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Abstract

Living fungal mycelium with abolished ability to form fruiting bodies is a self-healing sub-
stance, which is particularly valuable for further engineering and development as materials
sensing environmental changes and secreting signals. Suppression of fruiting body forma-
tion is also a useful tool for maintaining the stability of a mycelium-based material with ease
and lower cost. The objective of this study was to provide a biochemical solution to regulate
the fruiting body formation, which may replace heat killing of mycelium in practice. The con-
centrations of glycogen synthase kinase-3 (GSK-3) inhibitors, such as lithium chloride or
CHIR99021 trihydrochloride, were found to directly correlate with the development of fruiting
bodies in the mushroom forming fungi such as Coprinopsis cinerea and Pleurotus djamor.
Sensitive windows to these inhibitors throughout the fungal life cycle were also identified.
We suggest the inclusion of GSK-3 inhibitors in the cultivation recipes for inhibiting fruiting
body formation and regulating mycelium growth. This is the first report of using a GSK-3
inhibitor to suppress fruiting body formation in living fungal mycelium-based materials. It pro-
vides an innovative strategy for easy, reliable, and low cost maintenance of materials con-
taining living fungal mycelium.

Introduction

The development of fungal mycelium-based materials has beed fast over the past decade.
Mycelium is the vegetative structure of fungi and is mainly composed of natural polymers. Liv-
ing mycelium-based materials have a wide range of applications due to their self-assembly,
self-healing, environmentally responsive nature, along with their moldable and tunable prop-
erties during growth. Dried mycelium is nontoxic, fire-resistant, mold-resistant, water-resis-
tant, and biodegradable. It is also a great thermal insulator on top of its strength, durability
and other beneficial features [1-13]. Under proper circumstances, the mycelium of typical
mushroom-forming fungi aggregates to form mushrooms, which are the fruiting bodies
spreading spores[14]. While the fruiting bodies cause conformational changes of the
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mycelium-based materials, the spores can cause allergy and infection in the susceptible popula-
tion. In current production of mycelium-based materials, moulded products are heated or
treated with fungicide to kill the living cells to stop fruiting body formation[15]. Such rendered
mycelium-based materials retain few of the benefits of living materials. Therefore, new
approaches are needed to inhibit fruiting body formation while keeping the mycelium alive to
produce living mycelium-based materials with desirable qualities.

Kinases mediate cellular and developmental responses to environmental and internal sig-
nals, and kinase cascades play crucial roles in many signaling transduction pathways [16,17].
Phosphorylation of protein kinases affects the activity, location, stability, conformation, and
protein-protein interaction of kinases. One interesting and putatively central regulatory kinase
is glycogen synthase kinase-3 (GSK-3). GSK-3 is a serine/ threonine kinase of the CMGC fam-
ily that is highly conserved in eukaryotes. GSK-3 is activated by the constitutive phosphoryla-
tion at a C-terminal tyrosine residue, but inactivated by the regulatory phosphorylation at an
N-terminal serine residue which causes a conformational change blocking the catalytic
domain [18]. Protein kinase A (PKA), protein kinase B (PKB) and protein kinase C (PKC) can
transiently inhibit GSK-3 in response to various external signals. In fungi, these kinases are
essential growth regulators in response to environmental stimuli[19-21].

GSK-3 has attracted widespread attention as a critical therapeutic target whereby lithium
chloride (LiCl) is an archetypal GSK-3 inhibitor. Lithium (Li) exerts its pharmacological effects
on mood stabilization, neurogenesis, neurotrophicity, neuroprotection, anti-inflammation,
among others [18]. Lithium compounds are also suggested to be added during cultivation of
some edible mushrooms to produce food biofortified with lithium [22,23]. Recent evidence
suggests that low, non-toxic concentrations of LiCl have anti-inflammatory effects [24].
CHIR99021 trihydrochloride is a highly selective GSK-3 inhibitor [25]. Cisplatin has been
shown to activate GSK-3, which induces the phosphorylation of C-terminal tyrosine but
reduces the phosphorylation of N-terminal serine [26].

Two mushroom species from the order Agaricales were used in this study. Coprinopsis
cinerea, a model mushroom-forming fungus, belongs to the family Psathyrellaceae [27]. The
typical life cycle of C. cinerea, which includes stages of basidiospores, mycelium, hyphal knots,
initials, stage-1 and -2 primordia, and young and mature fruiting bodies, can be finished
within two weeks under laboratory conditions [28]. Pleurotus djamor, also known as the pink
mushroom or tropical oyster mushroom, belongs to the family Pleurotaceae and is appreciated
as an edible and medicinal mushroom in many countries.

This study aimed to provide a biochemical approach to inhibit fruiting body formation
from mycelium-based materals. We demonstrated that LiCl and CHIR99021 trihydrochloride
inhibited fruiting body formation, whereas cisplatin accelerated fruiting body development.

Materials and methods
Strains and cultivation conditions

Two GSK-3 inhibitors, LiCl (99%, Sigma-Aldrich, USA) and CHIR99021 trihydrochloride
(99.2%, Tocris, USA), and one GSK-3 activator, Cisplatin (99%, Newbio Pharm-tech,
Wuhan, China) were tested in C. cinerea, strain #326 (A43mut B43mut pabl-1, a generous
gift from Prof. Hajime Muraguchi at Akita Prefectural University, Japan). LiCl was also
tested in P. djamor (a generous gift from Prof. Yang Xiao at Huazhong Agricultural Univer-
sity, China). The C. cinerea strain used for gene expression level determination was also
strain #326 since the transcriptomes of different developmental stages are available for this
strain[29].
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Mycelia of the above strains were stored at 4°C. A small agar piece from stock plates was
then inoculated in freshly made agar plates for pre-culture. The pre-culture condition for C.
cinerea was at 37°C in the dark on yeast extract-malt extract-glucose (YMG) agar (4 g yeast
extract, 10 g malt extract, 4 g glucose and 10 g agar per litre) [30] in 9 cm petri dishes, while
that for P. djamor was at 28°C in the dark on Potato Dextrose Agar (PDA, BD Difco) in 6 cm
petri dishes. In each assay, a small agar piece with mycelium (0.8 cm diameter) from a 5-day-
old pre-culture was inoculated in the middle of freshly made agar plates. C. cinerea was firstly
cultured at 37 °C in the dark until mycelia grew over the whole agar surface, then transferred
to 25 °C under a 12hours light /12hours dark cycle to induce fruiting body formation. P. dja-
mor was cultivated at 28 °C in the dark until mycelia occupied the whole agar surface, and
transferred to 25 °C under a 12hours light /12hours dark cycle. Triplicates were employed in
each setup. Each 9 cm petri dish contained 34 g (+1 g) medium, and each 6 cm petri dish con-
tained 10 g (+1 g) medium to standardize the nutrients and inhibitor/activator concentrations.

Effect of GSK-3 inhibitors and activator

Three methods, varying in time and position, were tested to deliver LiCl. One method was to
mix 1.5 g/L, 2 g/L (for P. djamor), 3 g/L or 6g/L LiCl in the medium before autoclave steriliza-
tion, and the other methods were either to spread 1 mL sterilized LiCl solution (52.5 g/L, 105
g/L, 210 g/L) on the surface of agar before inoculation, or to add 1 mL sterilized LiCl solution
(52.5 g/L, 105 g/L, 210 g/L) under the agar after the mycelia reached the edge of the petri dish.
Adding 1 ml LiCl to 34 g agar made the final concentrations were approximate to the mixing
methods. CHIR99021 trihydrochloride and cisplatin are not suggested to be autoclaved so
0.2-micron filters were used to remove bacteria in the solution. Then 1 mL CHIR99021 trihy-
drochloride solution (1 pM, 100 pM, 500 uM) or 1 mL saturated cisplatin solution (25 °C) was
spread on the surface of agar evenly before inoculation.

Mycelial growth area determination

To examine the effect of LiCl on mycelial growth, LiCl powder was mixed in the YMG
medium (0, 1.5 g/L and 3 g/L) before autoclave sterilization. Mycelial growth was recorded
daily by marking the edge of the colonies on the plate bottom for six days after inoculating a C.
cinerea pre-culture plug of 0.8 cm diameter. Three replicates were measured for each setup.
Digital photos of the plate bottom with marks were taken, with a ruler in the same plane as the
plates. The area occupied by mycelium was calculated using the Polygon Tool in the Analyzing
Digital Images (ADI) software (https://www.umassk12.net/adi/).

Sensitive windows to LiCl

The effects of LiCl at different developmental stages of C. cinerea were tested to find the sensi-
tive windows. Agar piece with mycelium was inoculated on the center of a cellophane sheet
placed on a YMG agar plate [29]. One mL of 105 g/L LiCl solution or 1 mL water was added
between the cellophane sheet and the agar surface at the stages of: initial, stage-1primordium,
stage-2 primordium, and young fruiting body. The growth status was recorded till three days
after the control group formed mature fruiting bodies.

Expression levels of GSK-3 target genes

The GSK-3 substrates were predicted by OrthoMCL V2.0.6 [31] with the default parameters
(MCL inflation = 1.5; blastp E-value = le-5). A total of 83 GSK-3 target proteins reported in
human and mouse were compared to the C. cinerea proteins, and 52 orthologues were
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identified (S1 Table). Among them, glycogen synthase (GS, CC1G_01973), eukaryotic transla-
tion initiation factor 1 (eIF1, CC1G_03881), and eukaryotic translation initiation factor eIF2
gamma subunit (eIF2-gamma, CC1G_09429) were picked for real-time PCR analysis, which
also included GSK-3 (CC1G_03802) itself. Sequences of the primers used are listed in S2
Table.

To examine the effect of LiCl on the expression levels of target genes of GSK-3, 1 mL water
or LiCl solution (52.5 g/L and 105 g/L, equivalent to 1.5 g/L and 3 g/L in previous sections)
was spread on the surface of agar and then covered by a cellophane sheet for easier harvest of
the mycelium. Mycelium from C. cinerea strain #326 was inoculated on top of the cellophane
sheet. Three biological replicates were employed for each setup. After a 4-day incubation at
37°C in the dark, total RNAs were extracted using RNeasy Plant Mini Kit (Qiagen). The RNA
concentration was measured by a NanoDrop Spectrophotometers (Thermo Scientific). RNA
products (500ng) were used to synthesize cDNA using iScript gDNA clear cDNA Synthesis Kit
(Bio-Rad). Quantitative real-time PCR (qQPCR) was performed with three technical replicates
on an Applied Biosystems 7500 Real-Time PCR system using SsoAdvanced universal SYBR
Green Supermix (Bio-Rad) according to the standard protocol: 1 cycle at 95°C for 30 seconds
and 40 cycles at 95°C for 15 seconds, annealing at 60°C for 60 seconds. Beta-tubulin was used
as an endogenous control for normalization. Negative control was employed for each primer
pair to eliminate false positive results.

Results
GSK-3 inhibitors and activator affect fruiting body development

As shown in Fig 1A, the effect of LiCl on C. cinerea fruiting body development was tested.
While the control group developed into mature fruiting bodies, 1.5g/L LiCl treated group only
developed into stage-1 primordia. The plates treated with 3g/L LiCl were arrested in the myce-
lium stage, and no initials or hyphal knots can be observed in the following 30 days. The myce-
lium treated with 6g/L LiCl stopped growing before reaching the edge of the petri dish. These
results showed that LiCl of higher concentrations had stronger inhibitory effect on C. cinerea
fruiting body development.

The three delivery methods of LiCl, either mixed in the agar, on the surface of agar, or
under the agar, showed no differences and all efficiently inhibited the fruiting body devel-
opment. LiCl is not sensitive to heat treatment and can be autoclaved to sterilize the solu-
tion. Any of these delivery methods can be chosen in large-scale manufacture of the
materials.

One more selective GSK-3 inhibitor, CHIR99021 trihydrochloride, was tested on C. cinerea.
As shown in Fig 1B, young fruiting bodies developed on the control plates treated with water
and the plates with 1 pM CHIR99021 trihydrochloride. Stage-1 primordia were developed on
the plates treated with 100 uM CHIR99021 trihydrochloride. Mycelia in the plates treated with
500 uM CHIR99021 trihydrochloride remained arrested in the mycelium stage in the follow-
ing 30 days. These results showed an stronger inhibitory effect on C. cinerea fruiting body
development by CHIR99021 trihydrochloride at higher concentrations.

To demonstrate that GSK-3 inhibitor is also important in fruiting body formation in other
mushrooms, the effect of LiCl on P. djamor was tested (Fig 1C). LiCl was added to PDA
medium before autoclave. While mature fruiting bodies developed on the control plates, the
plates treated with 2g/L LiCl failed to develop fruiting bodies in the following 30 days. These
results showed an inhibitory effect on P. djamor fruiting body development by LiCl.

With the aforementioned positive results that GSK-3 inhibitors can inhibit fruiting body
development, we hypothesized that GSK-3 activity is associated with the fruiting body
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Fig 1. Effect of GSK-3 inhibitors and activator on the fruiting body development. (a) LiCl had inhibitory effect on the fruiting
body development of C. cinerea in a concentration-dependent manner. Mature fruiting bodies were produced in the control group,
while the 1.5g/L LiCl treated group produced only initials and primordia. No initiation was observed in the groups treated with
higher concentrations of LiCl, in the following 30 days. (b) CHIR99021 trihydrochloride had inhibitory effect on the fruiting body
development of C. cinerea in a concentration-dependent manner. Young fruiting bodies developed in the control group and 1 uM
treated group, while only stage-1 primordia were developed on plates treated with 100 pM. Mycelia on plates treated with 500 uM
remained in the mycelium stage in the following 30 days. (c) LiCl inhibited the fruiting body development of P. djamor. Mature
fruiting bodies were produced in the control group, while the 2g/L LiCl treated group remained in the mycelium stage in the
following 30 days. (d) Cisplatin accelerated the fruiting body development of C. cinerea. The plates treated with 1 mL saturated
cisplatin solution had mature fruiting bodies and began autolysis, while the control group only developed into stage-2 primordia.

https://doi.org/10.1371/journal.pone.0209812.9001

development. A GSK-3 activator, cisplatin, was then tested for its effect on C. cinerea fruiting
body development (Fig 1D). The cisplatin treated group showed an accelerated development
since the formation of hyphal knot, and the mature fruiting bodies appeared two days earlier
than the control group, which only developed into young fruiting bodies. These results showed
a promoting effect of cisplatin on C. cinerea fruiting body development.

These data support the observation that among fungal species of the order Agaricales, GSK-
3 inhibitors inhibit fruiting body formation, whereas GSK-3 activator activates fruiting body
formation.
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Fig 2. (a) Mycelial growth of C. cinerea with different concentrations of LiCl. The average mycelial growth area of inoculums on medium mixed with 1.5g/L
were larger than that of the controls from day 3 to day 6, while the one with 3g/L LiCl was larger than that of the controls only on day 3 and day 5 (n = 3,
p<0.05). The error bars encompass the lowest and highest values. (b) Gene expression levels by real-time PCR. The expression levels of GS (CC1G_01973),
eIF1 (CC1G_03881), eIF2-gamma (CC1G_09429), and GSK-3 (CC1G_03802) decreased under LiCl treatment. Each value is expressed as mean + SD

(*P < 0.05and **P < 0.001).

https://doi.org/10.1371/journal.pone.0209812.g002

LiCl promotes mycelium growth

Mycelial growth area of the biological triplicates was recorded daily. Fig 2A shows the average
mycelial growth area of each group with error bars showing the maximum and minimum val-
ues. As the inoculum usually needs time to adapt to a new environment and absorb nutrients,
the mycelium grew only slowly in the first two days. Differences appeared on day 3 and day 4

after inoculation, with both LiCl treated groups growing faster than the control group
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(p < 0.05, one way Student’s t test). On day 5 and day 6, the mycelium from 1.5 g/L LiCl
treated group still grew faster than the control group (p < 0.05), while the 3 g/L LiCl treated
group had little difference with the control group. The results showed that proper concentra-
tions of LiCl would accelerate the mycelium growth.

This is an ideal property of GSK-3 inhibitor for large-scale production of mycelium-based
material. The modified recipe with addition of a proper concentration of LiCl, can not only
inhibit fruiting body formation but also speed up mycelium growth, and hence shorten the
manufacture cycle and lower the cost.

LiCl affects gene expression levels

To investigate the LiCl effect on gene expression in the mycelium stage, the expression lev-
els of GSK-3 and its target genes were tested. As shown in Fig 2B, real-time PCR results
showed that 1.5 g/L LiCl reduced the expression of GSK-3 itself (CC1G_03802), as well

as GS (CC1G_01973), eIF1 (CC1G_03881), and elF2-gamma (CC1G_09429) significantly
(p <0.001, two-way Student’s t test). 3 g/L LiCl reduced the expression of GS and GSK-3
(p <0.05). The change in gene expression supports that LiCl affects GSK-3 and its down-
stream genes.

The stages before stage-1 primordium are sensitive to LiCl

The bottleneck to produce living mycelium-based material is to avoid the formation of fruiting
bodies. Upon environmental stimuli including nutrient depletion, light/dark cycle, and cold
shock, mycelia aggregate into hyphal knots, followed by fruiting body initials. Initials then
develop into stage-1 and -2 primordia, young and eventually mature fruiting bodies. We
explored all possible chances in existing production lines to introduce a GSK-3 inhibitor, spe-
cifically, LiCl, which is cheaper than the other GSK-3 inhibitors. The previous sections demon-
strated that LiCl could be added from pre-inoculation to mycelium extension. Hyphal knot is
a short stage that is difficult to define by naked eyes. So only stages after hyphal knot were
tested. As shown in Fig 3, the addition of LiCl at stages of initial and stage-1 primordium led
to the arrest of development. However, stage-2 primordium and young fruiting bodies contin-
ued to develop into mature fruiting bodies after LiCl treatment. So, the stages of mycelium, ini-
tial and stage-1 primordium are sensitive windows to LiCL

Discussion

This study has demonstrated that LiCl and CHIR99021 trihydrochloride treatments inhibited
fruiting body initiation in a concentration-dependent manner (Fig 1A and 1B). In many
instances, one would prefer for a living fungal mycelium to refrain from developing into fruit-
ing bodies so that the mycelium could be easily maintained without concerns of loss in its
shape, form, or consistency. Compared to the current method of heat-killing fungal mycelium
to prevent fruiting body formation, a living version of mycelium that simply does not form
fruiting bodies is far more desirable, considering its living nature and thus self-healing poten-
tial. Therefore, we suggest the inclusion of LiCl or CHIR99021 trihydrochloride in recipes to
manufacture living fungal mycelium-based materials that exhibit controlled fruiting body
development. In other cases, promoting fruiting body development may be of interest. For
instance, when the intended goal is to produce as many fruiting bodies (e.g., mushrooms and
truffles) as possible in a defined time period, having an enhanced fruiting body development
would be beneficial. Although cisplatin could accelerate fruiting body formation, more studies
about its safety and influence on human health are needed.
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Fig 3. Development of C. cinerea treated with LiCl at different stages. Addition of LiCl at stages of initial and stage-1
primordium inhibited further development. Addition of LiCl at stages of stage-2 primordium and young fruiting body
did not inhibit the fruiting body development.

https://doi.org/10.1371/journal.pone.0209812.9g003

LiCl affected the expression levels of GSK-3 and three substrates. In a previous study of C.
cinerea strain #326 [29], the expression level of eIF1 (CC1G_03881) remained stable from
mycelium to primordium, but increased significantly after stage-2 primordium; and the
expression levels of GS (CC1G_01973) and GSK-3 (CC1G_03802) increased during the devel-
opment from mycelium to primordium, while eI[F2-gamma (CC1G_09429) decreased (S1
Fig). GSK-3, GS and eIF1 may be essential to fruiting body development, but LiCl treatment
reduces their expressions.

Given that both LiCl and CHIR99021 trihydrochloride are inhibitors to GSK-3, their effects
of fruiting inhibition might be mediated through the inactivation of GSK-3. GSK-3 has impor-
tant role in cell-fate specification, leading to cell differentiation or apoptosis or development
through a number of signaling pathways[32-35]. We proposed that GSK-3 could be the links
between environmental stimuli and developmental responses, as a master-switch of fruiting
body formation (Fig 4). While GSK-3 is constitutively active under favorable conditions, any
unfavorable stimuli could inactivate it and turn off the fruiting body development. The activity
of GSK-3 may directly or indirectly determine fruiting body development.

When the GSK-3 activity is limited by inhibitors, undifferentiated cells are proliferative.
GSK-3 inhibitors have been shown to maintain mouse and human embryonic stem cells in
undifferentiated status, while removing the inhibitors promotes differentiation into multiple
cell lineages [36]. Some transcription factors phosphorylated by GSK-3 will be targeted by ubi-
quitination for proteasome-mediated degradation. Substrates with less GSK-3 phosphorylation
and ubiquitination may have prolonged half-lives to enhance cell proliferation [37]. Therefore,
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Fig 4. GSK-3 as a master-switch of fruiting body formation. GSK-3 could be the links between environmental stimuli and
developmental responses, as a master-switch of fruiting body formation. While GSK-3 is constitutively active under favorable
conditions, any unfavorable stimuli could inactivate it and turn off fruiting body development.

https://doi.org/10.1371/journal.pone.0209812.9004

GSK-3 inhibitors, which functions like unfavorable environmental signals, may inhibit fruiting
body formation through interfering the cell differentiation. Deeper studies are needed to dis-
cover the mechanisms in the future.

GSK-3 might be targeted for producing living fungal myceliums with an enhanced or inhib-
ited fruiting body development profile, by either a permanent means (e.g., GSK-3 knockdown
or GSK-3 knockout fungal strain) or a transient means (e.g., application of an activator or
inhibitor of GSK-3 present in the medium for fungi). While the former may be easier to main-
tain in the long term, efforts involved in the initial stage of establishing the genetically modi-
fied fungal strains are tremendously more significant both in cost and in time. In contrast, the
latter offers the benefits of flexibility and low-cost use, when the GSK-3 activator or inhibitor
can be readily removed at an appropriate time so that the fungus may resume its normal life
cycle of different phases.

The concentration range is narrow for lithium salts enhancing mycelium growth. A high
concentration of LiCl may inhibit the mycelium growth, especially in Trichoderma species,
which is a common contamination of the edible mushrooms [38]. Thus, while LiCl can be
applied to prevent fruiting in some mushroom-forming fungi, it can also inhibit contamina-
tion during manufacture in some scenarios. In addition to LiCl, other agents that specifically
target GSK-3 may also prevent the development of fruiting bodies. Other known GSK-3 inhib-
itors include: maleimide derivatives, staurosporine and organometallic inhibitors, indole
derivatives, paullone derivatives, pyrazolamide derivatives, pyrimidine and furopyrimidine
derivatives, oxadiazole derivatives, thiazole derivatives, and miscellaneous heterocyclic deriva-
tives [18,39].
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According to the sensitive windows to LiCl, a basic production pipeline is designed for add-
ing GSK-3 inhibitors for producing living mycelium-based materials. A production pipeline
may include all or part of the following procedures: 1) cultivation substrates mixing and auto-
clave; 2) inoculation; 3) mycelium 1st growth; 4) molding and pressurize; 5) mycelium 2nd
growth; 6) pressurize (optional); 7) mycelium 3rd growth (optional); and 8) air-dry to finalized
product. LiCl or other GSK-3 inhibitors can be added at any time from procedure 1) to 7), by
mixing in cultivation substrate before autoclave, adding on the surface before inoculation, or
spraying to the mycelium after a period of growth.

In conclusion, LiCl, CHIR99021 trihydrochloride or other GSK-3 inhibitors can be applied
in the manufacture of mycelium-based materials, which can shorten the production cycle,
reduce the cost for maintenance of mycelium materials, and therefore achieve a higher level of
cost-effectiveness.
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