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Abstract

Shiitake grows on lignin-rich materials and can be cultivated on wood substrate (sawdust),
to which wheat, rice, and/or corn bran is added to correct the C/N ratio. In addition to
the C/N ratio, another concern regarding substrate production is pH and calcium supply.
Therefore, this manuscript seeks to elucidate the agronomic parameters of shiitake mush-
rooms (Lentinula edodes) cultivated with different doses of calcium carbonate (CaCO3) and
gypsum (calcium sulfate, CaSOy) in a substrate based on eucalyptus sawdust. Three doses
of carbonate (0, 1, and 2%) and three doses of gypsum (0, 2.5, and 5%) were used, totaling
nine treatments. Two experiments were conducted, each with a different strain (LED 19/11
and LED 22/02). The results indicate that gypsum supplementation is not required, as it led
to a decrease in yield and biological efficiency. Conversely, the incorporation of 1% calcium
carbonate enhanced productivity in the LED 19/11 strain. Calcium source and dosage
significantly influenced the agronomic performance of L. edodes, with 1% calcium carbonate
providing the most consistent positive effects on yield and biological efficiency. These
findings emphasize the importance of strain-specific mineral management to optimize
productivity and substrate chemical balance in shiitake cultivation.

Keywords: mushroom cultivation; nutrient balance; fungal physiology; substrate
optimization; agricultural microbiology

1. Introduction

Commonly known as shiitake, Lentinula edodes has an Asian origin, with China, Japan,
and South Korea considered its centers of domestication [1,2]. This species has attracted
the attention of researchers due to its nutritional, medicinal, and therapeutic properties, as
well as its high palatability [3].

An important step in its production process involves the preparation of the substrate.
Briefly, this process consists of selecting sawdust and supplementing it with wheat bran,
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rice bran, and cornmeal to correct the C/N ratio, followed by moistening the mixture until
it reaches approximately 65% moisture content [4]. The substrate is then autoclaved at
121 °C for 4 h [5] and inoculated at a rate of 2% (wet weight) in a laminar flow chamber.
Finally, the blocks are incubated at 25 °C for 80 days to allow substrate colonization and
browning, followed by the fruiting of the mushrooms [6].

In addition to adjusting the C/N ratio, substrate pH is also a key factor during
substrate preparation. L. edodes differs from other mushrooms by acidifying its substrate
through the production of oxalic, citric, tartaric, malic, and acetic acids [7-9]. In commercial
cultivation, the application of calcium carbonate (CaCO3) has been widely practiced and
has become a topic of discussion due to the variability in methodologies and the lack of
consistent scientific evidence supporting its effectiveness.

It is well known that Ca* is an essential element for fungal growth, metabolism, and
fruiting [10]. Moreover, the use of CaCOj3 helps maintain the substrate’s selectivity for
shiitake, reducing the likelihood of contamination by Trichoderma spp., the main competitive
agent in cultivation. However, Li et al. [11] reported that the formation of soluble oxalates
resulting from CaCOj application reduced the mycelial growth rate of L. edodes by 29%, a
finding that drew the attention of the scientific community.

A possible substitute for CaCOj is agricultural gypsum, also known as calcium sulfate
(CaSOy), which can supply Ca?* to the fungus without leading to the formation of soluble
oxalates during the mycelial growth of L. edodes. This characteristic is particularly relevant,
as the accumulation of oxalates may negatively affect fungal development. In addition to
serving as a calcium source, agricultural gypsum also contributes sulfur to the substrate,
an essential macronutrient involved in several metabolic pathways. Sulfur plays a key role
in the synthesis of sulfur-containing amino acids, such as cysteine, cystine, and methionine,
which are fundamental for protein formation and cellular function. Moreover, the availabil-
ity of sulfur has been associated with the stimulation of proteolytic enzyme production,
thereby supporting metabolic activity and growth during fungal development [12].

CaS0O; also plays a crucial role in improving the physical characteristics of the sub-
strate, making it more aerated and porous. Several studies have reported a reduction in
anaerobic zones within the substrate following gypsum application. This occurs due to the
high hygroscopic capacity of gypsum, which helps reduce substrate stickiness [13].

Considering the objective of formulating a substrate as selective as possible for the
fungus, the present study aimed to determine the optimal amounts of calcium carbonate
and agricultural gypsum to be added to the substrate, either individually or in combination.

2. Materials and Methods

The strains used in this project have shown the best agronomic performance in sev-
eral studies conducted over the past two years and are designated LED 19/11 and LED
22/02 [14,15]. These strains were isolated from commercial cultivations in the municipal-
ities of Botucatu and Sarapui, in the State of Sao Paulo, Brazil. These are strains that, in
previous studies, exhibit distinct behaviors in response to different production methods.
For inoculum production, the following stages were followed: preparation of the primary,
secondary, and tertiary matrices, and mycelial multiplication, according to the methodology
proposed by Owaid et al. in 2025 [16].

The control substrate was prepared with the following formulation: 80% eucalyptus
sawdust, 10% wheat bran, and 10% rice bran. These materials were mixed dry to ensure
uniformity, after which the calcium sources were added as described in Table 1. When
different doses of calcium carbonate (CaCOj3) and agricultural gypsum or calcium sulfate
(CaSO4) were incorporated, the percentage of eucalyptus sawdust was proportionally
reduced to maintain a total of 100% (Table 1).
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Table 1. Substrate formulations using different proportions of calcium carbonate and agricultural
gypsum.

Eucalyptus Sawdust Wheat Bran Rice Bran Calcium Carbonate Gypsum
Treatment o
Yo
1 80 10 10 0 0
2 77.5 10 10 0 25
3 75 10 10 0 5
4 79 10 10 1 0
5 76.5 10 10 1 25
6 74 10 10 1 5
7 78 10 10 2 0
8 75.5 10 10 2 25
9 73 10 10 2 5

The use of two different calcium sources was primarily motivated by the demand
from Brazilian mushroom growers. The acquisition of materials such as calcium carbonate
involves high costs and, furthermore, it is a non-renewable resource that requires mining
for its extraction. Gypsum, in turn, although indirectly associated with mining activities, is
a residual material from the production of other inputs, making it a more accessible and
sustainable alternative.

After adding the calcium sources, water was incorporated into the substrate until a
moisture content of 65% was reached. The substrates were then packed into 2 kg polypropy-
lene bags, compacted, sealed, and autoclaved for 4 h at 121 °C. After cooling, the substrates
were inoculated with 1% mycelium under aseptic conditions, resealed, and incubated at
26 °C for 80 days for mycelial colonization and the formation of the mycelial browning.

For fruiting induction, the substrate blocks were removed from the bags and washed
with water to eliminate exudates released during the mycelial browning. After 4 to 7 days,
primordia began to appear. The cultivation chamber was maintained at a relative humidity
of 85 &+ 5% and a temperature of 20 & 2 °C. After the first flush harvest, the blocks were
submerged in water for approximately 8 h to induce the second and third flushes [17]. The
intervals between flushes were 20 days, allowing for mycelial recovery after each harvest.
Four flushes were conducted, totaling a cultivation cycle of 160 days.

Harvesting was performed manually three times a day by cutting the mushrooms
close to the substrate block without leaving stipe residues. Only mushrooms at the optimal
harvest stage were collected, as determined by partial cap opening.

The experiment followed a completely randomized design (CRD) in a two-factor
factorial arrangement (3 calcium carbonate doses x 3 agricultural gypsum doses), totaling
nine treatments, each with eight replicates, resulting in 72 experimental units. Two separate
experiments were carried out: one using strain LED 19/11 and the other using strain
LED 22/02.

The experiment was evaluated based on agronomic parameters such as yield (weight
of harvested mushrooms x 100/initial wet substrate weight), biological efficiency (weight
of harvested mushrooms x 100/initial dry substrate weight, determined after drying
in a forced-air oven at 105 °C for 24 h), average mushroom weight (fresh mushroom
weight/number of mushrooms), and number of mushrooms (counted per unit). The pH
and electrical conductivity of the substrate after sterilization were analyzed in the Plant
Mineral Nutrition Laboratory following the methodology described by Malavolta et al. in
1997 [18].

The data obtained were subjected to analysis of variance (ANOVA) to determine
the significance of calcium carbonate and gypsum doses and their interaction, using the
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open-source software R version 4.4.1 [19] with the AgroR package [20]. For the variables
yield, biological efficiency, mushroom mass, number of mushrooms, pH, and electrical con-
ductivity, means were compared using Tukey’s test at a 5% significance level. Additionally,
a stepwise regression model was fitted, using the Akaike Information Criterion (AIC) as
the model selection criterion.

3. Results

Among the factors analyzed, the LED 19/11 strain showed significant effects for yield
and biological efficiency when the factors gypsum and calcium carbonate were evaluated
individually (Table 2). A significant interaction was observed only for the number of
mushrooms. The LED 22/02 strain, in turn, exhibited significant effects for yield and
biological efficiency when analyzed separately, as well as a significant gypsum x calcium
carbonate interaction for mushroom weight and number (Table 3).

Table 2. Analysis of agronomic parameters of the 19/11 Lentinula edodes line with different doses of
calcium carbonate and gypsum, grown in a eucalyptus sawdust-based substrate.

Doses(s) Gypsum
Calcium Carbonate 0% 2.50% 5%
Yield (%)
0% 1491 £ 097b A 5.72 +099b B 756 £1.60 B
1% 21.82 +2.82aA 10.26 £0.72a B 71+123B
2% 12.60 +1.43b A 6.084+090bB 5.64 + 0.98 B
CV (%) 20.45
Biological efficiency
0% 2094 +£1.38b A 812+ 141bB 10.74 £2.28 B
1% 3097 £4.01a A 14.56 = 1.03a B 10.08 = 1.75B
2% 17.88 +2.03b A 8.63+128bB 8.01 +1408B
CV (%) 20.45
Mushroom weight (g)
0% 29.49 + 1.81 4143 +£5.78 34.68 + 4.36
1% 29.07 £ 4.01 B 35.51 + 6.07 B 4743 £ 433 A
2% 37.68 +1.97 30.08 + 5.58 41.33 + 6.94
CV (%) 22.00
Number of mushrooms (u)
0% 10.37 £ 1.10b A 3.12+ 0.69 B 475+ 1.17B
1% 15.62 +£2.09a A 55+ 0.56 B 3.23 +0.67 B
2% 6.75 + 0.67 ¢ 3.87 +0.47 3.75 +1.48
CV (%) 22.25

Lowercase letters indicate comparisons of means among rows within each analyzed variable, whereas uppercase
letters compare treatments among columns. Different letters denote statistically significant differences according
to the Scott—Knott test at the 5% probability level; the absence of letters indicates that there was no statistical
difference. Data were previously transformed using a base-10 logarithmic transformation [logio(y)]. Means
followed by =+the standard error.
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Table 3. Analysis of agronomic parameters of the LED 22/02 Lentinula edodes line with different doses
of calcium carbonate and gypsum, grown in a eucalyptus sawdust-based substrate.

Doses(s) Gypsum
Calcium Carbonate 0% 2.50% 5%
Yield (%)
0% 2405+ 138a A 13.42 +1.86 B 18.83 +1.85a A
1% 28.15+259a A 16.36 £ 3.81 B 1898 £230aB
2% 16.52 +2.43Db 114 +£1.97 10.68 = 0.93 b
CV (%) 15.71
Biological efficiency
0% 3414 £1.96a A 19.05 +2.64 B 2673 £2.63a A
1% 3995 +3.68a A 2323 +541B 26.73 £3.27aB
2% 23.45 +3.45b 16.18 + 2.80 15.17 £1.32b
CV (%) 13.94
Mushroom weight
0% 9.87+092bB 3768 +1.84a A 2442 +6.22b B
1% 48.16 £4.33a A 19.03+1.82b B 4133 +694a A
2% 15.854+1.99Db 33.83 £ 3.60 a 1424 +1.74Db
CV (%) 18.06
Number of mushrooms
0% 5837 £6.19a A 18.01 +3.90 C 40.12 +598a B
1% 52.00 £5.64a A 28.87 + 8.01 B 2775+ 491b B
2% 18.87 +3.32b A 13.12 +3.06 B 17.00 = 3.07b A
CV (%) 24.72

Lowercase letters indicate comparisons of means among rows within each analyzed variable, whereas uppercase
letters compare treatments among columns. Different letters denote statistically significant differences according
to the Scott-Knott test at the 5% probability level; the absence of letters indicates that there was no statistical
difference. Data were previously transformed using a base-10 logarithmic transformation [logio(y)]. Means
followed by =+the standard error.

It was observed that the application of different calcium carbonate doses may enhance
production and biological efficiency of the strain, provided that the dosage does not exceed
1% of the substrate weight. The combination of gypsum with calcium carbonate for strain
LED 19/11 resulted in reduced productive efficiency at all evaluated doses (2.5% and
5%). Regarding average mushroom weight, different calcium carbonate doses showed no
statistically significant effect on this variable; however, at the 1% calcium carbonate dose,
gypsum addition promoted an increase in mushroom weight. No statistically significant
differences were observed for the remaining dose interactions. Concerning the number of
mushrooms, a positive response was observed when calcium carbonate dosage increased
from 0 to 1%, followed by a reduction at the 2% dose. Gypsum addition reduced mushroom
number and rendered the response to calcium carbonate non-significant.

Regarding mushroom weight, the LED 22/02 strain exhibited variations in both gains
and losses depending on the calcium sources. The 1% calcium carbonate dose resulted in
higher mushroom weight at 0 and 5% gypsum. In substrates without calcium carbonate,
gypsum addition increased mushroom weight.

For strain LED 22/02, some specific variations were observed that were not previously
identified for strain LED 19/11. Notably, a response to gypsum application was detected,
in which the 5% dose resulted in yields statistically similar to the control treatment (0%),
whereas the 2.5% dose showed a slight reduction in productive performance. This behavior
was observed exclusively in the absence of calcium carbonate (0%), a pattern that was also
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repeated for the average mushroom weight. For the remaining evaluated factors, both
strains exhibited similar behavior.

To model the responses observed as a function of calcium sources and to predict
yield, biological efficiency, and mushroom number, Figure 1 presents equations that may
be applied in commercial cultivation to standardize production processes and regulate
mushroom supply throughout the year, contributing to the financial sustainability of the
sector. Although the R? value show a moderate correlation, the figure reveals a general

pattern in data behavior that supports an overall assessment of the results obtained in
this study:.

4 Y =14.4972 + 15.4359C - 4.8733G -2.9869CG + 1.5131C?G - 8.0911C? +0.6807G?
R2=0.6406
p<0.001

2.0

0.8

Caco,, %

Cas0, %

EB = 20.3728 + 22.1990C - 6.8402G - 4.3107CG +2.1717C?G - 11.5810C2+ 0.9599G?
5 R2=0.6376
5 ’ p<0.001

Figure 1. Cont.
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CaCo,, %

/1 MN = 10.4887 +11.6300C - 4.9480G - 1.7435CG - 0.2450CG?+ 1.6155CG - 6.7213C2+ 0.7646G°
~ R2=0.6365
4 p<0.05

Figure 1. Regression models adjusted for the characteristic yield (A), biological efficiency (B) and
mushroom number (C), considering R? values greater than 0.60 and p < 0.05.

Regarding pH, both gypsum and calcium carbonate were significant when analyzed
independently, while electrical conductivity showed a significant interaction (Table 4).

Table 4. Analysis of variance and Shapiro-Wilk value for pH and electrical conductivity values
(* p <0.05; ** p <0.01; *** p < 0.001).

MS
SV DF pH EC
Gypsum 2 0.62 *** 0.3585 ***
Calcium carbonate 2 4.471 *** 0.0011 ***
Interaction 4 0.023 0.04 ***
Residue 0.009 0.002
x 57 2240
CV (%) 52 6.4

DF (Degrees of Freedom), SV (Source of Variation), MS (Mean Squares) and EC (Electrical conductivity).

Table 5 presents the statistical differences observed among the different substrates,
considering variations in calcium carbonate and agricultural gypsum dosages. Calcium
carbonate showed a greater capacity for substrate pH correction, with increasing dosages
resulting in values progressively closer to neutrality. In contrast, the addition of agricultural
gypsum tended to decrease pH, thereby increasing substrate acidity.

Table 5. pH of substrates with different doses of calcium carbonate (0, 1 and 2%) and agricultural

gypsum (0, 2.5 and 5%).
Dose(s) Calcium Carbonate Dose(s) Gypsum
0% 53b 0% 6.0a
1% 57b 2.5% 56b
2% 6.5a 5% 54Db

Different letters indicate statistical difference by Tukey’s test at 5% significance, where lowercase letters compare
the means in the columns.

Gypsum addition increased electrical conductivity, whereas calcium carbonate appli-
cation caused variable results depending on the gypsum dose. The lowest conductivity was
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recorded for the combination of 2% calcium carbonate and 0% gypsum, while the highest
occurred with 2% calcium carbonate and 5% gypsum (Table 6).

Table 6. Electrical conductivity of substrates (uS cm 1) with different doses of calcium carbonate
(0, 1 and 2%) and agricultural gypsum (0, 2.5 and 5%).

Dose(s) Gypsum
Calcium carbonate 0% 2.5% 5%
0% 1403b C 2360cB 2830Db A
1% 1553 a B 2460b A 2444 c A
2% 848 c C 2780 a B 3580a A

Different letters indicate statistical difference by Tukey’s test at 5% significance, where lowercase letters compare
the means in the columns and uppercase letters in the rows.

4. Discussion
4.1. Performance Factors

The productivity and development of L. edodes are closely associated with the chemical
conditions of the substrate, particularly pH and calcium availability, which regulate key
metabolic processes during mycelial colonization and fruiting. The ability of this species to
modify its growth environment through the production of organic acids, combined with
interactions with mineral components of the substrate, may result in either physiological
advantages or growth constraints, depending on the chemical balance established. In this
context, supplementation with calcium sources plays an important role in pH regulation,
mitigation of oxalate toxicity, and enhancement of substrate selectivity, directly influencing
the productive performance of L. edodes.

Substrate pH is a critical factor in the cultivation of edible mushrooms, as it di-
rectly influences both the colonization of the substrate and the subsequent fruiting
processes [21,22]. In the case of L. edodes, the optimal pH range extends from 3 to 7,
within which the fungus is able to establish and develop efficiently. During the colonization
phase, active mycelial growth typically promotes a gradual reduction in substrate pH,
reaching values of approximately 3.5-4.0 [23]. This acidification process is mainly associ-
ated with the synthesis and release of oxalic acid, which is the primary organic compound
produced by fungal hyphae. The production of this organic acid plays a fundamental role
in mycelial development, contributing to physiological and biochemical processes essential
for fungal growth and substrate colonization [11,24].

In substrates with high buffering capacity, such as sawdust, the continuous production
of oxalic acid can lead to the accumulation of soluble oxalate at levels that compromise
fungal growth [8,25]. Although oxalate is considered only mildly toxic to brown-rot
fungi [26], its soluble form at concentrations above 8 mmol kg~ can inhibit fungal activity
and negatively affect critical processes such as fruiting [11,27]. Under these conditions,
calcium supplementation becomes particularly relevant.

In the production of L. edodes, as with other mushroom species, the addition of gypsum
to the substrate is a widely adopted practice. However, it is generally applied at lower
proportions than those used in the present study, typically ranging from 1 to 3% [11,28,29].
In this study, concentrations exceeding these conventional ranges were evaluated, and
the observed reduction in productivity may be associated with the higher application
rates, suggesting a dose-dependent relationship between gypsum supplementation and
yield performance.

It is noteworthy that, in commercial production systems, approximately 2% calcite
(calcium carbonate) is commonly used as a calcium source in substrates for L. edodes cultiva-
tion [30-33]. Considering that calcite contains around 50% calcium [34], whereas gypsum

https://doi.org/10.3390 /agronomy16050509


https://doi.org/10.3390/agronomy16050509

Agronomy 2026, 16, 509

90f13

(calcium sulfate) contains approximately 30% of this element [35], the implementation of an
exploratory study using higher proportions of gypsum is justified. This approach aims to
adequately meet the calcium requirements of the substrate by compensating for the lower
calcium concentration in gypsum and to evaluate its effects on fungal yield.

Calcium carbonate contributes to substrate chemical regulation by both buffering pH
and converting soluble oxalate into insoluble calcium oxalate, thereby reducing its toxicity.
Previous studies have demonstrated that both calcium carbonate (CaCOj3) and gypsum
(CaS0y) are effective in decreasing soluble oxalate concentrations in the substrate [11]. This
mechanism may explain the increase in yield observed in the present study when calcium
carbonate was applied at a dose of 1%. Similar responses have been reported by [17], who
observed an increase in mushroom weight following calcium carbonate supplementation
between production flushes, with mean values rising from 32.7 g in the control to 47.3 g in
the supplemented substrate.

In mushroom production systems, it is commonly observed that certain substrates
may enhance the formation capacity of mushroom and consequently produce mushrooms
with greater individual weight [36]. However, this increase in unit weight does not nec-
essarily translate into higher overall productivity. In this context, larger mushrooms do
not inherently represent a productive advantage. Likewise, a higher number of smaller
mushrooms may increase harvesting costs by raising labor demand for collecting a greater
number of units, which may ultimately result in yields comparable to those obtained under
standard production systems.

Optimizing fruiting body size at the time of harvest is a key determinant of production
unit profitability. According to principles of agricultural economics applied to mushroom
cultivation [37], an increase in pileus diameter is positively correlated with harvesting rate
(kg h™!). Given that the operational handling time per harvested unit tends to remain rela-
tively constant, prioritizing larger mushroom contributes to reducing fixed labor costs per
kilogram produced, especially in shiitake cultivation where harvesting is not mechanized.

In this regard, gypsum and calcium carbonate supplementation may have induced
significant changes in parameters such as earliness, moisture content, or other relevant
physiological factors. Mushrooms exhibiting greater earliness often display variations in
both the number and weight of mushroom produced [38,39].

4.2. Variations Between Strains

The differential responses of L. edodes strains to variations in substrates and culti-
vation systems are governed by a set of complex physiological mechanisms, primarily
associated with the plasticity of the extracellular enzymatic system and adaptive metabolic
regulation, as well as the interaction between substrate composition and the nutritional
demands of the fungus [14,40]. Colonization efficiency and fruiting performance largely
depend on the intrinsic ability of each strain to secrete a specific profile of lignocellulolytic
enzymes, including laccases, manganese peroxidases, and complexes of cellulases and
xylanases [41,42]. The expression of these enzymes is modulated by the chemical composi-
tion of the substrate—such as the C/N ratio, lignin content, and the presence of soluble
sugars—as well as by physical factors including pH and moisture [14,43].

More productive strains generally exhibit a more efficient coordination between
biomass degradation and nutrient uptake rates, in addition to activating cellular signaling
pathways and antioxidant systems that mitigate environmental stresses or the presence of
toxic phenolic compounds released during the decomposition of wood or agro-industrial
residues [11,44,45]. In this context, the use of two strains, as adopted in the present study,
represents a more robust approach for evaluating different cultivation techniques, as it
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allows the assessment of whether the observed responses reflect a general species-level
pattern or vary according to the strains employed.

The reduction in yield observed under excessive gypsum (CaSO,) supplementation
was strain-dependent, indicating that tolerance to osmotic stress and elevated sulfur avail-
ability varies significantly among L. edodes genotypes. While certain strains exhibited
greater adaptive capacity, others showed signs of early metabolic inhibition, possibly as-
sociated with the interference of excess mineral ions in the activity of lignocellulolytic
enzymes essential for substrate degradation [46].

Conversely, the positive effect of calcium carbonate (CaCO3) also varied among strains
and was associated with the intrinsic metabolic acidification potential of each genotype.
Strains characterized by more vigorous mycelial growth and higher secretion of organic
acids exhibited a stronger response to the buffering effect of calcite, which contributed
to maintaining pH within optimal ranges for fruiting [47]. Therefore, the effectiveness
of mineral supplementation should be interpreted within a genotype x environment
interaction framework, in which the benefit of calcium carbonate lies in its capacity to
mitigate specific chemical imbalances generated by high-performance strains [48].

4.3. Chemical Factors

Despite these benefits, the response to calcium supplementation may vary according
to strain and substrate conditions. Kumla et al. in 2020 [49] reported that calcium naturally
present in raw materials is absorbed by mushrooms after approximately 60 days of inocu-
lation, coinciding with substrate mineralization, which may reduce the need for external
application of lime or gypsum. In contrast, Gea et al. in 2017 [50] highlighted that CaCOs
increases substrate selectivity by elevating pH and reducing contamination by ascomycetes.
In the present study, the distinct responses observed between strains LED 19/11 and LED
22/02 suggest variability in substrate degradation dynamics and mineral utilization.

The pH values recorded among treatments ranged from 5.0 to 6.8, with the highest
values observed at the 2% calcium carbonate dose, while gypsum addition resulted in a
reduction in substrate pH (Table 5). According to Miles and Chang in 2004 [51], the ideal
substrate pH for L. edodes cultivation lies between 4.5 and 5.5, although some strains exhibit
tolerance to more alkaline conditions. Duan et al. in 2020 [23] further reported that hyphal
growth actively lowers substrate pH during colonization, maintaining acidic conditions
through the production of organic acids. Consistently, Kwak et al. in 2016 [8] demonstrated
that L. edodes sustains an acidic environment via the synthesis of oxalic, citric, tartaric,
malic, and acetic acids. In the present study, however, pH measurements were conducted
only after substrate sterilization, which limits direct inference regarding pH dynamics
during colonization.

In addition to pH, substrate electrical conductivity and ionic composition play an
important role in mushroom development. Nutrients such as potassium and sodium
directly influence the osmotic potential of the substrate and its electrical conductivity,
which, in turn, affects water availability and absorption by the fungus. Variations in these
parameters can alter the physiological balance required for optimal fungal growth. Pardo
et al. (2003) [52] reported that elevated electrical conductivity levels (4000 uS cm 1) inhibit
mushroom production when compared with lower conductivity values (1500 uS cm 1),
thereby reinforcing the importance of maintaining balanced mineral levels in the substrate
for adequate mushroom development.

Opverall, the results indicate that the productive performance of L. edodes is strongly in-
fluenced by calcium source and dose, with distinct responses observed between strains LED
19/11 and LED 22/02, particularly regarding productivity, biological efficiency, mushroom
weight, and mushroom number. Calcium carbonate, especially at the 1% dose, exhibited the
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most consistent positive effects, whereas gypsum provided limited benefits and, in some
cases, reduced productive efficiency. Variations in pH and electrical conductivity confirm
the central role of calcium in maintaining the chemical balance of the substrate, thereby
directly influencing colonization and fruiting. Consequently, appropriate mineral manage-
ment should consider the interaction between strain, calcium source, and application rate
to optimize mushroom production.

5. Conclusions

The present study demonstrates that the agronomic performance of L. edodes is directly
influenced by both the calcium source and its application rate, with clear strain-dependent
responses. Calcium carbonate at 1% consistently promoted higher yield and biological
efficiency, particularly for strain LED 19/11. Increasing CaCOs3 to 2% did not result in
additional benefits and, in some cases, reduced efficiency. Gypsum supplementation,
especially at higher doses, generally decreased yield and biological efficiency, although
strain LED 22/02 exhibited partial tolerance under specific conditions. Variations in pH
and electrical conductivity confirm that mineral balance plays a central role in regulating
substrate selectivity, colonization, and fruiting. The differential behavior between strains
reinforces the importance of genotype-specific substrate management. In conclusion, this
research highlights that precise mineral supplementation—especially the use of 1% calcium
carbonate—represents a technically viable and agronomically efficient strategy to optimize
shiitake production, while reinforcing the importance of strain-specific management to
ensure economic sustainability and improved decision-making in commercial mushroom
cultivation systems.
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