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HIGHLIGHTS
e Mushroom residue boosts annatto seedling germination and growth up to 60% inclusion.

e Annatto residue supports Pleurotus yields with substitutions up to 80%.
e Pleurotus strain 16/01 shows superior mushroom productivity and efficiency.

e Mushroom and annatto residue use cuts costs and supports regional small producers.

Abstract: Annatto production generates agroindustrial residues (AAR) with no defined use. Meanwhile,
mushroom cultivation repurposes another by—product, spent mushroom substrate (SMS). Integrating both
into a cascade approach offers a sustainable solution that adds value and supports local small-scale farmers.
This study aimed to assess the use of SMS for growing annatto seedlings and AAR as a substrate for
Pleurotus ostreatus var. Florida. In the first experiment, the standard annatto substrate was replaced by SMS
at 20— 80%. Germination and biometric characteristics were evaluated of seedlings. Adding up to 60% SMS
improved germination without significantly affecting seedling quality, making it a viable option for nurseries.
The second experiment replaced rice straw with AAR (0%, 20%, 40%, 60%, 80%, 100%) for two strains of
P. ostreatus (16/01 and 20/01). Although AAR reduced mushroom yield by up to 16%, it did not affect the
productive aspects or earliness of fruiting. Using up to 60% AAR could reduce costs related to rice straw
acquisition and transportation. Strain 16/06 showed higher productivity than 20/01. In conclusion, integrating
annatto and P. ostreatus production in a cascade approach is sustainable and adds value to AAR and SMS
waste.
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INTRODUCTION

Native to the Brazilian Amazon rainforest, annatto (Bixa orellana L.) is cultivated mainly by small and
medium-scale producers and has gained prominence in Brazil [1]. As a natural dye rich in carotenoids, mainly
norbixin and bixin, annatto serves as an alternative to many synthetic dyes [2]. The dye is used in various
industries such as food, cosmetics, pharmaceuticals, and textiles, and is recognized as one of the most
sustainable dyes in the world [3]. The World Health Organization (WHO) promotes annatto as a non—toxic
dye that does not alter the nutritional value of food [4].

Brazil, specifically the western region of S&do Paulo state, is globally recognized as one of the main
annatto—producing regions [5], with seeds rich in carotenoids (especially bixin), tocotrienols, and minerals,
highlighting their nutritional and functional value [6]. Recent data show that this region produces more than
1,000 tonnes per year [6]. However, local production is threatened by climate change, and climatic zoning
does not seem promising [5]. Recent efforts have been made to prevent climate change from further affecting
the productivity and quality of annatto, both in Brazil and globally. These include the efficient use of mineral
fertilizers [7], integrated agroforestry management [8], and the use of mycorrhizae to improve root capacity
and water uptake [1]. However, there are no scientific reports on the use of sustainable seedling production
techniques using alternative organic residues.

Among organic residues, spent mushroom substrate (SMS) stands out. Consisting of mycelium and
decomposed substrate, this waste has the potential to improve seedling development, leading to more
resilient production environments [9]. Studies have shown that SMS can help various plants stimulate growth
and develop mechanisms to better cope with future stress [10, 11, 12, 13].

On the other hand, after annatto harvesting, consisting mainly of pericarp shells and small seeds that
cannot be processed for dye extraction. It is estimated that for every 2.5 kg of harvested dry annatto, 1 kg is
used for dye production, while the remaining 1.5 kg is pericarp waste with no specific use [14]. While this
waste is considered in the literature as an emerging sustainable energy source, its use as a substitute for
commercial substrates in mushroom production could add greater value to this by—product.

This scenario creates an opportunity to adopt a cascade approach, defined as a strategy that prioritizes
the sequential use of natural resources or by—products to maximize their economic and environmental value
before final disposal or energy recovery [15]. In this context, annatto pericarp waste and spent mushroom
substrate can be valorized as agricultural inputs, while still retaining potential for subsequent energy use,
thereby enhancing resource—use efficiency and promoting circularity within production systems.

Therefore, we propose the development of an integrated cascade model linking annatto and mushroom
production within a circular bioeconomy framework. Cascade—based interactions between plant residues and
edible mushroom cultivation have been increasingly reported in the literature, particularly in systems involving
tomato—Pleurotus spp. and lettuce—buna shimeji integrations [16, 17], demonstrating the potential of such
strategies to enhance resource efficiency and value recovery. However, to the best of our knowledge, no
study has yet explored a cascade approach integrating annatto residues with the cultivation of Pleurotus
ostreatus var. florida.

This unexplored linkage represents a novel opportunity to valorize annatto processing by—products while
simultaneously reintegrating spent mushroom substrate (SMS) into annatto seedling production. Accordingly,
our objectives are to (i) reuse SMS as a substrate component for annatto seedling production and (ii) evaluate
the potential of annatto pericarp husk waste as a partial or total substitute for conventional substrates in the
cultivation of P. ostreatus var. florida.

MATERIAL AND METHODS
Site of experimentation

The experiment was carried out in the facilities of the Centre for Mushroom Studies (CECOG), located
in the Faculty of Agricultural and Technological Sciences, Sdo Paulo State University — Dracena Campus
(21°29'S; 51°52’'W; 420 m.a.s.l.), between March and December 2021.

Use of SMS as Substrate for Annatto Seedling Production

The experiment was conducted in a greenhouse using a completely randomized design. Annatto seeds
of the variety “Piave Anao” were kindly provided by a local producer. The seedlings were grown in
polypropylene tubes (140 mm long and 40 mm in diameter, with a capacity of 100 cm?). Prior to use, the
tubes were disinfected by immersion in a 2% (v/v) sodium hypochlorite solution for 24 h.

Brazilian Archives of Biology and Technology. Vol.69: €26250858, 2026 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

Silva, J.P.R; et al. 3

The SMS of Pleurotus ostreatus was obtained from a cultivation study carried out at the Centre for
Mushroom Studies (CECOG). The initial substrate used for mushroom cultivation consisted of rice straw
containing 2% CaCO; before the mushrooms were harvested.

Sugarcane filter cake (FC) was used as the control treatment, as it is a by—product of the sugarcane
industry and is widely used by producers as a standard substrate for seedling production. Spent mushroom
substrate (SMS) was evaluated as an alternative component for annatto seedling growth.

Prior to substrate preparation, both materials were air—dried, sieved through a 4—-mm mesh, and stored
under dry conditions. The experimental design consisted of six treatments: (i) FC, composed exclusively of
sugarcane filter cake (control); (ii) SMS20, containing 20% spent mushroom substrate and 80% filter cake;
(iii) SMS40, containing 40% spent mushroom substrate and 60% filter cake; (iv) SMS60, containing 60%
spent mushroom substrate and 40% filter cake; (v) SMS80, containing 80% spent mushroom substrate and
20% filter cake; and (vi) SMS100, composed exclusively of spent mushroom substrate. Each treatment had
eight replicates, totaling 48 experimental units (n = 48), arranged in a completely randomized design. All
substrates were weighed, thoroughly homogenized, and adjusted to approximately 70% moisture using a 1:1
(v/v) water addition prior to sowing. The physicochemical characterization of both materials is presented in
Table 1.

Table 1. Physicochemical characterization' of mixed substrates for annatto seedlings production

Bulk densit E.C.

Treatments C (%) N (%) C/N ratio P (g kg™) 3 y pH (MS cm™
(kg m~) 1)

FC (control) 31.03 1.94 16.01 2.02 570.1 6.81 3140
SMS 20 32.01 1.87 17.11 2.41 579.2 6.78 3041
SMS 40 31.98 1.54 20.76 2.59 587.6 6.71 2745
SMS 60 36.47 1.69 21.58 2.87 602.9 6.68 2040
SMS 80 33.95 1.14 29.78 3.14 630.7 6.64 1954
SMS 100 33.45 0.91 36.75 3.20 690.4 6.57 1640

"Physicochemical properties were determined using standard laboratory methods: total C and N by dry combustion, P
after acid digestion, bulk density by the volumetric method, and pH and EC in a 1:5 (v/v) substrate—water extract. FC =
sugarcane filter cake (control); SMS20-SMS100 = substrates containing increasing proportions (20—100%) of spent
mushroom substrate. Values are expressed on a dry matter basis. pH and electrical conductivity (E.C.) were determined
in a 1:5 (w/v) substrate—water extract.

Five annatto seeds were sown per tube, and thinning was carried out after 17 days, leaving only one
plant per tube. The seedlings were cultivated in a transparent anti-UV plastic greenhouse made of low—
density polyethylene (LDPE) with 150 um thickness, under an average temperature of 25 + 3°C and relative
humidity of 70 £+ 10%. Foliar application of organomineral fertilizer was made weekly, according to the
manufacturer's recommendations (AMINON 25®, Technes Agricola, Sado Paulo, Brazil). Irrigation was
performed daily. The final evaluation was carried out after 35 days by measuring the height, fresh and dry
weight of the aerial parts and roots. Seedling quality was assessed using Dickson’s Quality Index (DQI), an
integrated and widely accepted parameter that combines morphological variables to provide a reliable
estimate of seedling vigor and structural balance, following the equation [18]:

DQI = TDM (g)/ ((H (cm)/D (mm)) + ((SDM(g)/RDM(g)) (1)

Where: DQI: Dickson Quality Index; TDM: total dry matter, in g; H: plant height, in cm; D: stem diameter,
in mm; SDM: shoot dry matter, in g; RDM: root dry matter, in g.

Production of Pleurotus ostreatus var. florida from Annatto Agro—industrial Waste

The experiment evaluated the partial and total replacement of rice straw with annatto agro—industrial
residue (AAR) as a substrate for the cultivation of Pleurotus ostreatus var. florida. Crushed rice straw was
used as the control substrate (RS). The experimental design consisted of six substrate treatments arranged
in a completely randomized design, with eight replicates per treatment. The treatments were defined
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according to increasing proportions of AAR replacing rice straw, as follows: (i) RS, 100% rice straw (control);
(ii) AAR 20, 80% rice straw + 20% AAR,; (iii) AAR40, 60% rice straw + 40% AAR,; (iv) AAR60, 40% rice straw
+ 60% AAR; (v) AAR8O, 20% rice straw + 80% AAR; and (vi) AAR 100, 100% AAR. Two P. ostreatus var.
florida strains (16/01 and 20/02), obtained from the CECOG mycelium bank, were used in the experiment.
The composition of the substrates formulations is presented in Table 2.

Table 2. Chemical composition® of mixed substrates for cultivation of Pleurotus ostreatus var. florida.

Treatments C (%) N (%) C/N ratio P (g9.kg) K (9.kg) Ca (g. kg) Mg (9. kg)
RS (control) 35.08 1.05 33.04 16.71 14.22 0.75 6.42
AAR 20 38.46 1.18 32.59 15.48 13.89 0.79 6.10
AAR 40 42.15 1.22 34.54 13.14 11.54 0.73 4.87
AAR 60 43.25 1.27 34.05 13.11 9.98 0.89 4.44
AAR 80 47.22 1.32 35.70 11.47 8.64 0.92 3.45
AAR 100 49.90 1.39 35.90 10.58 7.07 1,01 3,05

'Substrate samples were analyzed prior to inoculation. Total nitrogen (N) and carbon (C) were determined, and the C/N
ratio was calculated. Phosphorus (P), potassium (K), calcium (Ca), and magnesium (Mg) were determined after acid
digestion using standard laboratory procedure. RS: rice straw; AAR: annatto agro—industrial residue. Values represent
the chemical composition of the substrate mixtures prior to inoculation. Treatments consisted of increasing substitution
levels of rice straw by AAR (0—100%). C/N ratio = carbon to nitrogen ratio. Macronutrients are expressed on a dry—
matter basis.

The substrate moisture was adjusted to 70%, and 1.8 kg of each tested mixture was prepared. The bags
were then autoclaved at 121 °C for four hours and, after cooling, inoculated under aseptic conditions in a
laminar airflow chamber with colonized sorghum grains (2% spawn rate).

The inoculated bags were transferred to a high—technology mushroom cultivation greenhouse equipped
with automated environmental control systems for temperature, relative humidity, ventilation, and gas
exchange. During the mycelial running phase, the bags were maintained at 25 + 2 °C, with relative humidity
between 60-75%, under dark conditions. Limited ventilation was applied, allowing elevated CO,
concentrations (approximately 5,000—20,000 ppm), which are favorable for rapid substrate colonization.

After 25 days of incubation, when full colonization was achieved, the bags were opened to induce fruiting.
During the fruiting phase, environmental conditions were adjusted to 20-22 °C, with relative humidity
maintained at 85-90%. Continuous air exchange was provided to maintain CO, concentrations below 1,000
ppm, ensuring adequate oxygen availability and proper basidioma development. Diffuse white light was
supplied at an intensity of approximately 500—1,000 lux for 8—12 h per day to stimulate primordia formation
and normal fruiting body development. Harvesting was performed twice daily, and three production flushes
were completed.

The following variables were evaluated : total yield (3 total mass harvested / initial substrate mass * 100),
yield per harvest flush (1st, 2nd, and 3rd flush), number of mushrooms harvested, average mushroom mass
(> total mass harvested / ) number of mushrooms), biological efficiency () total mass harvested / initial dry
mass of substrate * 100), precocity (3 production during the first half of the harvesting period * 100 / } total
production) and earliness (day on which basidiocarp harvesting started) [15].

Statistical analysis

All collected data were subjected to analysis of variance (ANOVA), after verifying the assumptions of
normality of residuals (Shapiro—Wilk test) and homogeneity of variances (Bartlett test).

The first trial (annatto seedlings) was analyzed as a completely randomized design. In the second ftrial,
a factorial arrangement was adopted, considering AAR residue addition levels and fungal strains as fixed
factors. A two—way ANOVA was performed to evaluate the main effects of AAR addition and strain, as well
as their interaction (AAR x strain). When a significant interaction was detected (p < 0.05), treatment means
were compared within each factor combination. In the absence of significant interaction, the main effects
were interpreted independently.
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For the annatto seedling trial (1st trial) and for the isolated factor of AAR addition (2nd trial), means were
compared using Tukey’s test. For the strain factor (2nd trial), means were compared using the t—based least
significant difference test (T-LSD), both at a 5% significance level (p < 0.05). Statistical analyses were
performed using SisVAR software (Version 5.7), and figures were generated using GraphPad Prism v. 8.

RESULTS AND DISCUSSION

Use of SMS as Substrate for Annatto Seedling Production

Figure 1 illustrates the effect of the uses of SMS on the germination and Germination Speed Index (GSI)
of annatto plants. It is evident that the addition of 20% and 40% SMS to the control substrate results in a
higher cumulative germination rate of annatto seedlings up to the 5th day after sowing compared to other
treatments.
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Figure 1. Accumulated germination (%) over time (a) and emergence speed index (ESI) (b) of annatto seedlings grown
under different proportions of spent mushroom substrate (SMS) (0, 20, 40, 60, 80, and 100%) mixed with sugarcane
filter cake (FC). Germination was evaluated up to 17 days after sowing.

From the 8th day onward, all SMS—containing treatments promoted higher cumulative germination
compared to the filter cake—based substrate, with 40% and 60% SMS exceeding 80% germination by 17
days after sowing (DAS). The concurrent increase in cumulative germination and emergence speed index
(ESI) indicates that moderate SMS incorporation improved the physicochemical environment of the substrate,
enhancing aeration, water retention balance, and early nutrient availability. The highest ESI observed at 20%
SMS (=13.6), compared to 8.3 in the control, reinforces the existence of an optimal substitution range capable
of promoting faster and more uniform seedling establishment.

However, the response appears to be dose dependent. While moderate SMS inclusion improves porosity
and provides residual nutrients, excessive substitution may increase electrical conductivity, alter salt balance,
or modify the C:N ratio beyond optimal thresholds for early plant development. Similar threshold effects have
been reported by Vieira and coauthors [16], who observed reduced germination speed in tomato under 100%
substitution with Pleurotus ostreatus SMS, and by Ré and coauthors [17], who described decreased lettuce
seedling quality index (SQI) with increasing SMS proportions.

In the case of annatto, this effect may be particularly relevant due to the species’ inherent dormancy
traits and variable germination performance [19]. Under such physiological constraints, substrate conditions
play a decisive role in regulating water uptake, oxygen diffusion, and metabolic activation. SMS, as a
biologically active organic amendment, may further contribute through pH adjustment, gradual nutrient
release, and beneficial microbial interactions that stimulate early germination processes. Supporting this
interpretation, Hernandez and coauthors [11] demonstrated that composted residues from Agaricus bisporus
and Pleurotus ostreatus increased lettuce germination under suppressive conditions, suggesting that SMS—
associated microbial communities and substrate improvements can positively influence seedling
establishment in the adequate dose use.
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Taken together, these findings suggest that the positive response observed in annatto is not merely
nutritional but results from an integrated physicochemical and biological modulation of the germination
environment, operating within an optimal substitution threshold.

Beyond its agronomic effect on germination and seedling vigor (Figure 1), the use of spent mushroom
substrate represents a biotechnological strategy for residue valorization and substrate engineering. SMS
contains biologically active microbial consortia, residual enzymes, and partially degraded lignocellulosic
compounds that can modulate substrate physicochemical properties and promote plant establishment [13].

Due to the thermal and biological conditions inherent to the mushroom cultivation process, SMS is
generally free of plant pathogens and weed seeds when compared with other organic residues, representing
an important agronomic and sanitary advantage. From a compositional standpoint, SMS presents similarities
to agro—industrial residues such as filter cake, although with a higher C/N ratio and lower electrical
conductivity (Table 1). This reduced salinity may have contributed to the enhanced germination observed,
minimizing osmotic stress during early seedling development.

These characteristics position SMS as a promising platform for the development of bio—based inputs,
including bio—stimulants, microbially enriched substrates, and functional organic amendments. Similar
microbial-mediated effects on germination enhancement were reported by Hernandez and coauthors [11],
reinforcing the potential of SMS as a biotechnological tool rather than merely an organic residue.

The average height of the annatto seedlings was 9.87 cm (Table 3). According to Ferreira Filho and
coauthors [20], annatto is suitable for transplanting at a height of 15 to 30 cm. The cultivar Piave Anao cultivar
used in this study is a small-sized variety, which allows for better mechanization and higher planting density
[21]. In addition to height, the number of leaves is also important. In this study, the treatments resulted in an
average of just over 8 leaves per seedling. The ideal number of leaves for transplanting is 6 to 8 [20],
indicating that these seedlings are ready for transplanting despite being shorter than the standard height.

Table 3. Biometrics of annatto seedlings grown under different proportions of spent mushroom substrate (SMS).

Treatments NL H (cm) RL (cm) AFM (g) RFM (g) D (mm) ADM (g) RDM (g) Dal
FC 8.66 8.58 ¢ 10.38 0.40 0.28b 14.30 0.05 ab 0.06 0.08
SMS 20 8.16 8.68 ¢ 8.02 0.32 0.47 ab 13.40 0.04 ab 0.06 0.08
SMS 40 9.66 10.32 ab 11.26 0.31 0.42 ab 14.28 0.03 ab 0.07 0.09
SMS 60 10.0 11.52a 12.02 0.40 0.54 a 13.21 0.06 a 0.09 0.10
SMS 80 8.33 10.30 ab 10.20 0.31 0.33 ab 13.60 0.03 ab 0.07 0.08
SMS 100 8.16 9.84 bc 9.08 0.24 0.37 ab 12.30 0.03b 0.07 0.08
Average 8.83 9.87 10.16 0.33 0.40 13.5 0.04 0.07 0.09
C.V. (%) 13.87 8.15 22.73 19.71 30.94 8.85 32.13 24.87 27.62

Values followed by different letters within the same column differ significantly according to Tukey’s test at p < 0.05. NL = number of
leaves; H = seedling height (cm); RL = root length (cm); AFM and RFM = aboveground and root fresh biomass (g), respectively; D =
collar diameter (mm); ADM and RDM = aboveground and root dry biomass (g), respectively; DQI = Dickson Quality Index.

The use of 20% or 100% SMS did not result in statistically significant differences in plant height compared
to the control (Figure 2). In contrast, substitution levels between 40 and 80% promoted increases greater
than 30%, with the 60% SMS treatment showing the most consistent response. This intermediate level proved
more advantageous than total substitution (100% SMS) and did not differ statistically from the commercial
substrate commonly used by local producers for RFM and ADM.

The reduced performance observed at 100% SMS may be associated with elevated electrical
conductivity, which can increase osmotic potential in the root environment, limiting water uptake and inducing
mild physiological stress. Under such conditions, seedlings may allocate energy to osmotic adjustment rather
than growth, resulting in lower height and biomass accumulation [22].

A practical strategy to mitigate this limitation is the pre—composting of SMS, which can promote further
mineral stabilization and salt redistribution, thereby reducing the risk of substrate salinization [13]. Postinguel
and coauthors [23] demonstrated in Eucalyptus urograndis seedlings that combining SMS with mineral
fertilizers improved seedling quality, indicating that balanced nutrient supplementation may enhance the
agronomic performance of SMS—-based substrates.
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Figure 2. Representative images of annatto seedlings grown under different proportions of spent mushroom substrate
(SMS) (20, 40, 60, 80, and 100%) compared to the sugarcane filter cake substrate control (FC). Images were taken at
35 days after sowing under greenhouse conditions.

From an economic perspective specific to annatto market, the partial replacement of sugarcane filter
cake by SMS—yparticularly up to 60% substitution—offers a cost—effective alternative for annatto seedling
producers. Filter cake has experienced increased market demand due to its multifunctional use as an organic
fertilizer, leading to higher prices and limited access for smallholders [24,25]. In contrast, SMS can be locally
produced as a by—product of mushroom cultivation, reducing dependence on external inputs, transportation
costs, and market price fluctuations. This integrated system promotes circular bioeconomy principles by
converting agro—industrial residues into value—added inputs, improving economic resilience and sustainability
for small- and medium—scale producers.

Production of Pleurotus ostreatus var. florida from Annatto Agro—industrial Waste

Table 4 shows the data for two isolated and interactive factors. No significant interaction was observed
between AAR addition and the different strains. For the AAR addition factor, there was a significant decrease
in yield, dropping from 27.93% (control) to 11.27% (AAR 100). Although yield, the most important variable in
mushroom cultivation [26], decreased, the number of mushrooms, average mass, and biological efficiency
did not show a statistical decrease until AAR 80% substitution. Earliness was not affected by substitutions
up to 60% AAR.
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Variation in the number and average weight of mushrooms reflects efficient nutrient uptake from the
substrate and high commercial quality of the harvested mushrooms [27]. Mushrooms with consistent weight
have higher market value, and a good balance between number and weight indicates efficient use of
substrate nutrients. Furthermore, optimizing these factors helps reduce production costs and maximize
economic returns by avoiding excessive work with very small mushrooms [28, 29]. Earliness also allows
growers to have more cycles per year, reducing the time between inoculation and harvest, and reducing the
risk of disease affecting the crop [30].

The results of this study are consistent with the criteria established for alternative lignocellulosic
substrates for Pleurotus cultivation described by Masevhe and coauthors [31]. Substrate performance
depends fundamentally on structural composition, C/N balance, and physical characteristics that influence
aeration and moisture distribution. Biological efficiency increases when the substrate provides degradable
structural carbohydrates in combination with sufficient nitrogen to sustain biomass formation and reproductive
development [31].

Table 4. Productive parameters of Pleurotus ostreatus var. florida harvested under different levels of annatto agro—
industrial residue (AAR).

. o Number of Average Biological Precocity Earliness
Treatments Yield (%) mushrooms Weight (g) Efficiency (%) (%) (d)
RS 27.93 a 13.50 a 35.05a 51.37 a 70.04 2712 a
AAR 20 19.83 b 10.93 ab 33.88 ab 38.53 ab 59.52 28.25 ab
AAR 40 19.64 b 12.31 ab 29.53 ab 38.43 ab 74.20 27.56 a
AAR 60 19.54 b 12.29 ab 29.01 ab 38.25 ab 78.54 28.25 ab
AAR 80 16.45 bc 11.50 ab 26.46 ab 32.18 bc 79.55 28.93 bc
AAR 100 11.27c 8.87b 2414 b 22.06c 67.95 30.12c¢
F test (A) 8.37** 5.51* 2.57* 9.12** 0.98" 10.24**
Strain (B)
16/01 21.01 A 1252 A 30.29 39.92 A 73.75 28.65 A
20/02 17.15B 10.57 B 29.05 33.58 B 69.42 28.10B
F test (B) 11.18** 2.42* 0.33" 5.94* 1.98" 4.00*
Interaction
F test (AxB) 0.126" 0.79" 0.25" 0.28" 0.40" 0.63"
Average 19.10 11.56 29.68 36.78 71.61 28.37
C.V. (%) 33.96 35.03 35.25 34.47 29.67 4.67

Means followed by different lowercase letters within the substrate factor (A) differ significantly according to Tukey’s test
(p < 0.05). Means followed by different uppercase letters within the strain factor (B) differ significantly according to the
T-LSD test (p = 0.05). F values correspond to two—way ANOVA. ns = not significant; * p < 0.05; ** p < 0.01. RS = rice
straw; AAR = annatto agro—industrial residue.

In this context, intermediate proportions of annatto agro—industrial residue (AAR) likely improved
substrate functionality by adjusting structural composition and nutrient balance. The incorporation of AAR
may have enhanced carbon availability while maintaining adequate nitrogen supply, resulting in more efficient
substrate utilization and higher biological efficiency. In contrast, total substitution with AAR may have altered
substrate stoichiometry or physical properties, potentially leading to nutrient imbalance or suboptimal
structural conditions. Such changes can reduce conversion efficiency and limit productive output.

Regarding the strain factor, we observed that strain 16/01 is more productive and suitable when
compared to strain 20/01, with higher yield, number of mushrooms, and better biological efficiency (Table 4).
The study of different mushroom strains is crucial, as it helps determine which is best suited to the cultivation
conditions, which can lead to the success of a commercial production [32, 33]. Furthermore, variations in
techniques can lead to different results in the cultivation of Pleurotus species cultivation [34, 35].

The higher productivity of strain 16/01 is directly related to its higher yield in the first mushroom flush, as
shown in Figure 3. When comparing the strains across different substrate proportions, although 16/01 and
20/01 showed no significant difference from the control (RS), strain 16/01 showed higher productivity in the
first flush for AAR20, AAR40, AAR60, and AARS8O, indicating better adaptation to the addition of annatto
residue.

The superior performance of strain 16/01 highlights not only its agronomic suitability but also its
relevance from a biotechnological and economic standpoint. Similar strain—dependent differences have been
reported by Mleczek and coauthors [36], who observed that strain selection is a key determinant of
commercial cultivation success. As highlighted by these authors, genetic variability significantly influences
productive performance even under comparable cultivation conditions. Therefore, our findings reinforce that
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the interaction between strain background and AAR substrate formulation must be strategically considered
to optimize Pleurotus spp. production. Strains with higher productivity in the first flush optimize substrate
conversion efficiency, reduce cultivation time, and lower production costs per cycle. When combined with
annatto agro—industrial residue, strain 16/01 demonstrates enhanced adaptability to alternative substrates,
reinforcing its potential for scalable and economically viable mushroom production systems based on regional
residues.

The mushroom strains, regardless of species, that are more productive in the first flush tend to exhibit
higher cumulative productivity across cultivation cycles [37,38]. Therefore, the early productive response
observed for strain 16/01 may be indicative of a more efficient initial metabolic activation and substrate
colonization capacity, which ultimately translates into superior biological efficiency and economic return.

This study highlights the importance of diversifying substrates for Pleurotus ostreatus var. florida
cultivation beyond conventionally used materials such as rice residues, which are geographically
concentrated and may create logistical and supply—chain dependencies. Although rice—based substrates are
recognized as efficient [39], sustainable expansion of mushroom production requires the integration of
alternative lignocellulosic residues that are widely available and locally adaptable. Expanding the range of
viable substrates enhances production resilience, reduces transportation demands, and supports circular
bioeconomy strategies, positioning alternative agro—industrial residues not as regional substitutes but as
relevant components of sustainable mushroom cultivation systems.

a) 16/01 strain b) 2001 Strain
259 25,
a
Aa  Aa Aa
— 20_
20 Aa o Ba
< 15- & 154
5 a x) B Ba
[ _ Q -
sJdlie WB°® Hoo fob 54l ° b b
b b b
<& N S N N o & N S N S o
S P » S S S 3 3V » 5 S Q
K I e
v v
Treatments Treatments
BEa st flush B 2nd flush = 3rd flush

Figure 3. Yield (%) of Pleurotus ostreatus var. florida strains 16/01 (a) and 20/01 (b) cultivated on substrates
containing different levels of annatto agro—industrial residue (AAR). Production was evaluated across three
flushes (1st, 2nd, and 3rd). Uppercase letters indicate significant differences between strains within the same
substrate level and flush, while lowercase letters indicate differences among flushes within the same
substrate level and strain. Means were compared using the Tukey’s LSD (T-LSD) test at p < 0.05.

Sourcing substrates from distant locations often increases logistical costs for small-scale mushroom
producers, including transportation, handling, and storage, while also increasing the risk of substrate
degradation during transport [40]. Moreover, conventional inputs used in Pleurotus cultivation—such as rice
straw, rice bran, wheat straw and wheat bran—are widely traded agricultural commodities and are therefore
subject to significant price fluctuations driven by international market

Vieira Junior and coauthors [41] demonstrated that there were even partial reductions in the use of these
conventional inputs, can lead to substantial economic gains by lowering substrate formulation costs and
increasing production profitability, highlighting the strategic importance of developing sustainable and locally
available alternatives to reduce dependency on volatile external markets.

In this context, AAR represents a strategic regional alternative capable of reducing reliance on externally
sourced inputs. Its reuse supports a cascading value chain in which annatto residues are transformed into
mushroom substrates, generating edible biomass and spent mushroom substrate (SMS) that can
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subsequently be reused in seedling production. This integrated approach enhances resource efficiency and
strengthens local economic resilience [16].

However, the findings are based on regional conditions in western Sdo Paulo and may vary under
different climatic or management contexts. In addition, the study was limited to short—term cultivation cycles
and did not include techno—economic or life cycle assessments. Future research should therefore incorporate
economic and environmental evaluations, as well as detailed the support large—scale implementation within
circular bioeconomy systems.

CONCLUSIONS

The integration of annatto seedling production and Pleurotus ostreatus var. florida cultivation in a
cascading system is a viable strategy. Replacing up to 60% of the conventional substrate with spent
mushroom substrate (SMS) did not compromise annatto seedling growth and offers a practical route to
reduce production costs.

In mushroom cultivation, the use of annatto agro—industrial residue (AAR) reduced yield, but mushroom
quality parameters remained stable at substitution levels of 60-80%. Strain 16/01 outperformed strain 20/01,
mainly due to higher productivity in the first flush.

Overall, the results demonstrate that sequential use of residues is agronomically feasible within the
specific experimental conditions evaluated. The cascading configuration was validated in terms of biological
performance across the two production stages; however, the findings are restricted to controlled conditions
and short—term assessment. Economic feasibility, environmental implications, and performance under
commercial-scale operations were not investigated and remain to be determined in future studies.
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