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Abstract

Background and Objective: Lentinus edodes (Shiitake) is a rich source of secondary
metabolites, including exopolysaccharides. These compounds strengthen the immune system
and play essential roles in prevention and treatment of several diseases, including cancers. A
way to increase production of polysaccharides is the use of elicitors. Examples of these
elicitors include microbial volatile organic compounds, which are produced in microo-rganism
co-cultures. The objective of this study was to investigate effects of these compounds on
production of Shiitake exopolysaccharides.

Material and Methods: To decrease cultivation time, Shiitake was cultured in four culture
media, including (1) potato dextrose broth, (2) potato dextrose broth and D-glucose, (3) malt
extract broth and (4) malt extract broth and D-glucose. After selecting appropriate culture
media, fungal growth curve, Kinetic growth of pellets and filamentous morphology were
studied. Novel method of simultaneous aerial co-culture was used to increase production of
Shiitake exopolysaccharides, which acted as an elicitor by inducing microbial volatile organic
compounds of other microorganisms. Microbial volatile organic compounds were analyzed
using gas chromatography-mass spectroscopy.

Results and Conclusion: Malt extract medium containing glucose was selected for
submerged and solid cultures of Shiitake and the growth time decreased to 18 d. Shiitake
biomass production included 11 g.It. Filamentous morphology included higher production
rates due to higher surface-to-volume ratios, compared to that the pellet morphology did.
Shiitake fungal biomass and exopolysaccharides in co-cultures with Aspergillus niger
included 14 and 4 g.I"%, respectively. Furthermore, biomass and exopolysaccharides included
11 and 4.7 g.I"* in co-cultures with Schizophyllum commune, respectively. Microbial volatile
organic compounds produced by Aspergillus niger and Schizophyllum commune in co-
cultures, as elicitors, increased biomass and exopolysaccharide productions in Shiitake.
Therefore, it suggests that microorganism co-cultivation is a low-cost effective method for
Shiitake exopolysaccharide production.
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1. Introduction

Lentinus edodes (Shiitake), as a cap basidiomycete, is one
of the most common fungi that has been cultivated for
thousands of years. Shiitake mushroom includes desirable
tastes and bioactive compounds with healing characteristics.
This edible-medicinal mushroom is currently the most
cultivated mashroom globally after Agaricus bisporus (white
button mushroom) and its production reaches more than 2

million tons per year. Shiitake is a rich source of various
carbohydrates, proteins, vitamins and minerals [1]. Seco-
ndary metabolites of this fungus include polysaccharides.
Shiitake polysaccharides include glucose, mannose, xylose,
galactose, fucose, rhamnose and arabinose [2]. Polysac-
charides of this fungus demonstrate various therapeutic
characteristics such as antioxidant, antibacterial, anti-cancer
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and anti-diabetic characteristics and strengthen the immune
system [3,4]. Observations show that variables such as
culture media composition, temperature and pH affect
mycelial growth of the fungi. Effects of these factors on the
production of secondary metabolites and characteristics of
the fungal metabolites can be studied and optimized [5-9]. A
group of the compounds that affect growth and production of
the polysaccharides include elicitors. Elicitors include
biological or non-biological origins that induce biosynthesis
and storage of secondary metabolites by inducing host
defense responses. Non-bioelicitors include ultraviolet light,
ultrasound and chemical compounds such as dimethyl
sulfoxide [10-12]. Bioelicitors include cellular components
of fungi, plants and microorganisms, which may include
specific compounds such as chitin or a mixtures of biological
compounds such as mushroom extractions. Microbial
volatile organic compounds (MVOCs) consisting of low
molecular weight molecules can be used as elicitors. These
compounds are resulted from the primary and secondary
metabolism of microorganisms. Effects of these compounds
can be investigated by simultaneous culture of the microo-
rganisms [13,14].

Up-to-date, several studies have been carried out on
fungal metabolite production in co-cultures [15-17].
Simultaneous aerial co-culture refers to cultivation of
physically separated microorganisms, which are only
connected by air and their vapor organic compounds affect
each other. A similar process is seen in nature and the
compounds of microorganisms cause defense responses and
stimulate production of secondary metabolites [18,19].
Simultaneous aerial co-culture between four various soil
bacteria and Pseudomonas fluorescens stimulates production
of antimicrobial secondary metabolites in these bacteria [20].
Venkatarman et al. showed that the MVVOC (3,2-butanediol)
increased production of secondary metabolites (pyocyanin
and pyoverdine) in P. aeruginosa [21]. Savoie et al. reported
that addition of Trichoderma spp. to culture media of
Shiitake mushrooms increased activity of the laccase
enzymes by 3-30 times [22]. Co-cultivation with activation
of internal signals results in activation of secondary
metabolite genes [23]. Production of Ganoderma lucidum
polysaccharides in aerial co-cultures with Pleurotus oestrus
increases by 2.2 times after 6 d and reaches 3.35 g.I"* under
optimal conditions [19]. Kalantari et al. investigated that
aerial co-cultures of G. lucidum with Bacillus subtilis and P.
aeruginosa decreased growth of mycelia of this fungus.
Production of ganoderic acid in this fungus increased more
than 2.8 times [18]. Therefore, the aim of this study was to
investigate polysaccharide production of Shiitake using
elicitors. First, the optimal culture medium for the Shiitake
growth was selected. Then, effects of MVVOCs from various
microorganisms on the growth rate of Shiitake biomass and
exopolysaccharide (EPS) production were investigated.

2. Materials and Methods

2.1. Preparation of microorganisms

Microorganisms were provided by China General
Microbial Culture Collection Center (CGMCC), University
of Tehran Microbial Technology and Research Center
(UTMC) and Persian Type Collection Center (PTCC) in
solid media. Lentinus edodes was provided by the Microbial
Bank of Tarbiat Modares University, Tehran, Iran (Table 1).
This study used nutrient agar media (Merck, Germany) for
the solid cultures of bacteria and potato dextrose agar media
(Merck, Germany) for fungi. For submerged -cultures,
bacteria were cultured in nutrient broth media (Merck,
Germany) and fungi were cultured in potato dextrose broth
(PDB) media (Merck, Germany). For the cultivation of each
microorganism, inoculation quantity was 10% v v and
culture media were incubated at 28 °C and 150 rpm.

2.2. Selecting appropriate culture media for Shiitake
mushrooms

The first aim of this study was investigation of Shiitake
growth and EPS production in various culture media. Potato
dextrose agar was used for solid cultivation of Shiitake. After
the cultivation of Shiitake in solid media, a square of the
culture (1 x 1 cm?) was cut off and added to PDB culture
media. The PDB was used for submerge cultivation of
Shiitake (seed culture). Shiitake EPS production was studied
in four culture media. These culture media included PDB,
PDB containing 17 g.I* of D-glucose, malt extract broth
(MEB) and MEB containing 17 g.I"* of D-glucose. In this
study, 17 g.I"t of D-glucose were used as the elicitor for
polysaccharide production. Quantity of inoculation for each
culture medium was 10% v v from seed cultures. Culture
media were incubated at 28 °C for 30 d at 150 rpm [13,24].

2.3. Growth curve of Shiitake mushrooms

To plot the growth curve, Shiitake was cultured in 100-ml
flasks containing 20 ml of the selected medium. After
inoculation (200 pl of Shiitake seed culture in PDB), flasks
were transferred into a shaker incubator and incubated at
28 °C for 20 d at 150 rpm (Jaltjahiz, Iran) .

In each sample, fungal biomass was isolated using
centrifuge (5000x g for 20 min). After lyophilized the
biomass using freeze-dryer (Operon, South Korea), weight
of each sample was measured using scale. Based on a
previous study by the authors, ethanol (4:1 v:v) was mixed
with the supernatant to extract the fungal EPS. After storing
at 4 °C for 24 h, EPS was separated using centrifuge (5000x
g for 10 min) and lyophilized [5].
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Table 1. Microorganisms used for co-cultures in this study

Fungi

Bacteria

Auricularia auricula-judae (Jewish ear)
Aspergillus niger (UTMC 5018)

Agrocybe (gift)

Candida albicans (UTMC 5024)

Chinese Ganoderma lucidum (CCGMC 5.616)
Fomes fomentarius (NCBl MG835861)
Fusarium solani (PTCC 5284)

Fusarium sporotrichioides (IBRC-M 30197)
Hericium beech (NCBI MW136052)
Hericium chestnut (gift)

Iranian Ganoderma lucidum (IBRC-M 30306)
Lentinus edodus (Tarbiat Modares University 25. Shibel)
Mucor Himalayas (PTCC55)

Neurospora intermedia (PTCC 5291)
Pleurotus ostreatus (FNST-203)
Schizophyllum commune (NCBI MG761830)
Trametes gibbosa (gift)

Bacillus subtilis (PTCC 1247)
Escherichia coli (PTCC 1269)
Staphylococcus aureus (UTMC 1429)

PTCC: Persian Type Culture Collection (http://ptcc.irost.org/).
IRBMC: Iranian Biological Resources Center (http://www.ibrc.ir).

CCGMC (CGMCC): Center for Collection of General Microbiological Cultures.

FNST: Faculty of New Sciences and Technologies

2.4. Kinetic model of Shiitake growth

Multiple flasks were inoculated with 10 ml of the pellet
mycelia and incubated. Three flasks were randomly selected
for sampling each day. Spherical mycelial cultures normally
appeared to follow the kinetics of cubic roots. Emerson
biosynthetic expression was used for the microbial growth
calculations in Eq 1:

M3 =kt + MY Eq (1)

Where, M was the quantity of total mass (g), k. was the
constant (g ¥* x h?) and t was the time. [25]. Logistic
equation was used to adapt to the biomass curve. This
equation was independent of the culture media substrate and
widely used as an unstructured model to explain the cell

growth as Eq 2:

Z_f = Hmax (1 - %) C Eq (2)
Where, C was the biomass (g.1"%), pmax Was the maximum
specific growth rate (h™t) and Cr, was the maximum quantity
of biomass that could be achieved (g.I"!) [25]. Luedeking-
Piret model was used for the EPS curve. This equation was

widely used to predict metabolites as follows:

L= a4 pC, Eq (3)

Where, P was the EPS concentration (g.I"%), Cx was the
cell mass (g.I"Y) and & (g x g ~1) and B (g * (g x h) ~1) were
the constant values. This was an experimental model; in
which, dCy/dt showed production of EPS relative to the
growth rate and Cy represented production of EPS regardless

of growth [25,26].

2.5. Aerial co-culture of Shiitake mushrooms with
microorganisms

Shiitake mushrooms were cultured alone in a flask and 21
microorganisms, including Shiitake fungi alone, three
species of bacteria and 17 species of other fungi, were
separately cultured in other flasks. Each two flasks were
connected to each other using glass tubes inserted in the lids.
Indeed, Flask 1 included Shiitake mushrooms and Flask 2
included Shiitake mushrooms or other 20 microorganisms.
Therefore, production of MVOCs in Flask 2 affected
polysaccharide production in Flask 1 (Figure 1).

Figure 1. Flasks of Shiitake aerial co-cultures with other
microorganisms
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Inoculation quantity was 10% v v and culture media
were incubated at 28 °C for 20 d at 150 rpm. Then, 50 ml of
MEB media with glucose for Shiitake mashrooms, 50 ml of
nutrient broth for bacteria and 50 ml of PDB for other fungi
were added to the flasks. As previously described, biomass
and EPS were isolated [18,19].

2.6. Gas chromatography-mass spectrometry analysis for
microbial volatile organic compounds

Gas chromatography-mass spectrometry analysis (GC-
Mass analysis) was carried out to assess MVVOCs produced
and used in aerial co-cultures by Shiitake mushrooms and
Schizophyllum (S.) commune or Aspergillus (A.) niger. This
analysis was carried out for the microorganisms that
increased growth and production of Shiitake EPS to identify
MVOCs with positive effects on the growth and production
of EPS. Therefore, Shiitake mushrooms were co-cultured
with S. commune or A. niger. Submerged cultures of Shiitake
mushrooms were used to assess Shiitake volatiles. Twenty
days later, all samples were transferred to the laboratory,
Department of Chemistry, Chemical Research Institute of
Shahid Beheshti University, Tehran, Iran, for GC-Mass
analysis [27]. To carry out GC-Mass analysis, Shiitake
mushrooms were co-cultured with S. commune and A. niger.
After a 20-d culture period, samples were transferred into a
70 °C oven for several hours and prepared for the analysis.
The SPME fiber adsorbents were used. Detentions of
capillary 9 column included 30 m, 0.2 mm and 0.33 pm. The
carrier gas was helium with a flow rate of 1 ml.min. The
mass range was 35-500 a.m.u. lonization was carried out by
electron impact at 70 eV with an ion source temperature of
200 °C [27]. The GC-Mass analysis was carried out using
Agilent 7890A Instrument (Agilent Technologies, USA)
with Model 5977A Mass Spectrometer Detection System.
The injection temperature was 25 °C and the volume of
injection was 1 pl. Temperature was set at 50 °C for 1 min,
then heated to 220 °C at 3 °C/min and held for 3 min [28].

2.7. Statistical analysis

Each experiment was carried out with three replications.
Kinetic modeling was carried out using Minitab Software
v.18. In general, p < 0.05 were reported as statistically
significant (0.01 < p < 0.05).

3. Results and Discussion

3.1. Appropriate culture media for Shiitake mushrooms

Cultivation time of Shiitake mushrooms in PDA and PDB
were 30 and 28 d, respectively. This was a relatively long
time for mushrooms to grow. Therefore, D-glucose was used
as an elicitor in culture media; however, the biomass growth
rate did not change significantly. In the next step, MEB and
MEA media were used to cultivate Shiitake mushrooms and
D-glucose was added to the culture media. Various
concentrations of sugar were used in various culture media.
These concentrations could range 5-50 g.I* [6,25,29].

Biomass growth in PDB, PDB and D-Glucose and MEB
included 2.5, 4 and 7 g.I"%, respectively. Results showed that
the malt extract media containing D-glucose included the
highest biomass production within the shortest time.
Biomass growth rate in MEB media containing D-glucose
(MEB.G) reached 11 g.I"* after 18 d (p < 0.05). Studies have
been carried out to improve physicochemical parameters of
Shiitake growth. Elisashvili et al. (2004) studied effects of
various carbon and nitrogen sources on cultivation of
Shiitake mushrooms. Biomass production of this fungus
reached its maximum when gluconate or glucose was used as
a unique carbon source [30]. In a study, Feng et al. (2010)
cultivated Shiitake mushrooms in synthetic media at pH 5.5—
5 and 28 °C. Biomass production of this fungus was doubled
after 20 d and reached 6.88 g.I"* [25]. Use of MEB and D-
glucose media [25,29,30] was more efficient and econo-
mically viable for EPS production in Shiitake mushrooms,
compared to other studies.

3.2. Shiitake growth curve

Figure 2 shows the growth curve of Shiitake mushrooms
in 20 d. Shiitake biomass growth began from Day 3. Up to
10-12 d, growth phase was followed by a steep slope; after
which, relative decreases in growth rate were seen. Growth
continued until Day 18 and reached 11 g.I"%. Biomass was
measured until Day 20, showing that the growth rate did not
change (stationary phase). From Day 10 of the growth,
production of secondary metabolites, including EPS, began
and continued until Day 20, reaching its highest level (4.51
g.I'Y). No clear relationships were detected between the
mycelial growth and EPS production. The relationships
could be positive or negative in various fungal species. In the
present study, linear relationships were reported between the
biomass and EPS production [6,25,31].

3.3. Investigation of Kinetic parameters of Shiitake
mycelial growth

Naturally, fungi show various morphologies in
submerged culture media, majorly in filamentous and pellet
masses. Morphology affects mycelial growth and production
of metabolites. In the study on pellet morphology, root-cube
kinetic equation was used to simulate changes in biomass and
loading-pyrite equation was used to simulate the EPS
concentration as Eq 4.:

C(t) = (kt + C;/%)3 Eq (4)

This equation could be written as an alternative to Eq. 3 to
obtain Eq.5:

P(t) = Py + < Bl3t* + (ak® + Cy/° p?)e® +

Gk +3C, ak))t? + (Cop +3C)%ak)  Eq(5)
Regression values in the pellet morphology were negative,
indicating that the pellet morphology was not responsive in
this experiment.
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Figure 2. Growth curve of the Shitake mushroom within 20 days

As seen in Figure 3a, the growth curve of Shiitake
mushrooms was a kind of S-shaped curves (sigmoidal
curves) and the exponential phase began after 2 d. The EPS
production began after 10 d.Biomass production increased
until Day 14 and the maximum EPS production occurred on
Days 14-16. Figure 3b shows Shiitake EPS production within
20 d. In the study on filamentous morphology, logical
equation independent of the substrate was used to simulate
changes in biomass growth and loading-pyrite equation was
used to simulate EPS production. Equation (6) was as:

Cm
c® = 1+((Cn/Co)—1)e~HME Eq
(6)

This equation could be written as an alternative to Eq (3) :

P(t) =Py + a[C(t) — Col + BCn {In[Co/C(O)] + pmt} /tm
Eq (7)

Literatures show that a relatively little research has been
carried out on effects of fungi morphologies on metabolite
production. Fungal growth was observed in pellet
morphology with increasing sizes and in filamentous
morphology with increasing hyphal lengths. Therefore, root-
cube growth might be associated to pellet shapes and
exponential growth to filamentous morphology. Results
showed that the filamentous morphology was appropriate for
the scale-up. Although the nonstructural model was
mathematically and theoretically further plausible and easily
validated, the structural model seemed more comprehensive
in the fundamental aspects of structure, function and
composition [6,25,31]. Table 2 demonstrates the regression
values. Kinetic characteristics of the biomass growth and

EPS production were well explained using this model (R? =
0.9847 and R? = 0.9941, respectively). Constant quantity of
the alpha dependent on growth was more significant than the
constant quantity of non-growth dependent beta, showing
linear relationships between the biomass and EPS. Thus,
production of EPS depended on growth. Negative
coefficients of B showed that growth-dependent production
increased in contrast to non-growth-dependent production
when the total quantity of EPS was constant. In general,
results showed that filamentous morphology included higher
surface-to-volume ratios than that the pellet morphology did
as well as higher production rates within shorter times with a
specific growth rate of maximum biomass production (m)
[25]. The kinetic model can control a system for Shiitake
fermentation, including determining duration of the mycelial
production period and predicting the process. It is
noteworthy that the kinetic coefficients vary based on the
processes of particular fermentations.

3.4. Simultaneous aerial co-cultivation

Figure 1 shows Shiitake aerial co-culture flasks with
other microorganisms. Almost all the microorganisms used
in simultaneous aerial co-culture with Shiitake mushrooms
included significant effects on the mushroom growth. Effects
of the simultaneous aerial co-culture of fungi on growth of
Shiitake mushrooms were further significant. Figure 4 shows
biomass production in aerial co-cultivation of Shiitake
mushrooms alone and with various microo-rganisms. The
biomass growth rate increased from 11 g.I"t in PDB to 14.5
g.It in simultaneous aerial co-culture with S. commune (p <
0.05).
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Figure 3. Temporal changes in filamentous mycelial growth (top chart) and exopolysaccharide production (bottom chart)

Fungal volatile organic compounds usually include
alcohols, benzenoids, hydrocarbons, aldehydes, alkanes,
alkenes, acids, esters, terpenes and ketones. Some of these
compounds are found in all fungi and some are specific to
one species. The S. commune releases ketones, sesquiterpene
and ethanol. The fungus releases sulfur-containing compo-
unds [31,32]. Of various fungi, Iranian G. lucidum and
Chinese G. lucidum included the most significant impact on
growth decrease in simultaneous aerial cocultures with
Shiitake mushrooms as the biomasses reached to 3.2 and 3.5
g.I'%, respectively (p < 0.05). All the bacterial strains severely
decreased biomasses by inhibiting the fungal growth.
Staphylococcus aurous and E. coli included the most
significant effects on the fungal growth, reaching 2.44 and 2
g.I%, respectively (p < 0.05). The MVOCs produced by these
two bacterial strains have been studied in several studies.
Studies have shown that the quantity of production of these

compounds on various days and patterns of production of
these compounds in Gram-positive and Gram-negative
bacteria significantly vary [33]. Antifungal effects of S.
aureus volatile organic compounds on A. niger, Candida
albicans and Saccharomyces cerevisiae have been reported
[34,35].

Table 2. Mycelial growth kinetic coefficients and
exopolysaccharide production in filamentous morphology$§

Co (9.1 0.5
Kinetic parameter Quantity
Cm (g.I'") 11.7

Hm (day™?) 0.4842
Po (g.I') 0.1
a(gxg™) 1.252

B( gx (gxh) 1) -0.01829
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Figure 4. Graph of biomass and exopolysaccharide productions in simultaneous aerial co-cultures of Shitake with various

microorganisms

Shiitake EPS production in control sample was 4.1
g.I%, Shiitake mushrooms produced the highest EPS in
simultaneous aerial co-cultures with Shiitake, S. commune
and A. niger and reached 4.54, 4.86 and 4.58 g.I*%
respectively (p < 0.05). It seemed that volatile organic
compounds of S. commune stimulated the fungi and

increased production of secondary metabolites such as EPS
by acting on cellular pathways. The A. niger in co-cultivation
with Shiitake mushrooms increased production of Shiitake
EPS but decreased the biomass growth of this fungus. This
study as well as previous studies demonstrated that A. niger
produced volatile organic compounds containing hydro-
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carbons and alcohols [23,36]. Similar results have been
achieved from the effects of simultaneous aerial co-cultures
on the ability of fungi to produce various compounds
[18,19,37]. In co-cultures of Shiitake mushrooms with
Fusarium sporotrichioides and Trametes gibbosa, the lowest
quantity of EPS was produced. Bacteria decreased produc-
tion of EPS and reached 2.36 g.I"* in co-cultures with E. coli,
compared to the control (p < 0.05).

3.5. Assessment of microbial volatile organic compounds
using gas chromatography-mass spectrometry

Studies have shown that inhalation of volatile organic
compounds can play antioxidant, anti-inflammatory and
medicinal roles in humans. Inhalation of these compounds
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may play roles in decreasing fatigue, inducing relaxation and
improving moods [38,39]. The present study seems to be the
first study to investigate effects of MVOCs in form of
simultaneous aerial cultures on Shiitake mushrooms. In
analysis of MVOCs in co-cultures of Shiitake mushrooms
with A. niger, various alcohols (Figure 5) were produced;
similar to those in databases of MVOCs [27,28]. In co-
cultures of Shiitake mushrooms with S. commune, large
quantities of various alcohols (Figure 6), especially ethanol
and sulfur compounds such as CS,, were produced, similar
to those in databases of MVVOCs. As reported previously,
presence of sulfur compounds at low concentrations can
increase growth of microorganisms [40].
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Figure 5. Data from gas chromatography-mass spectrometry of Shiitake and Aspergillus niger, showing presence of large

quantities of ethanol and other alcohols
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Figure 6. Data from gas chromatography-mass spectrometry analysis of Shiitake and Schizophyllum commune, showing

presence of large quantities of ethanol and other alcohols

4. Conclusion

In this study, appropriate culture media for Shiitake
growth included MEB.G media for submerged cultures and
MEA.G media for solid cultures. Biomass and EPS
productions included 11 and 4 g.I" in these culture media.
Kinetic growth investigation showed that the filamentous
morphology included higher production rates with maximum
specific growth rates due to higher surface-to-volume ratios,
compared to that the pellet morphology did. To increase

Shiitake polysaccharide production, aerial co-cultures were
used. Results showed that A. niger and S. commune co-
cultures with Shiitake mushrooms increased biomass and
EPS productions in the mushrooms. EPS production reached
4.58 and 4.86 g.I"%, respectively. Therefore, the present study
has clearly shown that MVOCs from various
microorganisms can affect growth and production of
metabolites in Shiitake fungi with inductive effects and
functions as elicitors.

This open-access article distributed under the terms of the Creative Commons Attribution NonCommercial 4.0 License (CC BY-NC
4.0). To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

75


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

Ashrafalsadat Hatamian-Zarmi, et al

Appl Food Biotechnol, Vol. 9, No. 1 (2022)

5. Acknowledgements

This study was supported by the Faculty of New Science
and Technology, University of Tehran; and the authors
would like to thank colleagues for their helping in the current
study.

6. Conflict of Interest
The authors report no conflicts of interest.

References

1. Luo D, Wu J, Ma Z, Tang P, Liao X, Lao F. Production of high
sensory quality Shiitake mushroom (Lentinus edodes) by
pulsed air-impingement jet drying (AID) technique. Food
Chem. 2021; 341:128290.
d0i:10.1016/j.foodchem.2020.128290

2. Hobbs C. Medicinal value of Lentinus edodes (Berk.)
Sing.(Agaricomycetideae). A literature review. Int J Med
Mushrooms. 2000; 2(4).
d0i:10.1615/IntIMedMushr.v2.i4.90.

3. Sheng K, Wang C, Chen B, Kang M, Wang M, Liu K,Wang M.
Recent advances in polysaccharides from Lentinus edodes
(Berk.): Isolation, structures and bioactivities. Food Chem.
2021; 129883.
doi:10.1016/j.foodchem.2021.129883.

4. Reshetnikov SV, Tan K-K. Higher Basidiomycota as a source of
antitumor and immunostimulating polysaccharides. Int J Med
Mushrooms. 2001; 3(4).
doi:10.1615/IntIMedMushr.v3.i4.80.

5. Alvandi H, Hatamian-Zarmi A, Ebrahimi Hosseinzadeh B,
Mokhtari-Hosseini  Z-B.  Optimization of production
conditions for bioactive polysaccharides from fomes fomen-
tarius and investigation of antibacterial and antitumor
activities. Iran J Med Microbiol. 2020; 14(6): 596-611.
d0i:10.30699/ijmm.14.6.596

6. Alvandi H, Hatamian-Zarmi A, Ebrahimi Hosseinzadeh B,
Mokhtari-Hosseini Z-B, Aghajani H. Effect of production,
extraction and purification methods on anti-cancer property
of fungal polysaccharides. Dev Biol. 2020; 12(1): 27-42.

7. Alvandi H, Hatamian-Zarmi A, Hoseinzadeh BE, Mokhtari-
Hosseini ZB, Langer E, Aghajani H. Improving the biological
properties of fomes fomentarius MG835861 exopolysacch-
aride by bioincorporating selenium into its structure.
Carbohydr Polym Technol Appl. 2021; 100159.
doi:10.1016/j.carpta.2021.100159.

8. Yasrebi N, Hatamian Zarmi AS, Larypoor M. Optimization of
chitosan production from Iranian medicinal fungus trametes-
versicolor by Taguchi method and evaluation of antibacterial
properties. Iran J Med Microbiol. 2020; 14(3): 186-200.
d0i:10.30699/ijmm.14.3.186.

9. Zeynali M, Hatamian-Zarmi A, Larypoor M. Evaluation of
chitin-glucan complex production in submerged culture of
medicinal mushroom of Schizophilum commune: Optimiz-
ation and growth kinetic. Iran J Med Microbiol. 2019; 13(5):
406-424.
d0i:10.30699/ijmm.13.5.406.

10. Nojoki F, Hatamian-Zarmi A, Hosseinzadeh BE, Mir-derikvand
M. Investigation and optimization effects of ultrasound waves
to produce Ganoderic acid, anti-cancer mushrooms metabol-
ite. Iran J Med Microbiol. 2017; 11(1): 58-66.

11. Nojoki F, Hatamian-Zarmi A, Mir-Drikvand M, Ebrahimi-
Hosseinzadeh B, Mokhtari-Hosseini Z-b, Kalantari-Dehaghi
S, Esmaeilifar M. Impact of rifampin induction on the
fermentation production of Ganoderic acids by medicinal
mushroom Ganoderma lucidum. Appl Food Biotechnol.
2016; 3(2): 91-98.
doi:10.22037/afh.v3i2.10797

12. Heydarian M, Hatamian ZA, Amoabediny G, Yazdian F,
Doryab A. Synergistic effect of elicitors in enhancement of
ganoderic acid production: Optimization and gene expression
studies. Appl Food Biotechnol. 2015.
doi:10.22037/afh.v2i3.8715

13. Esmaelifar M, Hatamian-Zarmi A, Alvandi H, Azizi M,
Mokhtari-Hosseini ZB, Ebrahimi-Hoseinzadeh B. Optimiz-
ation of antioxidant activities and intracellular polysaccharide
contents using Agaricus bisporus extract as elicitor in
submerged fermenting Ganoderma lucidum. Appl Food
Biotechnol. 2021; 8(4): 297-306.
doi:10.22037/afh.v8i4.35155

14. Ben Salah I, Aghrouss S, Douira A, Aissam S, El Alaoui-Talibi
Z, Filali-Maltouf A, El Modafar C. Seaweed polysaccharides
as bio-elicitors of natural defenses in olive trees against
verticillium wilt of olive. J Plant Interact. 2018; 13(1): 248-
255.
doi:10.1080/17429145.2018.1471528.

15. Alcantara J, Mondala A. Optimization of slurry fermentation for
succinic acid production by fungal co-culture. Chem Eng
Trans. 2021; 86:1525-1530.
doi:10.3303/CET2186255

16. Leng L, Li W, Chen J, Leng S, Chen J, Wei L, Peng H, Li J,
Zhou W, Huang H. Co-culture of fungi-microalgae
consortium for wastewater treatment: A review. Bioresour
Technol. 2021; 330:125008.
d0i:10.1016/j.biortech.2021.125008.

17. Peng X-Y, Wu J-T, Shao C-L, Li Z-Y, Chen M,Wang C-Y. Co-
culture:Stimulate the metabolic potential and explore the
molecular diversity of natural products from microorganisms.
Mar Life Sci Technol. 2021;1-12.
doi:10.1007/s42995-020-00077-5

18. Kalantari-Dehaghi S, Hatamian-Zarmi A, Ebrahimi-
Hosseinzadeh B, Mokhtari-Hosseini Z-B, Nojoki F, Hamedi
J, Hosseinkhani S. Effects of microbial volatile organic
compounds on Ganoderma lucidum growth and Ganoderic
acids production in co-v-cultures (volatile co-cultures). Prep
Biochem Biotechnol. 2019; 49(3): 286-297.
doi:10.1080/10826068.2018.15418009.

19. Asadi F, Barshan-Tashnizi M, Hatamian-Zarmi A, Davoodi-
Dehaghani F, Ebrahimi-Hosseinzadeh B. Enhancement of
exopolysaccharide production from Ganoderma lucidum
using a novel submerged volatile co-culture system. Fungal
Biol. 2021; 125(1): 25-31.
d0i:10.1016/j.funbio.2020.09.010.

20. Garbeva P, Hordijk C, Gerards S, de Boer W. Volatile-mediated
interactions between phylogenetically different soil bacteria.
Front Microbiol. 2014; 5: 289.
doi:10.3389/fmich.2014.00289.

21. Venkataraman A, Rosenbaum MA, Werner JJ, Winans SC,
Angenent LT. Metabolite transfer with the fermentation
product 2, 3-butanediol enhances virulence by Pseudomonas
aeruginosa. ISME J. 2014; 8(6): 1210-1220.
doi:10.1038/ismej.2013.232.

22. Savoie J-M, Mata G, Billette C. Extracellular laccase production
during hyphal interactions between Trichoderma sp. and

This open-access article distributed under the terms of the Creative Commons Attribution NonCommercial 4.0 License (CC BY-NC 4.0).
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/. 76



http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.3303/CET2186255
https://doi.org/10.1016/j.biortech.2021.125008
https://ui.adsabs.harvard.edu/link_gateway/2021MLST....3..363P/doi:10.1007/s42995-020-00077-5

Growth rate and EPS production by Shiitake

23

24

25

26

27

28.

29

30.

31

Appl Food Biotechnol, Vol. 9, No. 1 (2022)

Shiitake, Lentinula edodes. Appl Microbiol Biotechnol. 1998;
49(5): 589-593.
d0i:10.1007/s002530051218.

. Netzker T, Fischer J, Weber J, Mattern DJ, Konig CC, Valiante

V, Schroeckh V, Brakhage AA. Microbial communication
leading to the activation of silent fungal secondary metabolite
gene clusters. Front Microbiol. 2015; 6: 299.
doi:10.3389/fmich.2015.00299.

. Sharma V, Kumar S, Kumar R, Singh R,Verma D. Cultural

requirements, enzyme activity profile, molecular identity and
yield potential of some potential strains of Shiitake (Lentinula
edodes). Mushroom Res. 2013; 22: 105-110.

. Feng Y-L, Li W-Q, Wu X-Q, Cheng J-W, Ma S-Y. Statistical

optimization of media for mycelial growth and exo-
polysaccharide production by Lentinus edodes and a kinetic
model study of two growth morphologies. Biochem Eng J.
2010; 49(1): 104-112.

doi:10.1016/j.bej.2009.12.002.

. Feng J, Zhang J-S, Jia W, Yang Y, Liu F, Lin C-C. An

unstructured kinetic model for the improvement of triterpenes
production by Ganoderma lucidum G0119 based on nitrogen
source effect. Biotechnol Bioproce Eng. 2014; 19(4): 727-
732.

. Schalchli H, Hormazabal E, Becerra J, Birkett M, Alvear M,

Vidal J,Quiroz A. Antifungal activity of volatile metabolites
emitted by mycelial cultures of saprophytic fungi. J Chem
Ecol. 2011; 27(6): 503-513.

doi: 10.1080/02757540.2011.596832

Fan X, Jiao X, Liu J, Jia M, Blanchard C, Zhou Z.
Characterizing the volatile compounds of different sorghum
cultivars by both GC-MS and HS-GC-IMS. Food Res Int.
2021; 140: 109975.
doi:10.1016/j.foodres.2020.109975

. Hiroko Hassegawa R, Megumi Kasuya MC, Dantas Vanetti

MC. Growth and antibacterial activity of Lentinula edodes in
liquid media supplemented with agricultural wastes. Electron
J Biotechnol. 2005; 8(2): 94-99.
doi:10.4067/S0717-34582005000200011.

Elisashvili VI, Tan K-K, Chichua D, Kachlishvili E.
Extracellular polysaccharide production by culinary-
medicinal Shiitake mushroom Lentinus edodes (Berk.) Singer
and Pleurotus (Fr.) P. Karst. species depending on carbon and
nitrogen source. Int J Med Mushrooms. 2004; 6(2).
d0i:10.1615/IntIMedMushr.v6.i2.70.

. Enman J, Hodge D, Berglund KA, Rova U. Production of the

bioactive compound eritadenine by submerged cultivation of
shiitake (Lentinus edodes) mycelia. J Agric Food Chem.
2008; 56(8): 2609-2612.

doi:10.1021/jf800091a.

32

33

34

35

36

37

38

39

40

. Toyotome T, Takino M, Takaya M, Yahiro M, Kamei K.

Identification of volatile sulfur compounds produced by
Schizophyllum commune. J Fungus. 2021; 7(6): 465.
doi:10.3390/jof7060465.

. Seesaard T, Thippakorn C, Kerdcharoen T, Kladsomboon SA.

Hybrid electronic nose system for discrimination of
pathogenic bacterial volatile compounds. Anal Methods.
2020; 12(47): 5671-5683.
doi:10.1039/d0ay01255f.

. Jaddoa HH, Hameed IH, Mohammed GJ. Analysis of volatile

metabolites released by Staphylococcus aureus using Gas
chromatography-Mass spectrometry and determination of its
antifungal activity. Orient J Chem. 2016; 32(4): 8-24.
doi:10.13005/0jc/320439.

. Filipiak W, Sponring A, Baur MM, Filipiak A, Ager C,

Wiesenhofer H, Nagl M, Troppmair J, Amann A. Molecular
analysis of volatile metabolites released specifically by
staphylococcus aureus and pseudomonas aeruginosa. BMC
Microbiol. 2012; 12(1): 1-16.
doi:10.1186/1471-2180-12-113.

. Siddiquee S, Al Azad S, Bakar FA, Naher L, Kumar SV.

Separation and identification of hydrocarbons and other
volatile compounds from cultures of Aspergillus niger by GC-
MS using two different capillary columns and solvents. J
Saudi Chem Soc. 2015; 19(3): 243-256.
doi:10.1016/j.jscs.2012.02.007.

. Li P, Wang H, Liu G, Li X,Yao J. The effect of carbon source

succession on laccase activity in the co-culture process of
Ganoderma lucidum and a yeast. Enzyme Microb Technol.
2011; 48(1): 1-6.

doi:10.1016/j.enzmictec.2010.07.005.

. Antonelli M, Donelli D, Barbieri G, Valussi M, Maggini V,

Firenzuoli F. Forest volatile organic compounds and their
effects on human health: A state-of-the-art review. Int J
Environ Res Public Health. 2020; 17(18): 6506.
doi:10.3390/ijerph17186506

. Thorn RMS,Greenman J. Microbial volatile compounds in

health and disease conditions. J Breath Res. 2012; 6(2):
024001.
doi:10.1088/1752-7155/6/2/024001

. McSweeney C, Denman S. Effect of sulfur supplements on

cellulolytic rumen micro-organisms and microbial protein
synthesis in cattle fed a high fibre diet. J Appl Microbiol.
2007; 103(5): 1757-1765.

doi: 10.1111/j.1365-2672.2007.03408.x.

This open-access article distributed under the terms of the Creative Commons Attribution NonCommercial 4.0 License (CC BY-NC
4.0). To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

7


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1080/02757540.2011.596832
https://doi.org/10.1016/j.foodres.2020.109975
https://doi.org/10.3390/ijerph17186506
https://dx.doi.org/10.1088%2F1752-7155%2F6%2F2%2F024001

= 900 Research Article
= 00 pISSN: 2345-5357
= 0000 eISSN: 2423-4214
< 000 APPLIED FOOD BIOTECHNOLOGY, 2022, 9 (1): 67-78 T
Food @@ Journal homepage: www.journals.sbmu.ac.ir/afb A
Biotechnology = :
099 gl b gi o grdunins (Jodow 55 0y )0l (s adgi g oy SuiaS (g 5lw S
(el STyes &,0)
PEIN PV S TN [ SUWESIEPOv JU [EPVPILPS TEU-A 0 I JURUPC PP EIN | V[P SO J0S SN § N P | PRCH KY | IO
Y o.
IRl Q5 e SRS (s (1958 g ke 0uSls i i pole (gmdige 09)F -
Ol Sl ()l S oSl (pord (owikites 9 (oo SIS o (pwiiga 098 Y
4o %)B °‘a£s ”
VoY) LSy cdl s ; 3
YoX) o ¥ s gl Soboz )15 sl Slo b alex 5l a5l slacudglis 5| é canie (aSTd) uogo/ wsii SN g Allw
YorY eelas VY il aloz 5l o lo 51 (6 knn 5loyd 5 (6 peSien ;0 9 dudd oo (Rl 1) cienl pin g8 DloS 5l el
s s 5 b Jlis aib oo NS ymo 5l sslatl ooy o b s (ialidl sl Uig, <o 0l aate i eyl s
Sl b5l ‘ 4 _ .- i .
T Ban Wigd o dlg paslS g Sen Hlojan cudS [0 a5 (sl o 29,500 5,8 JT OluS 5 ol oS o oy
‘51 © & . - . .- & . oo .
o g St Sgr aSlics slaag Sl b adgs 5 SlaS 3 ol Sl )y eyl i
9550 1yl ol 5 e (St i 59,8 S @olo ) Jold wtS Jame Hlz o aSlid witS ol LtalS jolateas S Gigy 9 lgo
sheat S50 g cle o ,las mule bglis oF 5 cdls o)as mle ¥ S50 5 (e jms 39S gl bglis ¥
J""“ °M.33* 5¢J..\ Lng‘a)B \"SMJL"JM) g..\.w) M ‘C)L‘B A.MJ) ;A.ZA.A . nguc S Ja.Am uL‘?Lu‘ )l o A ool [STEAY

ol ooleeils sl &b i
OSLLIS (] pole (ot 09,5
QOlrs oBls (g 928 5 ke
Olel ol s

FAAYN-PINNIAG- Y il

1 Sg S ey
hatamian_a@ut.ac.ir

Sy plgredy oS @Slid slaay Blody adgs (ml3l 6ln alse Glojen SiS (g gy 05 (o2 5D,
A SlaS 2855 1 eolinul )50 05 os Lol ls el (29,500 )8 (ST LS 5 lasgs S e
58,5 18 56T 0590 (cay 38 (BT log,S 5l eolitl b (29,80

i il Sl jabgd 5 sl (slo iS5l TS (sl e olas uiS L 36 T AR g LABL
S GBI JJodsy (sl ; slopys 09 V) G AT Mooy algi damm 59, VA 1, 0y 090 Jobo g
B 2Ll 5 035355 Olyme WA (5 i 05 Oliee iy Slap B b Al )3 e ) s ey
ez e i eS0T cui e ol sl Tl alse plojen coiS o Al b g ) sl
ey e e S YV g VY 4 diagS oplidy fd b olon loyen CiS s (Jslw )l 0 Sl 5 03555
ssbas cplogon CiS (B > atesS byt 5 ol Gush el lansgi 00 w5 05,500 )18 JT LS 5
g oo aSted (Joloz ) slooy )l b odsi 5 o0giiss by SRl e oStz

2,5 alis ol LAl b fadje xdlie (5,5 g98 e 45 AiiS o el (s @O0 (0 ylaS

" elicitors
"' morphology
" biomass

This open-access article distributed under the terms of the Creative Commons Attribution NonCommercial 4.0 License (CC BY-NC
4.0). To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by-nc/4.0/
mailto:hatamian_a@ut.ac.ir

