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The mushroom industry generates by-products often classified as waste, making waste management a significant concern. To address this challenge and meet the growing demand for alternative protein sources in aquafeeds, this study evaluated the in vitro and in vivo digestibility of mushroom meals derived from three commercially cultivated species: Agaricus bisporus (AB), Lentinula edodes (LE), and Pleurotus ostreatus (PO) in rainbow trout (Oncorhynchus mykiss), as well as key performance indicators associated to growth, feed efficiency and body condition. In vitro digestibility was evaluated using semi-permeable membrane bioreactors by measuring liberated amino acids, while in vivo digestibility coefficients (ADCs) and key performance indicator (KPI) analyses were determined by feeding O. mykiss with diets containing AB, LE and PO meals for 42 days. Results showed that AB meal had similar in vitro digestibility to fish meal (p > 0.05), while LE and PO displayed intermediate and lowest digestibility values, respectively. Conversely, the in vivo ADCs of LE and PO meals was similar to the control (p > 0.05), whereas AB meal showed the lowest ADCs. Growth performance, somatic indices, blood biochemistry, whole-body composition, and digestive enzyme activities of O. mykiss were unaffected by AB, LE and PO diets (p > 0.05), but hepatic carbohydrate content and vacuolization increased in LE fed group (p < 0.05). Overall, although the digestibility of the three meals differed in vitro and in vivo, their crude protein ADC values were high (diet: > 90%; ingredient: > 77%) and did not compromise O. mykiss growth or feed efficiency. Thus, mushroom by-products may serve as alternative protein ingredients for aquafeeds.
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1 Introduction

The transformation of agrifood systems is widely recognized as a critical strategy for achieving the United Nations Sustainable Development Goal of Zero Hunger (FAO, 2024). Within these systems, aquaculture production is essential for meeting global food demands, as it currently represents the fastest growing sector of agri-food production. However, this rapid expansion involves challenges related to sustainable intensification and sourcing of aquafeed ingredients to meet growing demand. This trend towards diversification in raw materials is accompanied by an effort to explore novel and sustainable alternatives to replace traditional marine-derived ingredients (Naylor et al., 2021; Glencross et al., 2024a), being prioritized those sources that reduce any associated adverse environmental impact (Boyd et al., 2020; Mitra, 2021; Serra et al., 2024). While true, different alternative ingredients are currently being used as nutrient sources for aquafeeds, including plant-based options (e.g., soybeans, cereals), animal by-products (e.g., poultry, rendering, fish trimmings), fishery by-products, insects, algae, biofloc, and single-cell proteins (Ayadi et al., 2012; Glencross et al., 2024a; Serra et al., 2024). Incorporating novel ingredients into current formulations presents several challenges, including the presence of anti-nutritional factors, suboptimal nutrient composition, palatability issues, competition with other sectors, ethical concerns, and fluctuations in availability and price (Gómez et al., 2019; Boyd et al., 2020; Mitra, 2021; Serra et al., 2024). From a holistic point of view and aiming to address these challenges, the integration of by-products or low-value biomass in aquafeed formulations is emerging as a strategy to promote sustainable and environmentally friendly aquaculture practices, as it valorizes resources, thereby reducing the environmental footprint and supporting the promotion of a circular economy (López-Pedrouso et al., 2020; Sandström et al., 2022).

Among the different agri-food production systems, the mushroom production industry for human consumption has shown an almost five-fold increase since the 1990s, with a global production (including truffles) of 48.3 MT in 2022, and an annual growth projection rate of 6.4% until 2026 (Robinson et al., 2019; Shirur et al., 2021). Inevitably, this increase in production has also led to a notable increase in the generation of by-products, often classified as waste, which contribute to ca. 5% to 50% of the total mushroom biomass produced (Antunes et al., 2020; Navarro-Simarro et al., 2024). Specifically, the European Mushroom Growers Group reported that for every metric ton of mushroom grown and processed (sold fresh, canned or frozen), ca. 150 kg of by-products are generated (Infochampi, European Mushroom Growers Group, 2022). These by-products, composed of stems and discarded biomass, are treated as waste in accordance with national and European regulations. In this scenario, waste management is becoming an important challenge for the mushroom industry, as the traditional way of waste management practices are no longer allowed, generating costs (landfill fees and transport) that not only reduce the economic benefits but also create a negative perception from the consumer due to the high carbon footprint associated to these practices. In this context, a new cost-effective and environmentally friendly alternative to traditional strategies for the management of these by-products is required. Therefore, the use of these agricultural residues as alternative sources of nutrients in aquafeeds is emerging as a promising, environmentally and economically sound strategy.

Indeed, mushrooms, as biomass, have an excellent amino acid profile for animal nutrition, with a protein content ranging from 3.9% to 87.1%, depending on the species considered. In addition, mushrooms contain low levels of lipids (0.1-9.23%) and high levels of carbohydrates (12.7-87.1%), minerals (5.27-37.8%), and bioactive compounds with potential health benefits, such as polysaccharides (e.g., trehalose, mannitol, β-glucan, chitin, and chitosan), phenolic compounds (e.g., p-coumaric acid, gallic acid, ferulic acid), and terpenes/terpenoids (Kalač, 2013; You et al., 2022). Several studies have reported the use of mushroom meals as a potential feed ingredient for various marine and freshwater fish species (Katya et al., 2014; Chong et al., 2016; Ahmed et al., 2017; Adejonwo et al., 2020). In general, these studies concluded unaltered or moderate improvements in KPIs, improved survival rates after biotic challenges and a modulation of immune response at dietary inclusion levels no higher than 10%. Evaluating digestibility and its impact on KPIs are crucial when assessing the suitability and optimizing inclusion levels of alternative or novel ingredients in aquafeed formulations (Glencross et al., 2007). Within this context, a key challenge is the development of rapid and reliable methods for accurately predicting the nutritional value of raw ingredients, by-products and processed feeds for specific species to reduce the current reliance on labor-intensive and expensive in vivo nutritional trials. The use of in vitro assays mimicking the conditions and hydrolysis processes taking place in the gut of aquatic species has become a very important tool in this sense, offering a wide array of potential applications (Moyano et al., 2015; Wang et al., 2021; Moyano and Gilannejad, 2025). For this reason, the present study aimed to evaluate the digestibility of mushroom by-products (meals) from three commercially cultivated mushroom species, Agaricus bisporus, Lentinula edodes and Pleurotus ostreatus, both in vitro and in vivo, in rainbow trout (Oncorhynchus mykiss). Although experimental diets formulated for in vivo digestibility trials are not conventionally employed for evaluating key performance indicators (KPIs) related to growth performance, feed efficiency, and fish condition, the researchers extended their investigation to assess the effects of the aforementioned mushroom meals on these parameters as an initial approach to understanding their nutritional impact on fish condition.




2 Materials and method



2.1 Ethics statement

The experimental procedures employed in this study (in vitro and in vivo experiments) complied with EU2010/63 guidelines (Guiding Principles for Biomedical Research Involving Animals) and Spanish laws (32/2007 and RD 1201/2015). In addition, the study was approved by the Ethical Committee of the Institute for Research and Technology in Food and Agriculture (IRTA, Spain) for the use of laboratory animals (E-10/2020) and the Generalitat de Catalunya (CEEA 219/2020).




2.2 In vitro protein hydrolysis

The digestive enzyme extracts used in the assays were obtained from several individuals of O. mykiss (average body weight, BW = 420 g, n = 8) sampled at 4 h post-feeding. Once sacrificed, the digestive tract was removed, stored at -20°C, and later, the stomach and intestine were dissected. Active extracts were prepared from either the stomach or intestinal portions (this latter including pyloric caeca) by mechanical homogenization of tissues and gut contents in distilled water (1:3 w/v) followed by centrifugation (10,000 x g, 30 min, 4°C). The resulting supernatants were then filtered through a dialysis system with a MWCO of 10 kDa (Pellicon XL, Millipore, St. Louis, MO, USA) and after freeze-dried until used in the assays. The activities of acid and alkaline proteases in extracts were measured following the protocols of Anson (1938) and Kunitz (1947), modified by Walter (1984), respectively. Assay conditions were established based on physiologically relevant enzyme:substrate ratios. These ratios were derived by considering the mean total protease production (normalized to live weight) measured in the sampled fish, and the average meal intake for fish of comparable size, obtained from commercial feed tables. These calculated values served as a reference and were scaled to a 50 g “model fish” for the development of the assays (Moyano et al., 2015). All operational parameters are detailed in Table 1.


Table 1 | Operational parameters used during the in vitro assay for evaluating the in vitro digestibility of mushroom meals.



In vitro assays were conducted to evaluate the digestive bioavailability of proteins from three fungal meals, with fishmeal (NORVIK LT70) serving as a control. Semi-permeable membrane bioreactors, adapted from those described by Morales and Moyano (2010), were employed. Each bioreactor consisted of two chambers separated by a 3.5 kDa MWCO membrane (ZelluTrans, Carl Roth GmbH, Karlsruhe, Germany). The acid digestion phase was simulated by introducing fish enzyme extracts and substrates into the upper chamber, with the pH adjusted accordingly using 0.1 M HCl. Following the acid phase, alkaline hydrolysis was initiated by adjusting the pH to the target value with 0.1 M borate buffer and subsequently adding the intestinal enzyme extract. Amino acids and small peptides released and permeating across the membrane into the lower chamber were collected at designated time intervals via a constant flow of the same alkaline buffer. The release of these products from the substrate was quantified using the orthophthaldehyde (Church et al., 1983). The entire experimental setup, comprising multiple bioreactor units, was maintained within a temperature-controlled chamber at 20°C. Results are presented as cumulative amino acid release over time, as well as the total mass of released amino acids expressed as a percentage of the total protein present in the substrate samples. All assays were performed in triplicate. Additionally, a blank, utilizing heat-inactivated enzyme extracts, was included for each meal to quantify basal free amino acid release not attributable to enzymatic hydrolysis.




2.3 In vivo digestibility



2.3.1 Experimental diets

To evaluate the digestibility of the three mushroom meals obtained from A. bisporus, P. ostreatus, and L. edodes, three experimental diets (AB, LE, and PO) were formulated based on a basal diet (Control, CTRL) containing 49% crude protein (CP) and 22% crude fat (CF). Mushroom meals were composed of stems and broken, or unmarketable mushrooms sourced from a commercial farm in La Rioja, Spain, and processed at the Centro Tecnológico de Investigación del Champiñón de La Rioja (CTICH, Autol, Spain). Raw materials were processed by firstly cutting them using a sheeter (SAMMIC CK 38V, SAMMIC, Azkoitia, Spain) followed by drying at 35°C (Klarstein Master Jerky 550, Chal-Tec GmbH, Berlin, Germany). The dried material was then grounded using a mill (Retsch ULTRA ZM 200, Retsch GmbH, Haan, Germany), and the resulting mushroom powder (meal) was analyzed and used in the formulation of experimental diets. The proximate composition of the mushroom meals as well as the formulae of experimental diets is shown in Tables 2 and 3, respectively. The inclusion of mushroom meals was based on the design of Cho and Slinger (1979) (30% tested ingredient, mushroom meals; 70% control diet) and the recommendations provided by Glencross et al. (2023), who reported that lower inclusion levels of ingredients for digestibility determination might provide inaccurate values of apparent digestibility coefficients (ADC). Experimental diets were not isoproteic and isolipidic due to the proximate composition of raw materials and the high inclusion level requirement for evaluating digestibility. Yttrium oxide (Y2O3) was used as an inert marker. The experimental diets (pellet size: 4 mm) were formulated and produced by Sparos Lda. (Portugal) as previously described (Ruiz et al., 2024).


Table 2 | Proximate composition and nutritional value of mushroom meals obtained from Agaricus bisporus (AB), Lentinula edodes (LE) and Pleurotus ostreatus (PO)




Table 3 | Ingredient list and proximate composition (mean ± SD) for experimental diets containing different mushroom meals.






2.3.2 Fish and rearing conditions

Rainbow trout juveniles were obtained from Truchas de Leiza SL (Leiza, Spain) and acclimatized for 7 days in 10 m3 tanks prior to the experiment. After conditioning, fish (initial body weight, BWi: 120.1 ± 0.4 g) were randomly distributed into twelve 2 m3 tanks with an initial stocking density of 45 fish per tank (2.7 kg/m3) in a recirculating system (with mechanical, biological filtration and UV water treatment (IRTAmar™). Each tank had a settling column tank, based on the Guelph system, to collect uneaten feed pellets for accurate feed intake determination. The experimental diets were fed for 42 days at a feeding rate of 1.6-1.8% of tank biomass using automatic feeders (ARVO-TEC T Drum 2000; Arvotec, Huutokosk, Finland) seven days a week. The daily feeding ration was equally divided into two meals, at 08:00 and 13:00 h, and distributed over a period of one hour. Two hours after each meal, uneaten pellets were collected, dried overnight at 100°C, and weighed to calculate daily feed intake. The feed ration was adjusted to maintain 10% – 15% uneaten pellets, ensuring that the fish were fed ad libitum. Environmental conditions were monitored daily and maintained at optimum levels (e.g., temperature: 15.7 ± 0.2°C, dissolved oxygen: 8.8 ± 0.3 ppm). Photoperiod followed natural changes according to the season of the year (February to March at 40.63N–0.66E).




2.3.3 Fish sampling and performance analyses

Fish biometry was conducted on days 24 and 42. Fish were fasted overnight and anesthetized with MS-222 (100 mg L-1) prior to individual measurement of BW (g) and SL (cm). The following key performance indicators associated with somatic growth and feed efficiency were calculated:

	

	

	

	

	

	

	

	



	

	

After the feeding trial, 16 fish per tank (48 per diet) were fasted overnight and anesthetized with MS-222 (100 mg L-1) for blood sample collection and euthanized with an overdose of MS-222 (350 mg L-1) for tissue collection (gastrointestinal tract, liver and whole fish).




2.3.4 Fecal collection and ADC coefficients calculation

Fecal collection was performed after 30 days of feeding fish with experimental diets, as recommended by Glencross et al. (2023). The collection of excreted feces followed the method described by Tefal et al. (2024) with minor modifications. In brief, the tanks and settling column were cleaned 2 and 4 h after feeding to ensure the absence of uneaten feed in the collection column. Overnight settled feces were collected and centrifuged for 15 min at 5,000 x g (Vandenberg and de la Noüe, 2001). The supernatant was discarded, and the feces were stored at -20°C for further analysis. This process was repeated for three alternate days to obtain a sufficient amount of feces for analysis. The apparent digestibility coefficients (ADCs) for dry matter, protein, lipid, and energy of the control and test diets were calculated using the formula of Cho and Slinger (1979):  ;  ; where Marker diet and Marker feces are the content of Y2O3 in the diet and feces, respectively; and Nutrient diet and Nutrient feces are the content of the targeted nutrient in diets and feces, respectively. The apparent digestibility coefficient of dry matter, protein, lipid and energy of the test ingredients were calculated according to Bureau and Hua (2006):  ; where ADC Test diet is the apparent digestibility coefficient of the test diet and ADC CTRL diet is the apparent digestibility coefficient of the control diet.




2.3.5 Proximate composition of fecal samples, diets liver and whole fish

Proximate composition of experimental diets, fecal samples, liver and whole fish, and marker content of the experimental diets and feces were analyzed according to AOAC (2006). Dry matter content was analyzed by sample drying at 105°C for 14 h (AOAC 925.09), incineration in a muffle furnace for ash content (Nabertherm, Germany 500°C for 5 h, AOAC, 942.05), Dumas procedure for crude protein (Nitrogen analyzer FP-528 Leco, USA, AOAC 968.06) and Büchi Extraction System B-811 (Büchi, Switzerland, AOAC 920.39) for crude fat. The determination of carbohydrates in samples was done using the phenol-sulfuric acid method (Dubois et al., 1956). An adiabatic bomb calorimeter (using the DIN 51900 rule) was used for the analysis of gross energy, and inductively coupled plasma optical emission spectroscopy (ICP-OES Optima 2100DV, Perkin Elmer Life and Analytical Sciences, Shelton, USA) was used for the analysis of yttrium oxide (AOAC 984.27).




2.3.6 Digestive enzymes analyses

Fish sampled after the feeding trial (n = 12 fish per diet) were euthanized, dissected on a glass plate at 0-4°C and their gastrointestinal tract was removed and frozen at -80°C until further analysis. Digestive enzyme activities were analyzed from stomach and intestine samples (including pyloric caeca) following the methods described by Gisbert et al. (2009) and samples were processed and handled following the indications of Solovyev and Gisbert (2016) to avoid their degradation during storage and handling. Stomach samples were homogenized in Milli-Q water, sonicated, and centrifuged. The supernatant was collected and stored at −80°C for pepsin quantification using hemoglobin as substrate in 1 N HCl buffer (pH 3.0) (Nolasco-Soria et al., 2020). Intestinal samples with pyloric caeca were homogenized in Tris-Mannitol buffer with CaCl2 (ph 7.0), sonicated, centrifuged, and the supernatants were collected and stored for pancreatic and brush border enzyme assays. Pancreatic enzymes were quantified as follows: α-amylase using starch as substrate dissolved in Na2HPO4 buffer (pH 7.4) (Métais and Bieth, 1968), trypsin with BAPNA in 50 mM Tris–HCl, 20 mM CaCl2 buffer (pH 8.2) (Holm et al., 1988), chymotrypsin with BTEE as substrate in 80 mM Tris–HCl, 100 mM CaCl2 buffer (pH 7.2) (Worthington Biochemical Corporation, 1991), bile salt-activated lipase with p-nitrophenyl myristate as substrate in 0.25 mM Tris–HCl and 0.25 mM 2-methoxyethanol and 5 mM sodium cholate buffer (pH 9.0) (Iijima et al., 1998), and total alkaline proteases with azo-casein as substrate in 50 mM Tris–HCl buffer (pH 8.0) (García-Carreño and Haard, 1993). Intestinal brush border enzymes activities were measured as follows: alkaline phosphatase with PNPP as substrate dissolved in 50 mM Na2CO3 buffer containing 40 mM MgCl2 (pH 9.8) (Gisbert et al., 2018), aminopeptidase-N with L-leucine p-nitroanilide as substrate in 0.2 M phosphate buffer (pH 7.0) (Maroux et al., 1973), and maltase with d(+)-maltose as substrate in sodium maleate buffer (pH 6.0). Cytosolic leucine-alanine peptidase activity was determined with L-alanine as substrate in 50 mM Tris–HCl (pH 8.0). Soluble protein was quantified using Bradford’s method (Bradford, 1976) with bovine serum albumin as standard. All assays were conducted in triplicate using a spectrophotometer (Tecan™ Infinite M200, Tecan, Switzerland) under standardized conditions (20°C) and expressed as specific activity (U mg protein−1).




2.3.7 Blood biochemical and hematological analysis

Blood biochemical parameters (albumin, aspartate aminotransferase, total bilirubin, calcium, chlorides, cholesterol, creatinine, alkaline phosphatase, phosphorus, glucose, iron, lactate dehydrogenase, magnesium, potassium, total protein, sodium, triglycerides, amylase, creatinine kinase, total globulin, lipase, sodium, potassium and chlorides) were analyzed using an UV/Vis spectrophotometer (Vitros® 5600 Integrated System & Analyzer, QuidelOrtho™, San Diego, USA) and hematological parameters (hematocrit, hemoglobin, erythrocytes, mean cell volume, mean cell hemoglobin and mean cell hemoglobin concentration) were measured using a blood count chamber. Both blood biochemical and hemotological analyses (n = 12 fish per diet) were performed by Laboratorios Echevarne, Barcelona (Spain).




2.3.8 Liver morphological analysis

Liver samples were dissected (n= 12 fish per diet) and fixed in 4% neutral-buffered formalin. Fixed samples were embedded in paraffin and cut in sections (4 μm-thick) using a Leica 2055-Autocut microtome (Leica Instruments GmbH, Nussloch, Germany). Sections were stained with hematoxylin and eosin (H&E) and digital images were taken at a final magnification of 200x and 400x by an Olympus VS120 digital scanner (Optic system BX61VS, Tokyo, Japan) coupled with VC50 and VS-XM10 cameras. Digital images were examined using an Olympus VS software (VS-NIS-SQL-V2.6, Tokyo, Japan) by qualitative assessment of the following morphological parameters: hepatocytes pattern, vacuolization level, nuclei alignment around sinusoidal lines, blood congestion and level of hepatic steatosis. A scoring scale ranging from 1 to 4 (1 absent/very low incidence to 4 high incidence) was used to examine morphological differences, and the examinations were performed by two independent observers who were unaware of the experimental conditions. Sections were also stained with Periodic acid–Schiff (PAS) stain (pH = 2.5) for intrahepatic glycogen detection. PAS-stained sections were examined under a light microscope (Motic BA310E; Barcelona, Spain), and PAS-positive scoring was conducted using a previously described scoring scale. Representative images were obtained using a Motic MOTICAMProS5 LiteCamera (Motic, Barcelona, Spain).





2.4 Statistical analyses

Data are expressed as mean ± standard deviation (SD) and was checked for normality and homogeneity of variances. Data expressed as percentages were arcsine transformed prior to statistical analyses. As diets were not isoproteic and isolipidic due to the high level of fiber and ashes in mushroom meals, KPIs were compared between experimental groups using multivariate analysis of covariance (MANCOVA) using dietary crude protein and crude lipid as covariates, followed by Bonferonni posthoc test when significant differences were observed. Results of the in vitro bioavailability assays and ADC were evaluated using one-way ANOVA followed by Tukey’s post hoc test. Morphological scores were analyzed using the Kruskal-Wallis and Mann-Whitney U tests. Pearson correlation analysis was used to evaluate correlation coefficients among in vivo digestibility and KPIs. In all test a confidence interval of 95% was established. Statistical analyses were performed using the SPSS software (Version 21.0, SPSS Inc., Chicago, IL, USA) and the associated Heatmap analysis was performed using R V.4.3.2 software.





3 Results



3.1 In vitro digestibility

The cumulative amino acid release profiles for the hydrolysis of the tested meals, including fishmeal (FM) as a control, are presented in Figure 1. The figure displays the fitted regression lines and corresponding linear equations, enabling a comparison of release rates derived from their slopes (mg AA h-1). Further data, including the time required for 50% protein hydrolysis (calculated from the linear equations) and the percentage of total protein hydrolyzed, are summarized in Table 4. Significant differences were observed in both the rates of amino acid release and the total amount of amino acids liberated from the tested meals. In terms of absolute values, the hydrolysis of the AB meal was not significantly different from that of FM. However, the amino acid release from the PO meal was significantly lower (p < 0.05), while the LE meal exhibited an intermediate value. When amino acid release was normalized to the initial protein content of the samples (625 mg of meal, but with varying crude protein (CP) content, ranging from 10.7% in PO to 68% in FM), a different trend emerged. Under these conditions, all fungal meals demonstrated significantly higher values compared to FM, with the following ranking: PO > AB > LE > FM.




Figure 1 | Plot of amino acid release (mg) after hydrolysis of the different tested ingredients under conditions simulating digestion of rainbow trout (Oncorhynchus mykiss). Significant differences in the final values are noted by low-case letters (p < 0.05). Each point is the mean of triplicate assays.




Table 4 | Estimated rates of protein hydrolysis and total amount of amino acids hydrolyzed from the different mushroom meals (PO, P. ostreatus; LE, L. edodes; AB, A. bisporus; FM, fishmeal LT70) expressed in absolute values and as % of crude protein.






3.2 In vivo digestibility



3.2.1 Apparent digestibility coefficients

There were no statistically significant differences in the ADCs for dry matter (71-84%), crude lipid (85-93%) and energy (79-87%) between the CTRL and the mushroom meal-based diets (p > 0.05). However, the AB diet presented lower crude protein ADC values (p < 0.05) compared to the CTRL diet but was similar to the LE and PO diets (Figure 2). Regarding ingredient ADCs, the AB diet also showed significantly lower crude protein ADC values (78.55 ± 1.34%) than the PO diet (90.63 ± 6.11%) (p < 0.05), whereas no significant difference was detected between the PO and LE diets (86.96 ± 0.12%) (p > 0.05). Similarly, crude lipid ADC of the AB diet (57.19 ± 4.43%) was significantly lower than in the LE (87.25 ± 4.23%) and PO (62.06 ± 0.21%) diets (p < 0.05). Dry matter and energy ADCs were also lowest for the AB diet, while PO and LE diets displayed intermediate and highest values, respectively.




Figure 2 | Apparent digestibility coefficients of the experimental diets and ingredients in rainbow trout (O. mykiss): (A) ADCdiet; (B) ADCingredient. DM, dry matter; CP, crude protein; CL, crude lipid; GE, gross energy; CTRL, control diet; AB, A. bisporus diet; LE, L. edodes diet; PO, P. ostreatus diet. Data are expressed as mean ± SD (n = 3). Different superscript letters within each nutrient group indicate significant differences (One-way ANOVA, p < 0.05).






3.2.2 Fish performance

Growth performance and feed utilization parameters of rainbow trout fed the experimental diets are summarized in Table 5. At 24 days, no significant differences in growth performance (BW, WG, and SGR), condition factor (K), or feed efficiency parameters (FI and FCR) were observed among the different groups (MANCOVA, p > 0.05).


Table 5 | Growth performance, feed utilization, nutrient efficiencies and somatic indices of rainbow trout (O. mykiss) fed with experimental diets containing different sources of mushroom meals.



At the end of the feeding trial, although mushroom-fed groups showed numerically lower BW values, ranging from -9% to -11% with respect to the control group, no significant differences in growth performance (BW, BWG, SGR), somatic indices (K, HSI, VSI, PVFI) or feed efficiency parameters (FI and FCR) were observed among the experimental groups (MANCOVA, p > 0.05). Correlation analysis showed that growth performance and feed utilization parameters were correlated with dietary crude protein and lipid ADCs (p < 0.10) (Figures 3A, B). In particular, diet crude lipid ADC was positively correlated to PERD24 (r = 0.54, p = 0.07), whereas dietary crude protein ADC was positively correlated to fish BWD24 (r = 0.55, p = 0.06), BWGD24 (r = 0.52, p = 0.08), SGRD24 (r = 0.52, p = 0.08), and PERD24 and D42 (D24: r = 0.73, p = 0.01; D42: r = 0.55, p = 0.07). Conversely, diet crude protein ADC was negatively correlated to FID24 (r = -0.57, p = 0.05).




Figure 3 | Heatmap matrix representing the correlation coefficients (Pearson’s correlation) among apparent digestibility coefficients (ADCs) of the experimental diets and KPIs: (A) ADCs and day 24 and (B) day 42 growth performance, somatic indices and feed utilization; (C) ADCs and liver and whole-body proximate composition; (D) ADCs and digestive enzyme activities; (E) ADCs and blood biochemical and hematological parameters. GE, gross energy ADC; CL, crude lipid ADC; CP, crude protein ADC; DM, dry matter ADC; BW, body weight; BWG, body weight gain; SL, standard length; SGR, specific growth rate; FI, feed intake; FCR, feed conversion ratio; PER, protein efficiency ratio; LER, lipid efficiency ratio; K, condition factor; VSI, viscerosomatic index; HSI, hepatosomatic index; PFI, perivisceral fat index; CHO, carbohydrate; PEP, pepsin; AMY, amylase; CHY, chymotrypsin; LIP, lipase; TRY, trypsin; PRO, total alkaline proteases; ALP, alkaline phosphatase; AP, aminopeptidase-N; MAL, maltase; LAP, leucine-alanine peptidase; Ca, calcium; Cl, chlorides; Mg, magnesium; P, phosphorus; K, potassium; Na, sodium; AST-SGOT, aspartate aminotransferase; CRE, creatinine; LdH, lactate dehydrogenase; ALB, albumin; T. Globulin, total globulin; TP, total protein; CHOL, cholesterol; GLU, glucose; Fe, iron; TBIL, total bilirubin; TGs, triglycerides; ERT, erythrocytes; HCT, hematocrit; HGB, hemoglobin),MC V(mean cell volume; MCH, mean cell hemoglobin; MCHC, mean cell hemoglobin concentration. Values inside the plots indicate the correlation coefficients (r) and values in bold and with asterisks (*) indicate significant correlation (p <0.10).






3.2.3 Liver and whole-body proximate composition

Liver and whole-body proximate composition considering dietary crude protein and lipid as covariates revealed significant differences among experimental groups (Table 6, MANCOVA, p < 0.05). Liver carbohydrate content in fish fed the LE diet was higher (p < 0.05) than in fish fed the control diet (p < 0.05), whereas liver protein, lipid and ash content did not vary among experimental groups (p > 0.05). Fish whole body proximate composition was similar in all the experimental treatments (p > 0.05).


Table 6 | Liver and whole-body proximate composition in dry weight (DW, %) of rainbow trout (O. mykiss) fed with the experimental diets containing different sources of mushroom meals for 42 days.



No significant correlation was recorded between liver and whole-body proximate composition with diet crude protein and lipid ADCs (Figure 3C, p > 0.10), whereas a negative correlation was detected between fish whole body crude protein and diet energy (r = -0.54, p = 0.07) and dry matter ADCs (r = -0.52, p = 0.08).




3.2.4 Digestive enzyme activities

The inclusion of mushroom meals in compound diets for rainbow trout did not modify the activity of gastric, pancreatic nor intestinal digestive enzymes (Table 7, MANCOVA, p > 0.05). Correlation analysis showed that the activity of aminopeptidase and maltase negatively correlated to diet crude protein ADC (Figure 3D, aminopeptidase: r = -0.5, p = 0.09; maltase: r = -0.57, p = 0.05).


Table 7 | Specific activities (U mg protein-1) of gastric (pepsin), pancreatic (α-amylase, chymotrypsin, bile salt-activated lipase, trypsin, total alkaline proteases) and intestinal (alkaline phosphatase, aminopeptidase-N, maltase and leucine-alanine peptidase) digestive enzymes in rainbow trout (O. mykiss) fed with the experimental diets containing different sources of fungal meals for 42 days.






3.2.5 Blood biochemical and hematological parameters

Fish fed mushroom-based diets presented similar blood biochemical and hematological parameters than fed the CTRL diet (Table 8; p > 0.05). The correlation analysis showed a positive correlation between diet crude protein ADC and blood cholesterol levels (Figure 3E, r = 0.55, p = 0.06). Conversely, a negative correlation was detected between diet crude protein ADC and blood lactate dehydrogenase activity (r = -0.55, p = 0.07).


Table 8 | Blood biochemical and hematological parameters of rainbow trout (O. mykiss) fed with the experimental diets containing different sources of mushroom meals for 42 days.






3.2.6 Liver morphology

At the end of the feeding trial, semiquantitative histological evaluation of H&E and PAS-stained liver sections revealed a well-organized morphological pattern, and a regular-shaped hepatocyte morphology, and nuclei alignment around sinusoidal spaces in fish fed different experimental diets (Figure 4). However, the incidence patterns for hepatocyte cytoplasmic vacuolization and the presence of PAS-positive granules differed among dietary treatments. Fish fed the LE diet presented a higher incidence (p < 0.05) of cytoplasmic vacuolization due to lipid accumulation compared to fish fed the rest of the dietary treatments (Figures 4, 5C). Similarly, the prevalence of PAS-positive granules (glycogen) within the enterocyte cytoplasm was significantly higher (p < 0.05) in fish fed the LE diet (Figures 4, 5F), suggesting that both lipid and glycogen accumulation contributed to the elevated vacuolization levels observed. Hyperemia was detected indistinctly in fish from all experimental treatments, although the incidence level showed a tendency toward reduction in fish fed the PO diet (Figure 5, p > 0.05).




Figure 4 | Results (%) of liver scoring from rainbow trout (Oncorhynchus mykiss) fed with the experimental diets containing different sources of mushroom meals for 42 days. Kruskal-Wallis, Mann-Witney U tests, p < 0.05. CTRL, Control diet; AB, A. bisporus diet; LE, L. edodes diet; PO, P. ostreatus diet. The asterisk denotes differences between the LE group and the rest of experimental diets (One-way ANOVA, p < 0.05).






Figure 5 | Liver morphology of rainbow trout (Oncorhynchus mykiss) fed with the experimental diets containing different sources of mushroom meals for 42 days. A-D: Hematoxylin and Eosin (H&E) stain, (A) CTRL, (B) AB, (C) LE, (D) PO. (─▶) hepatocytes nucleus, (*) erythrocytes in blood vessels. Observe the vacuolization in the hepatocytes cytoplasm vacuolization ▶) of fish fed with LE diet. Scale bar 50 μm. (E, F) Periodic acid–Schiff (PAS) stain, (E) representative image (CTRL, AB and PO), (F) LE. Observe the high incidence of PAS-positive granules (magenta to bright pink granules) (>) of fish fed with LE diet. Scale bar 20 μm. CTRL, Control diet; AB, A. bisporus diet; LE, L. edodes diet; PO, P. ostreatus diet.








4 Discussion

The evaluation of digestibility and the analysis of the effects on KPIs are important considerations when assessing the suitability and dosing optimal levels of inclusion of alternative/novel ingredients in feed formulations (Glencross et al., 2007). In this context, a key challenge for the global feed industry is to identify a rapid and reliable method to accurately predict the nutritional value of raw ingredients, by-products, and processed feeds for specific species, thereby reducing the reliance on labor-intensive and costly in vivo nutritional trials (Moyano et al., 2015; Wang et al., 2021). As digesta moves through the digestive tract, changing from chyme in the stomach to feces in the posterior intestine, in vitro digestibility models, such as the one used in the present study, that simulate the different digestive phases of this process, may provide a good correlation with in vivo digestive dynamics (Moyano et al., 2015).

In the present study, the in vitro assays demonstrated that the protein fraction of all tested mushroom meals was readily hydrolyzed by rainbow trout digestive enzymes, and to a greater extent than the protein present in fishmeal. Furthermore, significant differences were observed among the mushroom meals themselves. Notably, the protein fraction of the PO meal showed to be highly hydrolysable, considering its relatively low concentration of crude protein. The bioavailability of the protein fraction of mushroom meals was likely influenced by their crude fiber content, which is primarily composed of complex polysaccharides and chitin. While fungi are recognized for their excellent nutritional profiles, their composition varies both among and within species (Kalač, 2013). For example, variations in nutrient composition among Ganoderma species (G. lingzhi and G. lucidum) have been shown to affect protein digestibility (Fraile-Fabero et al., 2021). Similarly, Colosimo et al. (2021) reported that the digestibility of fungi can be somewhat limited by their chitin-rich cell walls. Consequently, these compositional differences may affect protease accessibility to substrates, influencing the rate of peptide bond cleavage, and subsequent amino acid release (Peña et al., 2017; Ayimbila and Keawsompong, 2023; Prakash et al., 2023).

Regarding the estimated ADC values of the protein fraction of the mushroom meals, a significantly higher value was estimated for the PO diet (90.63 ± 6.11%) than for the AB diet (78.55 ± 1.34%), whereas the LE diet showed an intermediate value (86.96 ± 0.12%). These results differ from those obtained with the in vitro assay. These discrepancies may be explained by considering that the two assays measure different parameters and are influenced by distinct factors (Moyano et al., 2015). One key factor that likely affected the digestibility differences between the in vivo and in vitro conditions is the food matrix complexity. In in vivo studies, mushroom meals were incorporated into a complex feed matrix with other components, whereas in vitro experiments tested the ingredients in their pure form. The interactions between ingredients, further enhanced during pellet manufacturing, may alter how fish digestive proteases access the protein fraction in mixed feeds compared to when meals are evaluated individually (Booth et al., 2013; Xing et al., 2023). In addition, the net efficiency of the digestion process evaluated in vivo may be also affected by other factors, like the protein solubility and buffering capacity of the digesta, which do not respond in the same manner in the in vitro tests. For example, the addition of vegetable protein sources into a diet has been shown to significantly impact the solubility and buffering capacity of other feed ingredients (Márquez et al., 2013; Xing et al., 2024). Besides the aforementioned, it is also important to consider other aspects that may limit the possible correlation between both types of assays performed in vitro and in vivo. In this sense, the in vitro experiments estimate the potential amino acids available for intestinal absorption after enzymatic protein hydrolysis (i.e., mushroom meal in the current study). In contrast, the in vivo digestibility measurements express results as a percentage of ingested amount of feed, considering not only the intestinal absorption of nutrients, but also modifications from fish metabolism and intestinal microbiota interactions (Fuller and Tomé, 2005).

The ADC of the whole protein fraction of the experimental diets (not specifically of the mushroom meals) revealed a great similarity among them, with the only exception of the significantly lower value measured in diet including AB in spite this meal showed comparable in vitro digestibility to that of FM. Similar results have been reported in other ingredients with high levels of ash like poultry by-product meal (PBM), as it was demonstrated in yellowtail snapper (Ocyurus chrysurus) when comparing in vitro versus in vivo digestibility methods for PBM (Barreto et al., 2024). The former authors attributed the reduced digestibility of PBM in vivo to its elevated ash content despite showing a high level of protein hydrolysis in vitro. In the present study, also a negative correlation was observed between ash content in mushroom meals and diet crude protein ADC values. These results indicated that the high ash levels of mushroom meals may be responsible for the lower protein digestibility under practical feeding conditions. Nonetheless, the in vivo ADC values of the three mushroom meals (diet protein ADCs: > 90%, ingredient protein ADCs > 77%) were found comparable to FM- and wheat flour-based dry ingredients (Sørensen, 2012), lupin and soybean protein products (Glencross et al., 2024b), grain distillers dried yeast (Hauptman et al., 2014) and even higher than those of other alternative protein sources such as brewery by-products (Cheng et al., 2004; Nazzaro et al., 2021). Those results may be explained not only by the good quality of the protein fractions but also by a sort of digestive compensation promoted by the host and the intestinal microbiota. Gut bacterial communities are known to produce carbohydrate-active enzymes, which play a role in the metabolism and utilization of dietary fibers (Holscher, 2017). Although, as previously mentioned, fiber was hypothesized as one of the factors that might affect the action of digestive proteases in vitro, this was not the case for the in vivo assays and ADC of the PO and LE diets that were comparable to that of CTRL diet. This suggests that gut microbiota may have been involved in the utilization of dietary fiber, thereby potentially contributing to the observed improvement in the in vivo digestibility of the mushroom meals. In this sense, studies evaluating the effect of tested diets on gut microbiota are currently on-going to decipher the role of mushroom meals as prebiotics and their capacity to modulate host’s microbiome.

As already pointed out in the introduction, regardless of the fact that studies focused on the assessment of the in vivo digestibility of diets do not generally extend their analyses to KPIs associated with growth performance, feed efficiency and fish condition, authors decided to evaluate such parameters as proxies of the nutritional effects of high levels of dietary mushroom meals in aquafeeds, prior to conducting nutritional dose-response studies to determine their optimal levels of inclusion. In this sense, regarding the in vivo effects of the inclusion of mushroom meals in the diets of rainbow trout, the inclusion of 30% of A. bisporus, P. ostreatus and L. edodes meals did not compromise rainbow trout performance. Indeed, the slightly lower performance observed in fish fed diets containing mushroom meals was mainly attributed to their lower dietary content of crude proteins and lipids rather than to the quality of the tested mushroom meals as confirmed by the MANCOVA analyses. The high fiber content (31-48%) of mushroom meals, coupled with their high inclusion levels, made it impossible to formulate isoproteic and isolipidic diets. This fact also affected the PER and LER values of fish fed the AB, PO, and LE diets, which were slightly lower but not significantly different from those fed the control diet. A similar approach may be applied when dealing with feed efficiency parameters. Thus, although the MANCOVA did not detect differences in FCR and FI among experimental diets, FI values in fish fed mushroom meal-based diets tended to be higher than those observed in fish fed the control diet, which may be related to the fact that fish regulated their feed intake to meet their energy requirements for growth and physiological maintenance (Kaushik and Médale, 1994).

Nutritional trials with mushroom meals in rainbow trout have been limited to their use as a feed supplement, with inclusion ranging up to 2%, rather than as an alternative ingredient. These studies reported no effects or minor improvements in KPIs related to growth performance and feed utilization (Baba et al., 2015; Manayi et al., 2016; Uluköy et al., 2016; Baba and Uluköy, 2022). In other fish species, the optimal inclusion levels of fermented P. ostreatus by-products were reported to be up to 6.3% in compound feeds for Amur catfish (Silurus asotus), and 2.15 to 2.75% for A. bisporus and 6.7% for P. pulmonarius in the diets for Nile tilapia (Oreochromis niloticus) and African catfish (Clarias gariepinus), respectively (Adejonwo et al., 2020; Dawood et al., 2020). Although the current findings are not directly comparable to those of the aforementioned studies since a higher inclusion level of mushroom meal was used to obtain reliable results from the in vivo digestibility trial, which are not generally applicable for practical diets (Glencross et al., 2023), it is interesting to note that rainbow trout growth performance and feed utilization remained unaltered when fish were fed with high dietary inclusion levels of mushroom meals. Similarly, the present study found no significant changes in whole body proximate composition among fish fed the control and mushroom based diets, which is in agreement with the findings observed in red tilapia (Oreochromis sp.) fed with up to 1.5% of P. sajorcaju (Suplementasi et al., 2012). These findings suggest that mushroom meals, even at high inclusion levels, do not negatively impact growth performance and feed utilization, and they are able to maintain the nutritional value of fish, which reinforce the potential of these meals as novel aquafeed ingredients. Under current experimental conditions, these comparable effects may be explained by the high in vivo digestibility of the three meals (diet crude protein ADC: >90%; ingredient crude protein ADC: >77%), even though the ADC values of the AB diet were significantly lower compared to the rest of the treatments due to its higher ash content. This was further confirmed by the correlation analyses wherein there was a strong relationship between diet ADCs and fish growth performance. The increased protein ADC of the experimental diets corresponded to reduced feed intake and improved protein utilization and growth performance. This is consistent with the findings of other studies where the ADCs of protein, lipid and energy positively correlated with fish growth and feed efficiency (Mundheim et al., 2004; Rasmussen and Jokumsen, 2009).

Regarding digestive enzyme activities, the activity of gastric, pancreatic or intestinal digestive enzymes was not affected by the dietary inclusion of mushroom meals in compound diets for rainbow trout. These results are of relevance since unaltered digestive enzyme activities suggest that the rate of digestion and nutrient availability in the circulatory system is maintained, supporting the growth of the entire organism (Gisbert et al., 2018). However, in absolute terms, and particularly for enzymes involved in carbohydrate metabolism, the activity of the enzyme maltase was increased by 3 to 4.2 times in fish fed diets rich in mushroom meals compared to fish fed the basal diet, which may indicate an effect of dietary carbohydrate content and composition on sugar metabolism, which in turn may be influencing their reserve storage. In this context, there is scarce information on the effect of mushroom meals on the digestive processes in fish. Safari and Sarkheil (2018) showed higher trypsin, α-amylase and lipase activities in Koi carp fingerlings (Cyprinus carpio) fed diets supplemented with P. eryngii (1 to 2%). Although these studies demonstrated an improvement in digestive enzyme activities with the dietary inclusion of mushroom meals, the present study differs as mushroom meals were included at a high dietary level. Despite this, our results showed that the high inclusion of mushroom meals did not affect protein and lipid related digestive enzyme activities, which is of special relevance as it indicates that the digestive system capacity of the fish, subsequently nutrients available for growth was not compromised.

In addition, no significant differences in somatic indices were found among different experimental groups, neither on the liver crude protein and lipid levels. However, a higher level of carbohydrate was found in the liver of fish fed the LE diet compared to those fed the control diet, whereas fish fed the AB and PO diets showed intermediate levels. This result was further supported by the liver morphological patterns observed where fish fed the LE diet presented a higher glycogen deposition within hepatocytes. This is of special relevance since the liver is a key metabolic organ responsible for a wide array of functions, including carbohydrate, protein and fat metabolism (Bruslé, 1996). Indeed, the dietary carbohydrate content of the mushroom meals maybe inducing slight glycogen and hepatic lipid deposition due to an excess of glucose storing either as glycogen through glucogenesis, or as lipids via lipogenesis (Li et al., 2022). Carnivorous fish species rely on gluconeogenesis to produce glucose from other precursors than carbohydrates to meet their energy demands. This process is upregulated in response to a high carbohydrate dietary content combined with low immediate energy demand, which in turn will facilitate glycogen deposition (Panserat et al., 2019). In fact, as mentioned before, the observed maltase activity values and higher liver carbohydrate content point in the same line, since in absolute terms, fish fed the alternative diets showed a 3 to 4.2-fold increase in maltase activity compared to that observed in fish fed the control diet. In addition, fish fed the LE diet presented a larger hepatocyte cytoplasm vacuolization than fish fed the AB and PO diets, which showed an intermediate level in relation to animals fed the control diet. In this particular case, it appears that the accumulation of lipids and glycogen in the liver was not exclusively related to the carbohydrate content and nature of raw materials supplied but also might be influenced by other bioactive compounds associated with a particular species of mushroom. In line with the morphological patterns observed, in other animal models, even with a greater capacity for glucose regulation via the insulin-glucagon axis than fish, prolonged periods of dietary supplementation with LE increased hepatic steatosis in mice, whereas this pattern was not observed in mice fed a diet containing an AB meal (Chandra et al., 2011). These results were attributed to the higher content of eritadenine in the LE meal, since this bioactive compound has been shown to have comparable activity with insulin, modulating metabolic pathways involved in glucose metabolism and uptake, glucose transporter-4 translocation and activation of several nutrient signaling pathways (Kaur et al., 2024). This might be also related to the increased glycogen deposition inferred in the liver of fish fed with the LE diet by increasing carbohydrate utilization or the metabolic fate of protein and lipids towards glycogenesis (Soares et al., 2013; Li et al., 2022). On the contrary, Xu et al. (2023) reported an improvement in the hepatic condition of largemouth bass (Micropterus salmoides) fed a diet containing fermented LE meal at 5%, even though these results are not directly comparable to the current study due to the different levels of inclusion and the nature of the tested LE meal. This fact highlights the importance of the use of pre-processing or pre-treatments to facilitate the use of certain novel or alternative raw materials with nutritional potential and an adequate production volume to be introduced into the basket of raw materials available for aquafeed production, as occurred with some plant protein sources (Drew et al., 2007; Siddik et al., 2024).

On the other hand, no significant alterations were observed in blood biochemical and hematological parameters among the experimental groups, with values within the normal range for this fish species (Manera and Britti, 2006; Kopp et al., 2011; Coşkun et al., 2016). These results indicated that a high inclusion of mushroom meals up to 30% in the diets for rainbow trout did not compromise the nutritional and metabolic condition of fish as indicated by plasmatic values of glucose, protein and triglycerides. In addition, plasmatic electrolytes were stable among dietary groups with no effects on plasma homeostasis (Mozanzadeh et al., 2016; Parma et al., 2020). In this sense, levels of plasma electrolytes have also been used as indicators of the secondary stress response in fish (Guardiola et al., 2018; Hrubec et al., 2000), and under the current experimental conditions, the similar values found among groups might support their similar physiological conditions regardless of the tested diet. Furthermore, the lack of differences in the levels of non-specific plasmatic enzymes, which are generally considered useful health biomarkers since their elevated levels may indicate tissue damage or metabolic disorders (Peres et al., 2013; Klein et al., 2020), suggested that the high levels of dietary inclusion of mushroom meals were safe for rainbow trout.




5 Conclusions

Results from the present study indicated that for total AAs released in vitro, the AB meal shows similar values to FM. However, when expressing the total AAs released relative to mushroom meal content in % CP, the PO meal presents the higher values, since it contains only 10.8% CP versus 21.1% and 31.5% of AB and LE meals, respectively. Regarding their in vivo digestibility, the overall ADCs of the three meals were high, with the PO and LE diets showing comparable ADC values to the CTRL diet, whereas the AB diet displayed the lowest digestibility values. In terms of the effect of the three mushroom meals on KPIs, the dietary inclusion of mushroom meals (30% of the diet) did not compromise rainbow trout growth performance, feed utilization, somatic indices, blood parameters, plasmatic biomarkers, digestive enzyme activities or the whole-body proximate composition. However, the inclusion of the LE meal in the diet increased the hepatic glycogen and lipid deposition, which might be attributed to the changes in glucose metabolism in the liver. In conclusion, mushroom by-products represent potential ingredients for rainbow trout diets, that may contribute significantly to the current strategy for waste reduction within the mushroom sector and promote a sustainable and circular industry.
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