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Abstract
The sustainable reuse of organic residues is a key strategy for reducing the ecological footprint of mushroom cultivation 
and promoting a circular bioeconomy. Green coconut husks and biomass from the invasive grass Arundo donax were evalu-
ated as alternative lignocellulosic substrates for the cultivation of the oyster mushroom Pleurotus ostreatus. Five substrate 
formulations combining different proportions of coconut husk and shredded A. donax biomass were tested and compared 
with a conventional eucalyptus sawdust control. Mycelial colonization time, onset and duration of fruiting, cumulative fresh 
yield, fresh and dry mass, and carbon, nitrogen, and protein concentrations of the fruiting bodies were assessed. Substrates 
enriched with A. donax, particularly the 75:25 mixture (A. donax: coconut husk), reduced colonization time by up to 10 days 
and achieved the longest production period and highest fresh yield (308g). The coconut-only substrate produced mushrooms 
with higher dry matter content (27.1% vs. 15.2% in the control), whereas the 100% A. donax substrate enhanced nitrogen 
and protein concentrations. Overall, both residues proved suitable for oyster mushroom cultivation, providing a functional 
outlet for challenging-to-manage lignocellulosic wastes by converting them into productive substrates that yield nutritious 
food while contributing to environmental mitigation and the promotion of a circular bioeconomy.
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Experimental workflow illustrating the use of Arundo donax and green coconut husk as biomass sources for formulating 
alternative substrates (S1–S5) for mushroom cultivation, followed by the evaluation of substrate performance and mushroom 
water and nutrient content, showing that S2 achieved the highest yield and the longest fruiting period, whereas the coconut-
only substrate (S5) produced mushrooms with the highest dry matter content.
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Introduction

Edible mushrooms are widely recognized for their high 
nutritional value, characterized by elevated levels of pro-
teins, essential amino acids, vitamins, and minerals [1, 2]. 
In addition, many mushrooms produce bioactive second-
ary metabolites, such as antioxidant compounds, which 
further enhance their potential as functional foods [3–6]. 
This combination of nutritional and functional attributes, 
coupled with the growing consumer demand for healthier 
diets and environmentally responsible eating practices, has 
driven the expansion of the global mushroom market [7, 8]. 
This growth has been accompanied by increased commercial 
production and international trade, underscoring the sector’s 
significant economic potential [9–11]. Global mushroom 
production has increased sharply in recent decades. Output 
rose approximately 13.8-fold between 1990 and 2020, reach-
ing about 42.8 million tonnes, driven by rising demand and 
advances in cultivation technologies [12–15]. This upward 
trend is expected to continue as production systems become 

more efficient and demand for sustainable foods increases 
worldwide [16]. Among the most economically relevant spe-
cies, the oyster mushroom (Pleurotus spp.) stands out for 
its ease of cultivation, rapid growth, and remarkable adapt-
ability to nutrient-poor substrates [17]. These characteristics 
make Pleurotus spp. cultivation a viable source of income 
for small-scale farmers and agricultural enterprises [18]. As 
global production intensifies, there is an increasing need to 
identify sustainable cultivation practices that minimize envi-
ronmental impacts and allow the reuse of vegetable waste 
as substrate.

One of the most widely used methods in commercial 
mushroom production, including Pleurotus spp., is solid-
state cultivation under controlled conditions [8, 19–21]. This 
approach enables the efficient use of a variety of organic 
materials, such as sugarcane bagasse, rice straw, saw-
dust, corn cobs, and numerous other plant-based residues 
derived from agriculture and industry [8, 19–24]. Many of 
these substrates are by-products of industrial, agricultural, 
and domestic activities that, when improperly disposed of, 
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can cause environmental impacts and pose risks to human 
and animal health [25–27]. The reuse of these residues as 
substrate for mushroom cultivation represents a sustainable 
and high-value-added alternative, capable of transforming 
discarded materials into human food [28–32]. This practice 
is considered one of the most effective strategies for reusing 
lignocellulosic biomass in a sustainable manner [27–29, 33].

In this context, two lignocellulosic residues with sig-
nificant potential for mushroom cultivation in Brazil stand 
out: green coconut husks and biomass of the invasive grass 
Arundo donax L (Poaceae). Green coconut is widely con-
sumed fresh, but improper disposal of the shells can cause 
environmental problems due to the large volume sent to 
landfills and their slow decomposition. In addition to these 
environmental impacts, this waste also poses a public health 
risk, as it can serve as a breeding ground for the larvae of 
Aedes aegypti, a vector of dengue fever [34]. This important 
arboviral disease affects millions of people worldwide, par-
ticularly in tropical countries, and is responsible for thou-
sands of deaths every year [35]. Despite these challenges, 
coconut shells are rich in lignin and cellulose [36], making 
them a promising substrate for the cultivation of mushrooms 
such as Pleurotus spp. Studies indicate that lignocellulosic 
materials, including coconut fiber, are efficient for myce-
lium development and mushroom production [17, 37, 38]. 
Another biomass with significant potential is that of the 
invasive grass Arundo donax, whose rapid spread threatens 
native biodiversity [39, 40]. This worldwide invasive species 
exhibits high growth rates and can form dense populations, 
competing with native species for resources and space and 
altering the dynamics of the ecosystems where it establishes 
itself [41, 42]. This flammable species has the potential to 
modify fire regimes in invaded areas and demands costly, 
long-term management efforts [43]. Although mechanical 
control strategies have been adopted to limit its spread, these 
are often ineffective, as regeneration readily occurs from 
stem fragments and rhizomes [40, 44]. However, due to its 
high concentration of cellulose, hemicellulose, and other 
nutrients [45–47], A. donax can be a viable alternative for 
mushroom substrate formulation [48].

Given the need to reduce the ecological footprint, defined 
as a metric that assesses the impact of human activities on 
natural resources, this study aims to evaluate the potential 
of green coconut residue and shredded biomass of Arundo 
donax as alternative substrates for the cultivation of oyster 
mushrooms (Pleurotus ostreatus). The proposal is based 
on an integrated and sustainable approach to organic waste 
management, seeking to transform environmental liabili-
ties into high-value and resource-efficient food products. 
Although lignocellulosic residues are widely recognized 
as suitable substrates for mushroom cultivation, compara-
tive studies explicitly evaluating invasive grass biomass and 
urban green coconut waste, while simultaneously addressing 

cultivation performance and nutritional quality, remain lim-
ited. Based on the chemical characteristics of the tested bio-
masses, we hypothesized that substrates enriched with A. 
donax biomass would promote faster mycelial colonization 
and longer production periods due to their grass-derived lig-
nocellulosic structure and higher nitrogen content. Also, we 
further expected that nitrogen-rich substrates would result 
in mushrooms with higher nitrogen and protein concentra-
tions. By testing these hypotheses, this study demonstrates 
how waste coconut husks and A. donax biomass can con-
tribute to reducing waste management costs and ecological 
impacts, while generating knowledge relevant to public poli-
cies, collaborative environmental management, and income 
generation.

Materials and Methods

Obtaining the Isolate, Cultivation, and Storage 
Conditions

The fungal isolate was obtained from a commercially pur-
chased oyster mushroom (P. ostreatus) from a supermarket 
chain in the Federal District, Brazil. For isolation, the basidi-
oma was initially subjected to a surface disinfection protocol 
adapted from Dos Reis et al. [49]. In summary, a mature 
fruiting body with the pileus removed was selected and sub-
merged in 70% ethanol for 2 min. It was then immersed in 
4% sodium hypochlorite (NaClO) for 5 min and rinsed five 
times with sterile distilled water. To verify the effective-
ness of the disinfection process, an aliquot from the final 
rinse water was plated onto potato dextrose agar (PDA). For 
tissue isolation, ~ 5 mm fragments were excised from the 
inner region of the stipe and transferred to PDA plates. The 
plates were incubated at 25 °C for 7 days. The resulting 
fungal colonies were subcultured onto fresh PDA under the 
same incubation conditions. Subsequently, the isolates were 
deposited in the Mycological Collection of the University of 
Brasília (CCUB) using the Castellani method and preserved 
in 10% glycerol, under accession number CCUB 6218.

Substrate Preparation

Green coconut husks were collected from Parque Olhos 
D’Água, located in Asa Norte, Brasília, Federal District, 
Brazil (15.74387°S, 47.88472°W). Individuals of the inva-
sive species A. donax were collected at different phenologi-
cal stages in Cerrado fragments at the Darcy Ribeiro Cam-
pus of the University of Brasília (15.7658°S, 47.8722°W). 
After collection, both green coconut husks and A. donax 
biomass were processed separately in a plant waste shred-
der. The shredded biomass was arranged on benches and 
stored in a greenhouse under ambient temperature (~ 25 °C) 
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and natural ventilation for outdoor air drying for 14 days 
(Fig. 1a–c).

After the drying process, green coconut husk and Arundo 
donax biomass were used to formulate substrates for mush-
room cultivation. Five experimental substrates were pre-
pared by combining different proportions of these lignocel-
lulosic materials, in addition to a control substrate composed 
exclusively of eucalyptus sawdust (Table 1). Eucalyptus was 
selected because it is a substrate commonly used for the 
cultivation of Pleurotus spp. [50] and represents one of the 
main materials employed for mushroom production in the 
Federal District region of Brazil. The experimental formula-
tions consisted of the following ratios (% A. donax: % coco-
nut husk): S1, 50:50; S2, 75:25; S3, 25:75; S4, 100:0; and 
S5, 0:100. All substrates, including the control, received the 

same supplementation per kilogram of dry base substrate, 
consisting of cornmeal (200g), yeast extract (10g), calcium 
carbonate (CaCO₃, 10 g), and calcium sulfate (CaSO₄, 10 g). 
Cornmeal and yeast extract were added as nutritional sup-
plements to enhance mycelial growth, while CaCO₃ and 
CaSO₄ were included to stabilize pH and improve substrate 
structure. This supplementation protocol was adapted from 
standard mushroom cultivation methods described by Urben 
(2017) [51]. For each treatment, 1 kg of the supplemented 
dry substrate was placed into autoclavable polyethylene bags 
(20 × 40 cm; 0.06 mm thickness), and the moisture content 
was adjusted to approximately 65% [20]. The bags were 
sterilized by double autoclaving at 121 °C for 20 min, with 
a 6-h interval between cycles, and then kept under ambient 
conditions for 48 h prior to fungal inoculation.

Fig. 1   Processing of green coconut husk and Arundo donax L. (Poaceae) biomass. Biomass resulting from the grinding process: a green coconut 
husk and b A. donax. c Drying of biomass on greenhouse benches, at room temperature (~ 25 °C) and natural ventilation

Table 1   Composition 
of substrates used in the 
experimental cultivation of 
Pleurotus ostreatus 

1  Supplements were added per kilogram of dry base substrate. S1–S5: experimental substrates combin-
ing different proportions of A. donax and coconut husk. Control: 100% eucalyptus sawdust. “–” indicates 
absence of the component

Materials S1 S2 S3 S4 S5 Control

Arundo donax (%) 50 75 25 100 – –
Coconut husk (%) 50 25 75 – 100 –
Sawdust (%) – – – – – 100
Cornmeal (g/kg)1 200 200 200 200 200 200
Yeast extract(g/kg)1 10 10 10 10 10 10
CaCO₃ (g/kg)1 10 10 10 10 10 10
CaSO₄ (g/kg)1 10 10 10 10 10 10
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Mycelial Inoculation and Mushroom Cultivation

The P. ostreatus strain was cultivated on PDA for 14 days 
at 24 °C in darkness. Following this incubation period, 
ten ~ 5 mm mycelial plugs were transferred into each steri-
lized cultivation bag containing the experimental substrates. 
The bags were then placed in a growth chamber constructed 
from PVC pipes and transparent polyethylene film and 
maintained in darkness at room temperature (~ 25 ± 5 °C) 
to promote substrate colonization. To mitigate the risk of 
contamination by saprophytic fungi, such as Aspergillus spp. 
and Trichoderma spp. [52, 53], each treatment was carried 
out with nine replicates. During incubation, the substrates 
were monitored daily. To maintain adequate humidity dur-
ing this phase, a humidifier was operated every two days in 
12-h cycles. Once full colonization was achieved (Fig. 2a–c) 
and primordia had formed (Fig. 2d–g), small incisions were 
made in the plastic bags to initiate fruiting. From that point 
onward, the humidifier was activated daily for 12 h to main-
tain relative humidity between 80 and 90%, under continu-
ous artificial lighting (24h/day). Fruiting bodies were con-
sidered mature and ready for harvest when the gills were 
fully developed and exposed (Fig. 2h) [54].

Growth, Production, and Chemical Composition 
of Substrates and Mushrooms

Six variables were selected to evaluate the efficiency of 
the proposed substrates for mushroom cultivation: (1) time 
required for mycelial colonization; (2) time until the onset 
of mushroom production; (3) total production duration and 
accumulated fresh mushroom weight; (4) fresh weight of 
the harvested mushrooms; (5) water content and dry mat-
ter content; and (6) nutrient composition of the mushrooms 
(carbon, nitrogen, and total protein content).

The experiment was initiated on April 3, 2025, with the 
inoculation of the P. ostreatus strain into the substrates 
and was conducted until July 17, 2025, lasting a total of 
106 days. Substrate colonization by P. ostreatus mycelium 
was monitored daily after inoculation. The time required 
for complete colonization was recorded in days and was 
defined as the point at which mycelial growth visibly cov-
ered the entire surface of the substrate within the culture 
bags [54, 56]. Following colonization, daily monitoring 
was continued to determine the number of days until the 
appearance of mature fruiting bodies (Fig. 2j). Total pro-
duction duration was calculated from the day the substrate 
produced its first mushroom until the end of the experi-
ment, while accumulated fresh weight was defined as the 
total sum of mushroom weights produced by each substrate 
throughout the entire production period. The fresh weight 
of mushrooms was determined immediately after harvest 
using an analytical balance. To determine dry weight and 

water content, the protocol described by Owaid et al. [57] 
was adopted, with minor adaptations. Five mushrooms were 
randomly harvested from each substrate, weighed fresh, and 
then dried in an oven at 65 °C for three hours. After dry-
ing, the samples were weighed again. Dry weight (%) was 
calculated as (dry weight/fresh weight) × 100, and moisture 
content (%) was calculated as ((fresh weight − dry weight)/
fresh weight) × 100.

Carbon (C) and nitrogen (N) concentrations in the sub-
strates (coconut and A. donax) and in mushroom samples 
were determined using the total combustion method on 
a CN628 analyzer (LECO Corporation, St. Joseph, MI, 
USA). For each analysis, 100 mg of freeze-dried and finely 
ground material was used and further dried at 60 °C for 6 h 
to remove residual moisture. Combustion was carried out at 
950 °C using helium (H₂O < 3 ppm; O2 < 2 ppm) as the car-
rier gas under a pressure of 669 mmHg. The instrument was 
calibrated with certified C and N standards (LECO 502-055-
44). Total protein content was estimated from the nitrogen 
concentration using a conversion factor of 6.25, which was 
selected because it has been previously applied in studies 
involving Pleurotus spp. [20], allowing direct comparison 
with published data. The C/N ratio was calculated individu-
ally for each replicate by dividing the total carbon concentra-
tion (%) by the total nitrogen concentration (%) [20].

Statistical Analysis

All statistical analyses were performed in the RStudio 
environment (version 4.4.0). To assess significant dif-
ferences in substrate colonization time, emergence of 
the first basidioma, and nutrient and water contents of 
the mushrooms, the data were initially inspected. Means 
and standard deviations were calculated for each vari-
able and substrate using the dplyr package (version 1.1.4). 
To evaluate the efficiency of the proposed substrates for 
mushroom cultivation, generalized and linear mixed-
effects models (GLMMs) were fitted for each response 
variable using the glmmTMB (version 1.1.11) and nlme 
packages (version 3.1.168) in R. The selection of error 
distributions (families) for the fitted models was based 
on the intrinsic nature of each response variable and on 
diagnostic evaluation of model residuals. The fitdistplus 
package (version 1.2.4) was used to identify the prob-
ability distribution that best fit the data. Separate models 
were developed for each of the four response variables 
of interest: (i) accumulated fresh mushroom weight (g), 
(ii) fresh weight (g), (iii) final dry weight percentage 
(%), and (iv) water content (%). In each model, treat-
ments (S1–S5 and control) were included as fixed effects 
to test for differences among substrates. To account for 
variation among replicates nested within treatments, a 
hierarchical structure was included in the random-effects 
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component of the models. The validity of the final models 
was assessed using the DHARMa package (version 0.4.7) 
by checking model assumptions, and evaluating Akaike 
Information Criterion (AIC) values, with and without ran-
dom effects. For nutrient composition, linear models were 

fitted for protein, nitrogen, and carbon contents using the 
lm function in R. The C/N ratio was analyzed using the 
Kruskal–Wallis test followed by a post hoc multiple com-
parison test.

Fig. 2   Cultivation process and developmental stages of Pleurotus 
ostreatus basidioma. a–c Substrate bag showing complete coloniza-
tion by fungal mycelium. d–g Primordia formation at different stages 

of development inside the cultivation bags. h Mature basidiomata 
with well-developed and exposed gills (indicated by white arrows). 
The images were acquired using the protocol MSFP [55]
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Results

Carbon and Nitrogen Content in Arundo donax 
and Coconut

Differences in chemical composition were observed 
between the two substrates with respect to carbon and 
nitrogen content. For carbon (%C), a mean value of 
43.79 ± 0.10% was recorded for coconut fiber, whereas a 
higher mean of 45.71 ± 0.54% was observed for A. donax. 
Nitrogen (%N) also differed between substrates, with 
coconut fiber presenting a mean of 0.77% ± 0.08% and A. 

donax showing a mean of 2.40 ± 0.12%. The C/N ratio 
differed significantly between substrates, with coconut 
fiber showing a higher value (57.3 ± 6.51) than A. donax 
(19.1 ± 1.30). The Kruskal–Wallis test indicated a signifi-
cant effect of substrate type on the C/N ratio (χ2 = 3.86, 
p = 0.0495).

Colonization of the Substrate and Monitoring 
of Fruiting of Pleurotus ostreatus

The time required for complete mycelial colonization 
differed among substrates (Fig. 3a–b). The control and 
S1 showed the slowest colonization, whereas substrates 

Fig. 3   Substrate colonization and time to fruiting of oyster mush-
rooms (Pleurotus ostreatus) cultivated on different substrates. a Pho-
tographs of the control and alternative substrates (S1–S5) at the onset 
of fruiting body formation. b Mean total time (in days) from fungal 
inoculation to the first mushroom harvest, partitioned into the period 
required for complete substrate colonization (patterned bars) and the 
subsequent period until the emergence of the first fruiting bodies 

(solid bars). Substrate composition ratios (% Arundo donax biomass: 
% coconut husk) were as follows: S1, 50:50; S2, 75:25; S3, 25:75; S4, 
100% A. donax biomass and S5, 100% coconut husk. Error bars rep-
resent the standard deviation for each phase. Asterisks (***) indicate 
statistically significant differences (p < 0.001); ns: not statistically sig-
nificant. Control (n = 5), S1 (n = 5), S2 (n = 5), S3 (n = 6), S4 (n = 5), 
and S5 (n = 5)
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containing higher proportions of A. donax and/or coconut 
husk (S2–S5) promoted faster mycelial growth. Among 
these, S2 showed the shortest colonization time. The lin-
ear mixed-effects model confirmed a significant effect of 
substrate type on colonization time (p < 0.0001), with S2, 
S3, S4, and S5 reducing colonization time by approximately 
7–10 days compared to the control, while S1 did not dif-
fer significantly. Some replicates were lost due to contami-
nation by saprophytic fungi (mainly Aspergillus spp. and 
Trichoderma spp.), occurring predominantly before full 
colonization. However, contamination did not differ sys-
tematically among treatments and did not affect the overall 
trends observed. In contrast to colonization time, the time 
to first harvest did not differ significantly among substrates 
(p > 0.05). Although the control showed a relatively rapid 
transition from colonization to fruiting, this did not com-
pensate for its slower initial colonization. When considering 
the entire cultivation cycle, from inoculation to first harvest, 
substrate S2 resulted in the shortest overall production time.

Production Performance and Fresh Biomass 
of Mushrooms

The duration and intensity of mushroom production dif-
fered among substrates (Fig. 4a–b). Substrate S2 showed 
the longest production period (46 days) and the highest 
cumulative fresh weight (308g), indicating sustained and 
productive fruiting. Substrates S3, S4, and S5 also exhibited 

relatively long production periods (43–46 days), but with 
lower cumulative yields (100g, 66.8g, and 165 g, respec-
tively). The control substrate had a shorter production period 
(33 days), but yielded 134 g of fresh biomass concentrated 
over only 8 productive days, suggesting a more intense but 
less sustained production pattern. In contrast, substrate S1 
showed the poorest performance, with a short production 
window (10 days), only 3 fruiting days, and the lowest total 
yield (41.5g). The generalized linear mixed model (gamma 
family) showed no significant differences in fresh biomass 
compared to the control (p > 0.05; Fig. 4a). However, sub-
strate S4 tended to produce less biomass, with an average 
reduction of 7.52g relative to the control, representing a mar-
ginal effect (z = − 1.84, p = 0.065). The estimated mean fresh 
weight for the control was 14.94g.

Dry Mass and Water Percentage of Mushrooms

A GLMM was used to analyze mushroom water content, 
which showed a significant effect of substrate type (Fig. 5a). 
Treatment S5 resulted in a significantly lower water con-
tent compared to the control (z = − 3.29, p = 0.001), while 
Treatment S4 showed a marginal tendency toward higher 
water content (z = 1.76, p = 0.078). No significant differences 
were observed for Treatments S1, S2, and S3 (p > 0.24). 
The estimated mean water content was 84.8 ± 2.93% for 
the control, while substrates S1, S2, S3, S4, and S5 showed 
mean values of 88.2 ± 4.21%, 84.0 ± 3.26%, 86.6 ± 8.49%, 

a) b)a) bbbbbb)))bb

Fig. 4   Fresh weight of oyster mushrooms (Pleurotus ostreatus) cul-
tivated on different substrates. a Variation in the fresh weight (g) of 
basidiomata collected per substrate. b Cumulative fresh weight of 
oyster mushrooms over time for each substrate. The graph shows the 
cumulative fresh biomass (g) from the first day of fruiting (day 1) 

up to the last recorded harvest day. Substrate composition ratios (% 
Arundo donax biomass: % coconut husk): S1, 50:50; S2, 75:25; S3, 
25:75; S4, 100% A. donax biomass and S5, 100% coconut husk. Con-
trol (n = 5), S1 (n = 5), S2 (n = 5), S3 (n = 6), S4 (n = 5), and S5 (n = 5)
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88.4 ± 6.47%, and 72.9 ± 6.55%, respectively. An opposite 
pattern was observed for dry matter content (Fig. 5b). Treat-
ment S5 significantly increased dry matter content (z = 3.29, 
p = 0.001), raising the estimated mean from 15.2 ± 2.93% 
in the control to 27.1 ± 6.55%. Treatment S4 again showed 
a marginal trend, this time toward reduced dry matter con-
tent (z = − 1.76, p = 0.078). The estimated mean dry mat-
ter percentages for substrates S1, S2, S3, S4, and S5 were 
11.8 ± 4.21%, 16.0 ± 3.26%, 13.4 ± 8.49%, 11.6 ± 6.47%, and 
27.1 ± 6.55%, respectively.

Carbon and Nitrogen Content in Mushrooms

The chemical composition differed among the substrates for 
the three variables analyzed (Fig. 6). Carbon content showed 
moderate variation among treatments (F(5,6) = 14.67, 
p = 0.003, adjusted R2 = 0.861), with the control showing a 
mean value of 43.61%. Substrates S2, S3, and S5 exhibited 
significantly lower carbon content compared to the Control, 
whereas S1 and S4 did not differ significantly. Nitrogen con-
tent showed more pronounced variation among substrates, 
with S2, S3, S4, and S5 presenting significantly higher 
nitrogen levels than the Control, while S1 did not differ sig-
nificantly. Protein content also differed significantly among 
treatments (F(5,6) = 64.53, p < 0.001, adjusted R2 = 0.967), 
with S2, S3, S4, and S5 showing higher protein content com-
pared to the Control, whereas S1 again showed no significant 

difference. Overall, S4 (composed of 100% A. donax) con-
sistently exhibited the highest nitrogen and protein levels, 
while S2, S3, and S5 showed slightly reduced carbon con-
tent, highlighting marked differences in chemical composi-
tion among the substrates. The C/N ratio ranged from 8.33 
to 10.3 across substrates, with mean values of 10.3 ± 0.13 
(Control), 10.2 ± 0.14 (S1), 8.95 ± 0.15 (S2), 9.21 ± 0.15 
(S3), 8.33 ± 0.11 (S4), and 8.91 ± 0.04 (S5). No significant 
differences were detected among treatments according to the 
Kruskal–Wallis test (p > 0.05).

Discussion

These results underscore the potential for valorizing urban 
lignocellulosic residues, specifically green coconut husk, an 
agro-industrial by-product, and A. donax biomass harvested 
from invasive species control. While both materials proved 
effective substrates for P. ostreatus cultivation, A. donax 
biomass yielded slightly higher productivity. By redirecting 
these residues from disposal streams into mushroom produc-
tion, this study reinforces the capacity of Pleurotus spp. to 
convert diverse wastes into edible biomass [14, 58]. Further-
more, this approach aligns with circular bioeconomy strat-
egies, offering a sustainable income-generating model for 
small-scale urban and peri-urban producers [33]. However, 

*** ***

Fig. 5   Water content and dry weight percentage of oyster mushrooms 
(Pleurotus ostreatus) grown on different substrates. Panel a shows the 
average water content (%), while panel b shows the percentage of dry 
mass (%). Error bars represent standard deviations. Asterisks (***) 
indicate statistically significant differences (p < 0.001). Substrate 

composition ratios (% Arundo donax biomass: % coconut husk): S1, 
50:50; S2, 75:25; S3, 25:75; S4, 100% A. donax biomass and S5, 
100% coconut husk. Control (n = 5), S1 (n = 5), S2 (n = 5), S3 (n = 6), 
S4 (n = 5), and S5 (n = 5)
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the practical implementation of such systems will depend on 
the integration of technical, economic, and logistical factors.

The mushrooms grew successfully on all tested sub-
strates, composed of different proportions of green coconut 
and A. donax biomass. This outcome highlights a practical 
and productive application for these specific waste materi-
als. From a physiological perspective, this result suggests 
that Pleurotus spp. can efficiently exploit substrates with 
contrasting structural and chemical properties, indicating a 
high degree of metabolic flexibility [8, 19–21]. This capacity 

is largely attributed to their lignocellulolytic enzymatic sys-
tem, which enables the degradation of structurally complex 
plant polymers such as lignin, cellulose, and hemicellulose 
[19–24, 37, 38]. Its relevance becomes even more pro-
nounced in the context of the escalating waste management 
crises facing urban centers. In Brazil’s Federal District, for 
example, the disposal of green coconut husks is a subject 
of intense public debate [59]. Improper management of this 
waste has contributed to landfill overflow and health risks, 
prompting recent legislative actions to regulate its selective 
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Fig. 6   Carbon, nitrogen, and protein content of oyster mushroom 
(Pleurotus ostreatus) fruiting bodies cultivated on different sub-
strates. a Mean carbon concentration (%) across treatments. b Mean 
nitrogen concentration (%) across treatments. c) Mean protein 
concentration (%) across treatments. Bars represent the mean val-
ues ± standard deviation (SD) for each substrate. Asterisks above the 
bars indicate significant differences among substrates according to 

statistical testing (p < 0.05, p < 0.01, p < 0.001); ns: no significant dif-
ference. Substrate composition ratios (% Arundo donax biomass: % 
coconut husk): S1, 50:50; S2, 75:25; S3, 25:75; S4, 100% A. donax 
biomass and S5, 100% coconut husk. The error bars indicate standard 
deviation. Control (n = 5), S1 (n = 5), S2 (n = 5), S3 (n = 6), S4 (n = 5), 
and S5 (n = 5)
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collection and reuse [60, 61]. Similarly, for over a decade, 
local authorities have struggled to control A. donax, a spe-
cies listed among the world’s 100 worst invasive plants 
threatening the Cerrado [62]. Our findings indicate that both 
residues hold great potential for fungiculture and could be 
incorporated into public policies aimed at promoting circular 
economy practices and biodiversity conservation [33, 63].

The variation observed in substrate colonization time 
and onset of fruiting among treatments reflects the decisive 
influence of substrate physicochemical properties on fungal 
development (Fig. 3b), as previously reported for Pleurotus 
spp. [20, 64, 65]. Substrates enriched with A. donax, particu-
larly S2 (75% A. donax), exhibited accelerated colonization 
compared to the eucalyptus control. This response may be 
associated with the lower C/N ratio of A. donax biomass 
relative to coconut fiber, which increases nitrogen availabil-
ity for fungal metabolism and may enhance the synthesis of 
lignocellulolytic enzymes involved in substrate degradation 
[20, 68, 69, 70–73, 74]. Moderate C/N ratios are known to 
optimize lignocellulolytic enzyme activity and favor efficient 
mycelial expansion in basidiomycetes [20, 48, 64–67]. In 
contrast, substrates with elevated C/N ratios, such as coco-
nut-dominated formulations, may require increased meta-
bolic investment in nitrogen acquisition, potentially delaying 
early colonization [20]. Although the statistical compari-
son with the control did not reveal significant differences in 
some performance parameters, the consistent reduction in 
colonization time observed for S2 suggests a biologically 
relevant advantage. This outcome partially supports our 
initial hypothesis that nitrogen-enriched substrates would 
promote faster mycelial establishment and improved cultiva-
tion efficiency. Importantly, the superior performance of S2 
indicates that optimal productivity does not depend solely 
on maximal nitrogen concentration, but rather on a balanced 
interaction between structural lignocellulosic support and 
nutrient availability. Similar patterns have been reported for 
grass-derived substrates, including A. donax, which often 
outperform wood-based materials in colonization dynam-
ics and yield stability [48, 68, 69, 70–73]. This advantage is 
likely related to the lower recalcitrance and greater acces-
sibility of carbohydrates in grass-derived biomass, which 
can facilitate faster mycelial growth.

Although no statistically significant differences in fresh 
weight were detected among treatments and the control 
(Fig. 4a), substrate S2 consistently accumulated the highest 
total biomass throughout the production cycle. This pattern 
reinforces its biological relevance and practical potential 
for cultivation. In contrast, S1 (50% coconut fiber and 50% 
A. donax) showed reduced productivity and longer culti-
vation time, suggesting that intermediate proportions of 
these residues may not provide optimal structural or nutri-
tional balance under the tested conditions. Such differences 
highlight that substrate performance depends not only on 

nutrient availability but also on the interaction between lig-
nocellulosic composition, moisture retention capacity, and 
metabolic accessibility [20, 48, 64–67, 75–78]. These results 
indicate that the success of alternative substrates relies on 
formulation balance rather than solely on the substitution of 
conventional materials.

The chemical composition of the mushrooms varied 
according to the substrate used. The S4 treatment, com-
posed exclusively of A. donax, yielded fruiting bodies with 
the highest nitrogen and protein contents.This result is con-
sistent with the inherently higher nitrogen concentration 
found in A. donax biomass compared with green coconut 
residue, indicating that substrate composition can directly 
influence nitrogen incorporation into fruiting bodies and, 
consequently, their nutritional quality. As highlighted for 
other variables in this study, the substrate type directly 
influences mycelial colonization, mushroom yield, and the 
nutritional profile of the fruiting bodies, particularly their 
protein content [20, 66, 67, 79]. The fact that the A. donax-
based substrate produced mushrooms with higher nitrogen 
and protein contents highlights the potential of this material 
as a low-cost substrate for enhancing the nutritional value 
of the crop. Furthermore, the other substrates tested pro-
duced mushrooms with nitrogen and protein contents similar 
to those observed in the control treatment, which used the 
conventional substrate. Collectively, the evidence indicates 
that the chemical composition of the substrate can directly 
affect the nutritional quality of oyster mushrooms, especially 
their protein levels. The use of regionally available lignocel-
lulosic residues can lower mushroom production costs and 
support more sustainable cultivation practices [68, 70–73]. 
Moreover, spent mushroom substrates help reduce soil-borne 
fungi, bacterial wilt, and nematode reproduction by improv-
ing the rhizosphere microbiota and increasing chitinase and 
glucanase activities [80–83].

Despite the promising performance of the tested sub-
strates, some limitations should be acknowledged particu-
larly regarding the extrapolation of these results to large-
scale production systems. Incubation was subject to natural 
environmental fluctuations, which introduced a degree of 
stochasticity that may have influenced colonization rates and 
overall yield. Furthermore, sporadic contamination events 
reduced the final number of replicates. Although sufficient 
sample sizes were maintained for robust statistical analy-
sis, these losses likely increased intra-treatment variance. 
Future research conducted under strictly controlled climatic 
conditions would minimize experimental noise and allow 
for a more granular assessment of substrate performance. 
From an economic and logistical perspective, the use of 
A. donax and coconut residues presents both opportunities 
and challenges. While these materials are abundant and 
low-cost in many regions, preprocessing steps such as dry-
ing, size reduction, and sterilization represent additional 
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operational costs that may influence large-scale feasibility. 
These steps may demand significant initial investment in 
infrastructure and energy, particularly in mechanization and 
thermal treatment processes, which can limit adoption by 
small-scale producers. In particular, the mechanical frag-
mentation of the fibrous A. donax culms and the moisture 
stabilization of coconut husks add operational complexity. 
Moreover, cost–benefit analyses and life cycle assessments 
are still needed to determine whether the environmental 
advantages of these substrates outweigh the economic and 
energetic inputs required for their processing. Nevertheless, 
when sourced locally, these residues offer a viable alterna-
tive to conventional lignocellulosic inputs, potentially reduc-
ing the carbon footprint associated with transportation and 
advancing circular bioeconomy frameworks. Future studies 
integrating technical performance with economic feasibility 
and supply chain logistics will be essential to support their 
large-scale implementation.

Conclusions

Our findings demonstrate that both A. donax biomass and 
green coconut husk are viable alternative substrates for the 
cultivation of edible mushrooms, specifically Pleurotus 
ostreatus. These residues supported mycelial growth and 
basidiome production, indicating their suitability for sus-
tainable mushroom cultivation. Among the tested formula-
tions, substrate S2 (75% A. donax and 25% coconut husk) 
is the most recommended, as it combines faster mycelial 
colonization, sustained production over time, and the highest 
cumulative fresh biomass. Given their local availability and 
low cost, these materials could be strategically implemented 
in small-scale agricultural systems, particularly in regions 
where waste management and invasive species pose envi-
ronmental challenges. By transforming these burdens into a 
high-value food source, this study provides a foundational 
framework for public policies centered on circular economy 
principles and ecological restoration.

Future steps should include pilot projects with small-
holder farmers to assess the practicality, productivity, and 
economic viability of these substrates under real-world con-
ditions. In addition, detailed cost–benefit analyses and sup-
ply chain assessments will be essential to evaluate scalability 
and long-term feasibility. Such initiatives may not only con-
tribute to local income generation, but also promote circular 
economy practices and ecological restoration through the 
reuse of organic waste and control of invasive plant species.
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