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ABSTRACT
in recent decades, an enormous potential of fungal-based products with characteristics equal 
to, or even outperforming, classic petroleum-derived products has been acknowledged. the 
production of these new materials uses mycelium, a root-like structure of fungi consisting of 
a mass of branching, thread-like hyphae. Optimizing the production of mycelium-based 
materials and fungal growth under technical conditions needs to be further investigated. the 
main objective of this study was to select fast-growing fungi and identify optimized incubation 
conditions to obtain a dense mycelium mat in a short time. Further, the influence of the initial 
substrate characteristics on hyphae expansion was determined. Fungal isolates of Ganoderma 
lucidum, Pleurotus ostreatus, and Trametes versicolor were cultivated for seven days on substrate 
mixtures consisting of various proportions of pine bark and cotton fibers. Furthermore, the 
substrates were mixed with 0, 2, and 5 wt.% calcium carbonate (cacO3), and the incubator 
was flushed with 0, 5, and 10 vol.% carbon dioxide (cO2). all samples grew in the dark at 26 °c 
and a relative humidity of 80%. evaluation of growth rate shows that cotton fiber-rich 
substrates performed best for all investigated fungi. although Pleurotus ostreatus and Trametes 
versicolor showed comparatively high growth rates of up to 5.4 and 5.3 mm  d−1, respectively, 
mycelium density was thin and transparent. Ganoderma lucidum showed a significantly denser 
mycelium at a maximum growth rate of 3.3 mm  d−1 on a cotton fiber-rich substrate (75 wt.%) 
without cacO3 but flushed with 5  vol.% cO2 during incubation.

1.  Introduction

According to a recent estimate, from 1950 to 2015, 
about 9150 tons of primary plastics were produced, 
accumulating about 6945 million tons of plastic 
waste on the earth’s surface. Of the total waste gen-
erated, only 9% was recycled, 12% incinerated, and 
79% was amassed in landfills and other terrestrial 
and marine environments [1]. Single-use products, 
such as polystyrene and polypropylene, are widely 
used in various industries, especially for packaging 
materials, due to their light weight and strength of 
shape [2]. However, owing to its chemical properties, 
polystyrene is not biodegradable, and due to its 
energy-intensive and expensive recycling procedure, 
its use results in the production of solid waste dis-
posed of in landfills.

Newly developed bio-based materials can reduce 
environmental impacts and provide a solution for 
addressing conventional packaging sustainability 
challenges [3]. One of these promising materials is 
mycelium composites. Such two compound materials 

consist of the vegetative part of fungal organisms, 
the so-called mycelium. It penetrates and partially 
consumes its surrounding substrate and acts as a 
natural binder, subsequently enveloping and cross-
linking the substrate and additive particles [4]. When 
reaching complete substrate colonization, growth is 
inhibited above a critical temperature to render the 
material inert and allow the evaporation of the resid-
ual water. The final material resembles properties 
similar to petrochemical foams or particle boards, 
depending on the post-processing, such as the dry-
ing procedure and hot and cold-pressing [5]. As a 
result, the materials can be used in a wide range of 
applications, such as packaging [6] or thermal and 
acoustic insulation [7,8].

The advantages offered by these composites 
include their positive thermal and acoustic proper-
ties, fire safety and ability to upcycle mineral-, for-
estry-, and agricultural waste [9,10]. Furthermore, 
the composites are biodegradable under industrial 
composting conditions within 12  weeks due to their 
exclusively biogenic raw materials [11].
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There are three main groups of wood-decaying 
fungi: soft, brown, and white rot fungi [12]. The lat-
ter is characterized by the singular ability to com-
plete lignin degradation and excellent decay of wood 
polysaccharides [13]. Using phenol-oxidizing and 
peroxidase-producing enzymes, fungi depolymerize 
and mineralize complex macromolecules [14]. 
Therefore, the chemical structure of lignin changes 
during the enzymatic oxidation with laccase and 
peroxidase [15,16]. During this process, lignin-based 
radicals can be crosslinked, forming an adhesive 
between the fibers [14]. Among others, the myce-
lium species is one of the main factors affecting the 
properties of mycelium composites and, therefore, 
their field of application [17,18].

Currently, 36 fungal species have been used or are 
mentioned in patents for mycelium composites [19]. 
Ganoderma lucidum, Pleurotus ostreatus, and 
Trametes versicolor are three of mycelium composite 
production’s most recently used white-rot fungi. 
Their growth conditions, such as preferred nutrient 
medium and temperature, have already been investi-
gated. According to Jo et  al. [20], G. lucidum grows 
the fastest as incubated at 25–30 °C and on potato 
dextrose agar media with a chemically increased pH 
up to 9 by addition of sodium hydroxide. 
Requirements in terms of temperature and media 
are similar for T. versicolor [21]. Additives, such as 
2 wt.% calcium carbonate (CaCO3), are already used 
in mycelium cultivation to elevate the initial pH 
chemically [22] since the hyphal branching increases 
as calcium sources are added at inoculation [23]. 
However, the correlation between pH and growth 
behavior has not yet been fully explored.

Furthermore, a positive effect of up to 29  vol.% 
carbon dioxide (CO2) in the environment during 
incubation was found for P. ostreatus [24]. Elevating 
the CO2 concentration to 17  vol.% leads to an 
increased radial mycelium growth by 25%. However, 
the effect of CO2 on other fungi, such as G. lucidum 
and T. versicolor, is scarcely investigated or described 
in the context of mycelium composite production. 
Further, used raw materials for mycelium composite 
production are not examined thoroughly, although 
substrate selection influences both the growth behav-
ior of the mycelium and, subsequently, the material’s 
properties [25,26]. A general understanding of chem-
ical and physical substrate characteristics and related 
growth behavior of mycelium needs to be improved.

Three fungi were used in this study to investigate 
their growth behavior and, thus, their suitability for 
mycelium composite production. Five mixing ratios 
of lignin and cellulose-rich substrates were used to 
better understand the required composition of bio-
mass for sufficient mycelium formation. Further, pH 

was chemically elevated using CaCO3 in three con-
centrations (0, 2, and 5 wt.%). The effect of CO2 on 
mycelial growth was tested by flushing the incubator 
(0, 5, and 10  vol.%).

2.  Materials and methods

2.1.  Overview of conducted experiments

This research investigates the effects of different lig-
nocellulosic substrate mixtures on the growth behav-
ior of three fungal species, namely G. lucidum, P. 
ostreatus, and T. versicolor. Comprehensive proximate 
and elemental analyses were conducted to under-
stand the requirements of micro- and macronutri-
ents better. Further, the impact of a chemically 
elevated pH by adding 2 and 5 wt.% CaCO3 was 
tested. The incubator was flushed with 5 and 
10  vol.% CO2 to test its influence on the radial 
expansion rate (mm  d−t) and mycelium density. In 
total, 135 combinations of substrate, fungi, buffer 
addition, and CO2 flush were conducted in triplicate 
and analyzed. The experiments determined culture 
conditions for improved mycelium cultivation.

2.2.  Fungal species

Ganoderma lucidum, P. ostreatus, and T. versicolor 
were obtained from the Institute of Food Chemistry 
of the Leibnitz University Hannover in Germany. An 
overview, including abbreviations used in this study, 
is listed in Table 1.

2.3.  Substrates

Two different types of substrates were used to deter-
mine the optimal characteristics for the growth of 
the fungi and their effect on the degradation of lig-
nin and cellulose. Cotton fibers were selected as a 
model substance for material rich in cellulose (pro-
vided by Pat & Patty, Hürtgenwald, Germany). Pine 
bark was selected as a model substance for lignin-rich 
material (provided by Plantura GmbH, Munich, 
Germany). Before the experiments, both substrates 
were dried in an oven at 105 °C for 24 h, ground 
with a cutting mill and sieved to obtain a homoge-
nous particle size of 0.5–1 mm. Then, the substrates 
were mixed in various compositions from 100% pine 
bark to 100% cotton fiber (Figure 1).

The moisture content (MC) and ash content (AC) 
were determined in triplicate for initial biomass 
according to DIN EN 14774-3:2010-02 and DIN EN 
14775:2010-04, respectively. Then, dry matter (DM) 
content and organic dry matter (oDM) content were 
calculated.
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The total carbon (TC) content and total Kjeldahl 
nitrogen (TN) were measured with multi N/C 3100 
(Analytik Jena GmbH& Co. KG, Jena, Germany) and 
Vapodest 50S (C. Gerhardt GmbH & Co. KG, 
Königswinter, Germany), respectively. Forth following, 
the carbon to nitrogen (C/N) ratio was calculated. 
The elemental composition of the samples was ana-
lyzed using an ICP-MS (Nexion2000, Perkin Elmer 
Inc., Waltham, MA).

The pH measurement of solids was carried out by 
adding 200 ml Millipore-Q-water (<0.05  µS) to 2 g 
substrate and continuously shaking for 60 min (IKA 
KS 260 control, IKA®-Werke GmbH & Co. KG, 
Staufen, Germany). Afterwards, the pH was mea-
sured using a pH meter (GE 114 BNC, Senseca, 
Regenstauf, Germany). The same procedure was 
conducted by mixing substrates I–V with 2 and 
5 wt.% CaCO3, respectively, to determine the effect 
of an elevated pH.

The mixtures’ water capacity (U) was determined 
by adapting the procedure of Alemu et  al. [27] by 
adding 50 ml Millipore-Q-water to 5 g of each sub-
strate and covered with aluminum foil to avoid 
moisture loss by evaporation. The samples were 
soaked for 24 h at ambient conditions. Afterwards, 
residual water could drip off through sieves for 2 h. 
Then, the crucibles containing the wet biomass were 
weighed again. Finally, the water capacity was calcu-
lated as follows:

 Water capacity %
W

W
,U

W
w d

d

( ) = − ×100
 (1)

where Ww is the wet weight (g) and Wd is the dry 
weight (g).

2.3.1.  Mycelium cultivation
Prior to the experiments, MEA agar plates (mixture 
consisting of 15 g agar, 30 g malt extract, 5 g soy pep-
tone, and 1000 ml Millipore-Q-water) were inocu-
lated with a pre-grown mycelium disk of 10 mm in 
diameter, placed in the center of the plates. The 
Petri dishes were sealed with parafilm to avoid 
cross-contamination in the incubator (ICH110, 
Memmert GmbH & Co. K, Schwabach, Germany) 
and stored at 26 °C and 80% relative humidity with 
no additional flush of CO2. After growth, they were 
kept in the fridge at 4 °C until use, but maximum 
for 30  days.

Table 1. list of fungal species used in this study.

iD latin name
English 
name Family origin

gl Ganoderma 
lucidum

Reishi ganodermataceae institute of 
Food 
chemistry, 
leibnitz 
University, 
Hannover, 
germany

Po Pleurotus 
ostreatus

Tree 
oyster

Pleurotaceae

TV Trametes 
versicolor

Turkey tail Polyporaceae

Figure 1. Top row: milled substrate mixtures of pine bark and cotton fibers in different weight proportions; lower row: (a) raw 
pine bark; (b) cotton fibers used for this study.
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2.3.2.  Test implementation
For each experiment, 5 g of the dry substrate mix-
ture was weighed in a glass Petri dish. Those sam-
ples investigating the effect of an elevated initial pH 
were mixed with 2 or 5 wt.% pre-dried CaCO3 pow-
der, respectively. An overview of the substrate mix-
ture composition and CaCO3 addition is shown in 
Table 2. Then, the previously determined mass of 
Millipore-Q-water was slowly poured over the sub-
strate. The mixture was allowed to soak in for 
approximately 1 h under ambient conditions. All pre-
pared samples were autoclaved at 121 °C for 50 min 
(CertoClav VacuumPro 8-22L, CertoClav Sterilizer 
GmbH, Leonding, Austria) to eliminate any compet-
ing microorganisms that might hinder mycelial 
development.

The Petri dishes were immediately closed to avoid 
water loss by evaporation. They were allowed to cool 
down in front of the sterile laminar flow hood for 
approximately 30 min. Before inoculation, a metal 
stamp was used to compress the substrates and 
obtain an even surface. Then, the prepared myce-
lium dishes were used to inoculate the prepared sub-
strate mixtures with a mycelium disk, cut out using 
a cork borer, 10 mm in diameter and placed in the 
center of the plates. Lastly, the samples were stored 
for seven  days in the incubator at 26 °C and 80% 
relative humidity with 0, 5, and 10  vol.% CO2 flush, 
respectively.

Radial expansion was measured every 24 h by 
measuring the distance from the inoculum disk to 
the most distant visible hyphae on the photo in 
triplicate.

After seven  days of incubation, the average radial 
expansion (mm  d−m) was calculated, and the colony 
radius was determined. Lastly, the Petri dishes were 
removed from the incubator. Mycelial density was 
evaluated visually and rated following a scale rang-
ing from T (thin, almost transparent), ST (somewhat 
thin), SC (somewhat compact) to C (compact and 
firm, white), as previously described by Jo et  al. 
[20]. Dried-out samples are marked with D.

3.  Results and discussion

3.1.  Feedstock characteristics and chemical 
composition

Overall, the five substrate mixtures differed in the 
chemical composition (Table 3). Substrates with a 
high share of pine bark have higher TC and TN 
content than those rich in cotton fibers. Accordingly, 
the highest TC and TN content is found for sub-
strate I with 56 and 0.46 wt.%, respectively, which 
are 12 and 56% higher than in substrate V. 

Consequently, the C/N ratio of 121 is significantly 
lower in substrate I and increases with the cellulose 
content in the substrate mixture. Substrate V, there-
fore, has a 73% higher C/N ratio of 166. The pH 
value is also dependent on the substrate. Mixtures I 
and II, exclusively and primarily consisting of pine 
bark, have values in the acidic range of 4.73 and 
5.00, respectively. In contrast, with a high proportion 
of cellulose, the value rises up to 8.43 and is, there-
fore, in the alkaline range.

All mixtures have a very high oDM content, so 
the AC is correspondingly low. Pure cotton fibers 
have the lowest, containing <1 wt.% ash. The more 
pine bark is added, the higher the AC; pure bark 
substrate is one and a half times as high at 1.62 wt.% 
but generally relatively low for biomass. The initial 
U varies from 80 to 90%, which is comparatively 
high. Its value increases with higher cellulose fiber 
content.

As shown in Figure 2, all substrate mixtures pro-
vide a broad spectrum of macro- and micronutrients 
required for mycelium culture, but their proportions 
differ considerably from one mixture to another. The 
K content increases with higher proportions of cot-
ton fibers to a value of up to 3166 mg  kg−g DM, two 
and a half times the measured K in pine bark. The 
opposite was observed for Ca, Mg, and Na, as the 
addition of cotton fibers decreased their proportions. 
Consequently, the highest measured values for Ca, 
Mg, and Na are found in the pine bark substrate at 
2669, 491, and 155 mg  kg−g DM, respectively. Even 
though only scarce amounts of Mn were measured 
in substrates I–V at 74–5 mg  kg−g DM, the difference 
is enormous. Accordingly, the content of this micro-
nutrient can be increased by up to 14 times if the 
proportion of pine bark in the substrate mixture is 
increased. The content of P and Fe varies from sub-
strate to substrate, so it is impossible to make a uni-
form statement about the influence of the proportion 
of pine bark or cotton fibers on the nutrients. The 
initial substrates have P contents between 254 and 
317 mg  kg−g DM for mixtures I and II, respectively. 
The Fe content was in a similar range, around 
210 mg  kg−g DM for all mixtures, although there is 
also a relatively high standard deviation here.

The more cotton fibers are added to the substrate 
mixture, the lower the Zn content. As a result, it is 

Table 2. list of substrate mixtures and additives used in this 
study.
Substrate 
iD i ii iii iV V

Pine bark wt.% 100 75 50 25 0
cotton 

fiber
wt.% 0 25 50 75 100

caco3 wt.% 0 2 5 0 2 5 0 2 5 0 2 5 0 2 5
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about five times higher in substrate I with 16 mg kg−g 
DM than in substrate V with only 3 mg  kg−g DM. 
The situation is similar to the content of the micro-
nutrient Cu, which is about twice as high in pure 
pine bark substrate than in pure cotton fiber. Ni, Cr, 
Co, and Pb are present in all substrate mixtures in 
very low quantities of >1 mg  kg−g.

3.1.1.  Radial expansion of mycelium
During the growth period in the incubator, photos 
were taken daily to evaluate the radial expansion of 
the mycelium. Figure 3 shows sample images of the 
three fungi examined after 1, 2, 4, and 7  days. It can 
be clearly seen that all fungi already formed fine, 
visible mycelium from the edge of the inoculation 
disk on the first day in the incubator. Interestingly, 
P. ostreatus forms not only mycelium, which begins 
to colonize the substrate below but also hyphae, 
which grow vertically toward the Petri dish lid. On 
the fourth day of incubation, all fungi continued 
growing, covering the substrate with somewhat thin 
(G. lucidum) and thin (P. ostreatus and T. versicolor) 
mycelium. In the case of G. lucidum, on day 7 of 

incubation, it is noticeable that although the myce-
lium has continued to grow radially, the mycelium 
density is significantly lower than on the previous 
days. As a result, the younger mycelium is only very 
finely visible on the surface of the substrate. Although 
P. ostreatus has evenly covered the entire substrate 
surface with mycelium after seven  days of growth in 
the incubator, the mycelium density is still low. 
Trametes versicolor behaves similarly, but after 
seven  days of growth, only about half of the sub-
strate surface is covered with very thin mycelium.

The low growth on the first day of incubation can 
be explained by the lag phase in which the fungi 
adapt to the new growth conditions [28]. They 
started to enter the log phase from the second day 
on, where they began to feed off the nutrients in the 
substrate to grow and expand their mycelium. The 
nutrients in the substrate were in excess, which 
enabled the extension of the mycelium to occur at a 
constant rate. The substrate type greatly influences 
mycelium growth speed since the hyphae directly 
interact with it and extract the essential nutrients 
[29]. In general, investigated fungi performed better 

Table 3. Determined chemical characteristics and calculated c/N ratio of the investigated substrates.
Tc (wt.%) TN (wt.%) pH c/N oDM (wt.%) Ash (wt.%) U (%)

i 56.07  ±  0.96 0.46  ±  0.12 4.73 121 98.41  ±  0.00 1.62  ±  0.03 80.0  ±  0.00
ii 49.68  ±  1.84 0.35  ±  0.02 5.00 143 98.62  ±  0.00 1.40  ±  0.05 86.5  ±  0.00
iii 49.78  ±  1.55 0.36  ±  0.05 5.67 138 98.71  ±  0.00 1.30  ±  0.07 87.5  ±  0.00
iV 48.66  ±  0.44 0.34  ±  0.01 6.15 142 98.95  ±  0.00 1.07  ±  0.18 88.7  ±  0.00
V 50.10  ±  4.47 0.30  ±  0.02 8.43 166 99.04  ±  0.00 0.97  ±  0.03 90.3  ±  0.00

Tc: total carbon; TN: total nitrogen; c/N: carbon to nitrogen ratio; oDM: organic dry matter; U: water capacity; substrate iDs: i, ii, iii, iV, and V stand 
for mixtures of pine bark and cotton fiber in mixing ratios of 4:0, 3:1, 1:1, 1:3, and 0:4, respectively.

Values on % oDM basis. n  =  3, mean  ±  std.

Figure 2. Elemental composition of the substrates i–V in terms of potassium (K), calcium (ca), magnesium (Mg), phosphorus 
(P), iron (Fe), sodium (Na), manganese (Mn), zinc (Zn), copper (cu), nickel (Ni), chromium (cr), cobalt (co), and lead (Pb) 
(mg  kg−1 DM); n  =  3.
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on mixtures rich in cotton fibers than those contain-
ing high amounts of pine bark.

Figure 4 shows the different growth rates of the 
fungi on substrates I–V, as well as the influence of 
CaCO3 addition and flush of CO2. The growth rate 
of G. lucidum was generally lowest on substrate I 
but increased as more cotton fibers were added to 
the mixture. The highest growth rates were achieved 
on substrate IV, which consists of 25% pine bark 
and 75% cellulose-rich cotton fiber. Substrates rich 
in fibers offer a unique structure promoting good 
absorption and high retention of water, which will 
stimulate better growth for the mycelium [30]. This 
structure will help prevent the substrate from dry-
ing since it has a high water-holding capacity. The 
high radial expansion on substrates rich in fibers 
and the poor growth on substrates I and II can be 
explained by their low water-holding capacity. Thus, 
the mycelium dried out after a few days of incuba-
tion. By this, no further expansion was noticeable 
since dried-out samples stopped growing. However, 
if pure fiber substrate is used for cultivation, the 
growth rate decreases.

No positive effect on the mycelium growth of G. 
lucidum was observed concerning the addition of 
CaCO3. Although the initial pH level of the sub-
strate should be higher than 5.5 [31] and values of 
up to nine work best for G. lucidum [20,32], 

elevating it by using CaCO3 seems not improving 
the growth rate. Furthermore, the ideal initial pH 
depends on the fungal strain used within the same 
fungus species [21]. In contrast, however, the flush 
of 5  vol.% CO2 promotes mycelium expansion on all 
five substrates – but the growth rate decreases at 
10  vol.%. Consequently, the highest growth rate of 
G. lucidum of 3.34 mm  d−m was determined on sub-
strate IV without CaCO3 addition but flush of 
5  vol.% CO2. Thus, adapted growth conditions in 
the incubator may lead to faster growth of G. 
lucidum and, therefore, shorten cultivation time.

Pleurotus ostreatus preferably degrades substrates 
rich in cellulose since a higher radial expansion of 
up to 4.33 mm  d−m was detected the higher the cel-
lulose content of the substrate mixture. According 
to this, substrate V performed best in all experi-
mental series. Furthermore, flushing CO2 promotes 
mycelium formation, especially for substrates con-
taining high proportions of cotton fibers. Thus, cul-
tivation on substrate V and flushing with 10  vol.% 
CO2 led to the overall highest radial expansion rate 
of 5.40 mm  d−1. Zadražil [24] explains that a con-
centration of 17  vol.% CO2 in the environment 
stimulates the mycelium growth of the Pleurotus 
species and inhibits other nutrient-competing spe-
cies, which might be within the substrate. 
Contamination was not visible for the samples from 

Figure 3. Photos taken of Ganoderma lucidum, Pleurotus ostreatus, and Trametes versicolor after 1, 4, and 7  days of incu-
bation at 26 °c, 80% relative humidity, in the absence of light. Substrate iDs iV and V stand for mixture ratios of 1:3 and 0:4 
of pine bark and cotton fiber, respectively.
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the P. ostreatus experiments. CaCO3 addition has a 
minor effect on the radial expansion of P. ostreatus 
cultivated on substrates III, IV, and V. Its mycelium 
can be cultivated at a broad pH range between 5 
and 9. However, the highest growth rate was 
observed at 7 [33]. Thus, substrate mixtures rich in 
pine bark offering a pH below 6, chemically elevat-
ing the pH value, can help the mycelium to estab-
lish faster. Besides the investigated factors, the 
growth of P. ostreatus can be enhanced by adapting 
the temperature in the incubator. Nashiruddin et  al. 
[28] investigated the mycelium expansion on rice 

husks at temperatures between 20 and 40 °C and 
stated that the best temperature is around 30 °C. 
However, Alam et  al. [33] reported that the maxi-
mum growth is recorded at 25 °C on potato dex-
trose agar. Therefore, the ideal environmental 
conditions for mycelium cultivation depend not 
only on the fungi but also on the substrate.

Trametes versicolor performed best on substrate 
V, reaching a radial expansion of up to 
5.27 mm  d−m. As no CaCO3 is added, a higher 
growth rate can be reached the higher the cotton 
fiber content in the substrate is. Elsacker et  al. 

Figure 4. Radial expansion (mm  d−1) of three basidiomycota measured over seven days with 0, 5, and 10  vol.% flush of co2 
on the five different substrate mixtures with addition of 0, 2, and 5 wt.% caco3. Data were collected for three replicates of 
the experiment (n  =  3) run in parallel. Radius was measured every 24 h in triplicate by the distance from the center of the 
inoculum to the longest visible hyphae.
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[34] support this finding since they observed a 
white, dense T. versicolor mycelium layer on 
cellulose-rich substrates, such as hemp and flax. 
These biomasses offer high cellulose and low lig-
nin contents of 70 and 5 wt.%, respectively. Further, 
they observed poor growth on pine softwood and 
straw with relatively high lignin contents of ca. 30 
and 17 wt.%, respectively. These findings support 
the comparatively lowest growth rates of T. versi-
color of 2.15, 1.69, and 1.71 mm  d−m on substrate 
I with a flush of 0, 5, and 10  vol.% CO2, respec-
tively. Further, the addition of 2 wt.% CaCO3 hin-
ders mycelium formation, except for substrate I. 
Thus, chemically increasing the pH of acidic sub-
strates can enhance the cultivation procedure. 
Flushing with 5  vol.% CO2 negatively impacts 
mycelium expansion, while 10  vol.% CO2 has a 
neglectable effect on the performance.

Although all substrates enabled the cultivation 
of the investigated fungi, the growth rate can be 
improved by adapting the N content. Attias et  al. 
[31] recommend N contents of the initial substrate 
with levels close to 1% for sufficient mycelium 
development based on their experiments on fungi 
from the Pleurotaceae family. Hence, increasing 
the nitrogen content by additives might enhance 
the suitability of biomass by narrowing the C/N 
ratio. Generally, ratios between 2 and 5 are recom-
mended for T. versicolor, 1 for G. lucidum, and 
18–38 for P. ostreatus cultivation [20,21, 35]. 
Potential nitrogen additives include yeast extract 
for enhanced mycelium expansion and density of 
T. versicolor [21] and malt extract for G. lucidum 
cultivation [20]. However, residues from food pro-
duction might also serve as cheap nitrogen source, 
for instance, cassava [36], wheat [11, 22, 37], or 
rice bran [38].

The good performance of all three investigated 
fungi on substrates rich in cotton fibers might be 
explained by its high content of K, which generally 
positively affects mycelium expansion [35], where-
fore additives such as K2HPO4 and KCl might pro-
mote mycelial growth [20,21]. Since the content of 
Zn was low in substrates with high cotton fiber 
content, the addition of Zn sulfate and Zn hydro 
aspartate may promote mycelial growth [39]. In 
contrast to the other fungi, G. lucidum grew better 
on substrate IV and worse on substrate V. One rea-
son for this may be the low Na content, which, 
however, can be added, e.g., as NaCl enhancing its 
mycelium formation [20]. Regarding Mg availabil-
ity, researchers found positive effects of media 
enrichment by adding the mineral salt MgSO4·7 H2O 
on the mycelial growth of T. versicolor and G. 
lucidum [20,21].

3.2.  Mycelial density

As shown in Table 4, G. lucidum shows varying 
mycelial density dependent on CO2 flush and CaCO3 
addition. Mycelium showed the most compact 
growth, cultivated on the substrates I, II, and III. Jo 
et  al. [20] stated that a higher mycelial density 
results from a narrow C/N ratio of the culture 
media. Hence, N additives such as calcium nitrate or 
malt extract might support denser mycelium forma-
tion [20]. Mycelium grows less dense on the sub-
strates with a pH >9. Thus, this study supports the 
findings that G. lucidum grows best up to that value 
[20]. Other additives for pH elevation, such as 
NaOH, might be interesting to investigate since they 
led to higher colony diameter and denser mycelium 
in previous studies [20].

A dense growth of P. ostreatus was negatively 
affected by chemically elevated pH and flushing the 
incubator with CO2. Further, the fungus showed thin 
mycelium on substrates III–V. Hoa and Wang [40] 
named sugarcane residues, acacia sawdust and corn 
straw as suitable lignocellulosic sources of P. ostrea-
tus cultivation since the mycelium grew compact. 
On the other hand, sugarcane residues led to a lower 
mycelium colony of 54 mm in diameter after 
eight  days compared to the radius of 53 mm mea-
sured after seven  days of incubation in this study. In 
the future, a well-considered balance must be made 
between mycelium density and growth rate in myce-
lium composite production.

The same applies to T. versicolor, which primarily 
showed thin and somewhat thin mycelium density. 
Jo et  al. [21] found varying mycelium densities pri-
marily dependent on the fungal strain and the C/N 
ratio of the medium. Here, narrow C/N ratio values 
lead to thinner growth. Thus, carbon sources, such 
as sucrose and mannitol, were found to be suitable 
to enhance mycelium density [21].

4.  Conclusions

Each fungus’ growth behavior primarily depends on 
the substrate composition, such as cellulose and lig-
nin content, and its physical properties, i.e., the 
water-holding capacity, pH, C/N ratio, and content 
of macro- and micronutrients. Ganoderma lucidum 
showed the highest growth rate of 3.34 mm  d−m on 
a mixture of 25 wt.% pine bark and 75 wt.% cotton 
fiber and a flush of 5  vol.% CO2. Cultivation of P. 
ostreatus on cotton fiber is positively affected by 
10  vol.% CO2 in the environment, which led to a 
growth rate of 5.40 mm  d−m.

Further, T. versicolor performed best on cotton 
fibers as well since it is rich in macronutrient K. All 
fungi preferred substrates with a high initial pH >6, 
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but chemically elevating with CaCO3 lowered the 
growth rate or hindered dense mycelium formation. 
Further, the high water capacities of 89 and 90% for 
25 wt.% pine bark with 75 wt.% cotton fiber and 
pure cotton fiber, respectively, led to sufficient 
growth during the seven days of incubation.

This method works to gain general insights into 
the growth behavior of mycelium on different sub-
strate mixtures and under various growth condi-
tions. However, identifying potential lignocellulosic 
residues and necessary additives to enhance their 
composition is crucial for sustainable mycelium 
cultivation.
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Table 4. Effect of substrate, addition of buffer caco3 and flush of co2 on the mycelial growth of three fungi, n = 3, mean ± std.

Substrate
caco3 
(wt.%) pH (–)

co2 flush 
(vol.%)

Ganoderma lucidum Pleurotus ostreatus Trametes versicolor

7-day colony 
radius (mm)

Mycelial 
density

7-day colony 
radius (mm)

Mycelial 
density

7-day colony 
radius (mm)

Mycelial 
density

i 0 4.73 0 5.18  ±  0.23 D 18.63  ±  0.53 Sc 16.79  ±  0.41 T
0 4.73 5 17.13  ±  0.14 c 22.10  ±  0.24 Sc 22.21  ±  0.26 ST
0 4.73 10 16.46  ±  0.22 c 4.92  ±  0.00 D 14.59  ±  0.63 T
2 7.50 0 19.53  ±  0.54 ST 23.78  ±  0.48 ST 24.88  ±  0.52 ST
2 7.50 5 22.11  ±  0.65 Sc 30.22  ±  0.26 ST 25.80  ±  0.24 ST
2 7.50 10 11.79  ±  0.30 T 16.31  ±  0.70 ST 25.28  ±  1.09 ST
5 7.56 0 16.18  ±  0.90 T 25.50  ±  0.39 ST 22.92  ±  0.55 Sc
5 7.56 5 16.81  ±  0.07 ST 27.17  ±  0.67 T 19.57  ±  0.69 ST
5 7.56 10 14.69  ±  0.34 T 23.94  ±  0.29 ST 18.34  ±  0.91 T

ii 0 5.00 0 16.73  ±  0.28 ST 17.68  ±  0.56 Sc 25.24  ±  1.04 T
0 5.00 5 25.11  ±  0.52 Sc 17.61  ±  0.09 ST 26.94  ±  0.22 T
0 5.00 10 21.46  ±  0.27 Sc 21.09  ±  0.27 c 26.54  ±  0.48 Sc
2 7.56 0 17.90  ±  0.53 ST 28.48  ±  0.93 ST 22.05  ±  0.67 ST
2 7.56 5 23.56  ±  0.03 ST 28.73  ±  0.22 ST 24.07  ±  0.87 ST
2 7.56 10 25.86  ±  0.54 Sc 29.52  ±  0.63 Sc 27.17  ±  0.63 Sc
5 7.63 0 15.69  ±  0.09 T 27.11  ±  1.15 T 18.65  ±  0.23 ST
5 7.63 5 24.00  ±  0.76 T 25.30  ±  0.67 T 22.66  ±  0.31 ST
5 7.63 10 22.83  ±  1.18 T 26.56  ±  0.83 T 29.06  ±  1.37 ST

iii 0 5.67 0 20.49  ±  0.58 T 23.06  ±  1.12 T 20.55  ±  0.89 T
0 5.67 5 27.35  ±  0.22 c 24.68  ±  0.84 T 6.85  ±  0.48 D
0 5.67 10 27.07  ±  0.56 c 22.85  ±  0.40 Sc 31.42  ±  0.17 T
2 7.81 0 18.18  ±  0.15 ST 31.55  ±  0.21 T 21.17  ±  0.18 T
2 7.81 5 22.68  ±  0.48 Sc 34.01  ±  0.17 T 6.81  ±  0.16 D
2 7.81 10 25.94  ±  0.45 c 34.25  ±  0.46 T 30.04  ±  0.19 ST
5 7.90 0 15.89  ±  0.72 ST 25.10  ±  0.08 T 17.80  ±  0.45 T
5 7.90 5 22.99  ±  0.22 ST 34.65  ±  0.25 T 14.62  ±  0.42 T
5 7.90 10 23.89  ±  0.35 Sc 39.03  ±  0.80 T 29.71  ±  0.24 ST

iV 0 6.15 0 22.29  ±  0.24 T 33.63  ±  0.64 T 25.86  ±  0.65 T
0 6.15 5 33.10  ±  0.50 ST 35.23  ±  0.29 T 30.62  ±  0.39 T
0 6.15 10 30.90  ±  0.39 ST 34.64  ±  0.39 T 34.86  ±  0.68 T
2 8.25 0 18.34  ±  0.34 T 32.96  ±  0.38 T 17.96  ±  0.68 T
2 8.25 5 26.27  ±  0.37 ST 35.65  ±  1.05 T 8.35  ±  0.36 T
2 8.25 10 28.57  ±  1.01 Sc 38.33  ±  1.24 ST 31.83  ±  1.69 T
5 8.41 0 15.37  ±  0.53 ST 28.05  ±  0.55 T 15.62  ±  0.82 T
5 8.41 5 25.33  ±  0.44 ST 35.78  ±  0.32 T 21.95  ±  1.03 T
5 8.41 10 25.11  ±  0.28 Sc 33.51  ±  1.07 T 26.51  ±  1.31 T

V 0 8.43 0 5.11  ±  0.14 D 45.58  ±  1.03 ST 43.62  ±  0.38 Sc
0 8.43 5 31.32  ±  0.47 Sc 44.22  ±  0.33 ST 42.21  ±  0.39 Sc
0 8.43 10 26.87  ±  1.08 Sc 52.46  ±  0.23 ST 42.39  ±  0.08 Sc
2 9.54 0 5.03  ±  0.03 D 44.81  ±  0.82 ST 39.84  ±  1.29 ST
2 9.54 5 27.16  ±  0.42 Sc 42.24  ±  0.18 T 29.32  ±  0.16 ST
2 9.54 10 24.75  ±  0.71 ST 48.14  ±  0.58 T 37.52  ±  0.00 ST
5 9.72 0 5.14  ±  0.14 D 32.58  ±  0.93 T 41.26  ±  0.83 T
5 9.72 5 26.08  ±  0.36 ST 32.76  ±  0.24 T 24.46  ±  0.93 T
5 9.72 10 25.28  ±  0.98 T 36.02  ±  0.34 T 34.79  ±  0.00 T

c: compact; Sc: somewhat compact; ST: somewhat thin; T: thin; D: dried out.
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