1 mL of a spore suspension obtained by washing the spores
from the wort agar culture (2.1 x 10° spores/mL). Cultivation of
aspergilli was performed under stationary conditions at 28 °C.
Proteolytic enzymes were eluted with 0.05 M Tris—HCI buffer, pH
8.2 (suitable buffer for selected micromycetal proteases, [14]). The
flasks with polyurethane were supplemented with 50 mL of the
buffer; perlite and silica gel, 20 mL; and vermiculite, 35 mL. The
amount of added buffer was calculated so that it would completely
cover the support layer and the growth surface of the micromycete.
After the addition of the buffer, the flasks were incubated on an
orbital shaker (200 rpm) for 60 min.

2.3. Biomass determination
The biomass was determined gravimetrically in glass Petri

dishes by drying it at 86 °C to a constant weight (Wb) and then
calculated as follow: Wb = W1-W2-W3, where W1 is the weight of
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Fig. 1. Laboratory scheme for SSF of aspergilli.
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Fig. 3. Uninoculated vermiculite (a), vermiculite moistened with nutrient medium (b) and growth of Aspergillus ustus 1 under SSF on vermiculite (c).

biomass with carrier and Petri dish; W2 is the weight of the carrier;
200 W3 is the weight of Petri dish.

2.4. Determination and calculation of proteolytic activity

The proteinase activity of fungi was determined after prelimi-
nary separation of the biomass by filtration.

The general proteolytic activity and fibrinolysis were deter-
mined by Anson’s modified method [14] using casein and bovine
fibrin as substrates: 200 L of the culture liquid and 400 pL of 1%
suspension of the corresponding protein substrates prepared in 0.1
M Tris—HCI buffer (pH 8.2) were incubated 10 min at 37 °C. The
reaction was stopped by 600 wL of 10 % trichloroacetic acid.
Measurements of the supernatant were taken at 275 nm after
sample centrifugation. The activity was expressed in pmoles of
tyrosine formed in 1 min in 1 mL of culture liquid.

Amidolytic activity was determined by the cleavage of the
chromogenic peptide substrate p-valyl-L-leucyl-L-lisyl-p-nitroani-
Fig. 4. Dynamics of proteolytic activity of micromycete A. ochraceus L-1. lide (D-Val-Leu-Lys-pNA) as described in our earlier paper [7]

Incubation conditions were 10 min at 37 °C. The optical density
was measured at 405 nm with an Eppendorf kinetics spectropho-

140 tometer. The amount of p-nitroaniline (jrmol) cleaved in 1 min was

taken as one unit of activity.
120 Collagenolytic activity of the fungi was performed using the
conventional azocoll technique with minor modifications [15,16].
Azocoll (Calbiochem, United States) in suspension (500 L, 2 mg/
mL in 0.05 M Tris—HCI buffer, pH 8.2) was added to 250 L of the
culture liquid filtrate; the mixture was incubated in a water bath
for 15 min at 37 °C, and the reaction was stopped by adding 750 pL
of 10 % trichloroacetatic acid. Specimens were centrifuged at 8500
g for 5 min, and the optical density of the supernatant was
determined at 519 nm. The reaction was performed with constant
stirring in a TS-100 thermal shaker (BioSan, Latvia). Collagenolytic
activity was calculated using the calibration curve obtained by
digesting exact amounts of azocoll with pronase E (1 mg/mL;
Sigma-Aldrich, United States) to complete hydrolysis. The curve
represented the relationship between absorption of the dye
released by azocoll hydrolysis and its concentration. The level of
collagenase activity was defined as the amount of azocoll (in pg)
Fig. 5. Dynamics of proteolytic activity of micromycete A. ustus 1. degraded in 1 min.
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Table 1
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Activity of extracellular proteases produced by A. ochraceus L-1 and A. ustus 1 on SSF and SmF conditions.

Micromycete Type of cultivation

Caseinolysis, U/mL

Fibrinolysis, U/mL Amidolysis, U/mL

A. ochraceus L-1 SSF* 380.06
SmF* 94.9

A. ustus 1 SSF* 551.6
SmF ** 251

16,812 94.71
17.6 29.6
2244 108.51
22.1 39.0

" Growth on vermiculite, present study.
" Previous data [14].

The proteinase activity was calculated according to the formula
Usse = (Ax(Vm + Vb)xC)/Vm [7], where A is the absorbance at
suitable nm; Vm is the volume of the medium; Vb is the volume of
the buffer added for elution, and C is the coefficient calculated from
the calibration curve. For productivity calculation the obtained
result were divided on amount mg of biomass.

The data were statistically processed using MS Excel 2013 and
Statistica 7.0. The Mann-Whitney U test was used to compare the
data; differences were considered statistically significant at p <
0.05.

3. Results and discussion

Two strains of micromycetes, Aspergillus ustus 1 and Aspergillus
ochraceus L-1 with high extracellular proteolytic activity were used
in this study. The productivity of the mycelium of these strains was
studied on the 5th day under SSF conditions using various inert
carriers, based on own preliminary results and literature data [5,
18,19].

One of the disadvantages of SSF is excess heat, which can
overheat the system and lead to enzyme denaturation. Therefore,
in laboratory conditions, cultivation on small particles is often
used. It is well known that small particles provide a large surface
area for colonization while large particles limit the colonization
area for micromycetes [10,20].

To select the best inert carrier for the production of
extracellular proteinases SSF of micromycetes was carried out
according to the laboratory scheme shown in Fig. 1. The sterile
carrier was poured into the culture flasks, sterile nutrient
medium was added and inoculated with a spore suspension of
Aspergillus, as described in the procedure. During growth, nutrient
uptake, proteolytic enzyme secretion, and mycelial differentiation
occurred. At the end of the cultivation period, a buffer with a
suitable pH (8.2) was added into the system and secreted enzymes
were eluted. In the obtained enzyme extract proteolytic activity
was determined.

Fig. 2 shows the productivity of aspergilli mycelium during
their growth on various inert carriers. As can be seen from the
obtained data, the proteolytic activity of both micromycetes was
greatest with SSF on vermiculite (52.4 and 57.2 U/mg of biomass
x1072 for A. ochraceus L-1 and A. ustus 1 respectively). In
comparison with silica gel, the yield of proteinases on vermiculite
was 3 times higher, compared with other carriers used - from 7 to
18 times. In both cases, the use of polyurethane foam and perlite as
carriers in the solid-state fermentation system proved to be
unpromising. Thus, the productivity of aspergilli mycelium on
vermiculite was higher than on other carriers.

In this way, vermiculite can be considered as a suitable carrier
for SSF of micromycetes - producers of proteinases.

Uninoculated vermiculite, vermiculite moistened with nutrient
medium and vermiculite with aspergillus (A. ustus 1) grown on it
are shown in Fig. 3. It is seen that the fungus fully develops in
culture, as evidenced by dense growth and copious sporulation.

Strains of aspergilli, producers of proteinases with different
types of activity were selected for this work. So, A. ochraceus L-1 is

considered as a producer of fibrinolytic (plasmin-like) proteinases,
and A. ustus is a producer of extracellular collagenases [14].

To clarify the data obtained, the dynamics of extracellular
proteases secretion during the growth of micromycetes A. ustus 1
and A. ochraceus L-1 under SSF conditions with vermiculite and
silica gel (for comparison) as carriers, respectively were studied.
Thus, the maximum value of the protease activity, produced by A.
ustus 1 under SSF conditions with vermiculite, was obtained on the
6th day (109.8 U/mg of biomassx10~3), the value of the protease
activity, produced by micromycete A. ochraceus under similar
conditions reached its maximum (170.5 U/mgx10~3) only by the
8th day (Fig. 4, Fig. 5). Under the SSF condition, using silica gel as a
carrier (Fig. 4, Fig. 5), the maximum value of the proteolytic activity
of proteases, produced by A. ustus 1 was reached on the 9th day of
cultivation and amounted to 42.9 U/mg of biomassx 10~3, and for A.
ochraceus on the 5th day of cultivation (92.2 U/mg of bio-
massx10~3). For both strains of micromycetes, the activities
obtained under SSF conditions with vermiculite were higher than
those using silica gel as a carrier: more than 2 times for A. ustus 1,
and 1.5 times for A. ochraceus L-1.

The results obtained can be related to the physicochemical
properties of the used vermiculite. During the experiments, fungal
mycelium layering and dense entanglement of solid particles with
hyphae were observed (Fig. 3), thereby the fungi increased their
surface area of growth, and the properties of vermiculite allowed
the secreted enzymes to be in an immobilized state. As a result of
these factors, the productivity of Aspergillus mycelium is higher
than when cultured on other carriers. The addition of excess buffer
to the system made it easy to elute proteases from the carrier
particles.

The activities of some other proteases, produced by A. ochraceus
L-1 and A. ustus 1 under the same SSF conditions with vermiculite
as a carrier were also studied. One way to compare activity in SmF
and SSF is to calculate the activity per ml of culture medium added.
In the case of laboratory SmF, as a rule, the growth and
fermentation of micromycetes occur in 100 mL of nutrient
medium, in the SSF on vermiculite given in this work the amount
required is 4 times less. As can be seen in Table 1, SSF with
vermiculite as a carrier is a suitable method for producing
proteases with other activities: for example, under these
conditions, both micromycetes produce caseinolytic proteases
with high activity values — A. ochraceus L-1 (380.06 U/mL), A. ustus
1(551.6 U/mL). Also, A. ustus 1 is capable of producing highly active
fibrinolytic protease (224.4 U/mL), and A. ochraceus L-1 forms
proteases with high amidolytic activity (94.7 U/mL) under these
conditions. All types of activity were significantly higher than in
the SmF of micromycetes [14].

Most studies on the formation of extracellular proteases by
Aspergillus are carried out during their cultivation on agroindus-
trial wastes [19,21,22], which limits the possibility of scaling these
processes and their industrial application. In cases with inert
carriers, a high yield of fungal enzymes was previously noted
during growth on polyurethane foam and perlite in comparison
with the conditions of submerged cultivation [23-25]. In the
present work, it was shown that during the development of
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Aspergillus on vermiculite, the secretion of proteases is higher as
compared to the conditions on the indicated carriers, which makes
it promising for use in the conditions of SSF of Aspergillus -
producers of proteolytic enzymes.

4. Conclusion

Currently, more and more attention is being paid to the production
of proteolytic enzymes by SSF. By comparison with submerged
cultivation, it was shown that in SSF producers, in particular Aspergillus
of different species on different natural substrates and inert carriers,
gaveayield several times (from 2 to 14 times) higher. Such datawere
obtained using polyurethane foam, silica gel, and amberlite as
carriers [2,26]. In this work, it was shown that it is in principle
possible to use vermiculite as a carrier in the SSF system to increase
the yield of proteases. Studies have shown that the growth of
aspergillus on vermiculite provides a higher yield of proteases in
comparison with traditionally used carriers such as polyurethane
foam, perlite and silica gel. The mycelium productivity of the
studied fungi was higher not only in comparison with SmF, but also
in comparisonwith other carriers under SSF conditions (from 3 to 18
times).

Thus, vermiculite is a suitable inert carrier for SSF of micro-
mycetes - producers of extracellular proteases and a new effective
way for protease production by some Aspergillus species under SSF
with the usage of vermiculite as a carrier was developed.
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