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Abstract 

The feces of insect larvae, known as frass, are the primary by-product of insect protein 

production. This material is rich in nitrogen sources such as uric acid, chitin, and protein and is 

used as fertilizer or discarded. White-rot fungi produce several enzymes that process and 

metabolize complex organic compounds as carbon and nitrogen sources. These organisms can 

recover this nitrogen and recycle it into protein for animal or human consumption. In this work, we 

studied the effect of frass on the mycelial growth of three edible mushroom species: Flammulina 

filiformis, Lentinula edodes, and Pleurotus ostreatus. Strains were cultured in various liquid media 

with different carbon and nitrogen sources, including frass, and the uricase, proteases, laccase, and 

chitinase enzyme activities were quantified to assess their preferences for nitrogen sources. The 

results show that all strains can grow using frass as a carbon and nitrogen sources. Enzyme activity 

profiles revealed that all strains exploit frass using laccase and chitinase. However, only  

P. ostreatus and F. filiformis show a high uricase activity in frass-based cultures. Additionally, all 

strains exhibited some protease activity that might actively release amino acids from frass. Our 

results indicate that frass is a valuable nitrogen source for the assayed fungal strains and that the 

nitrogen foraging strategies depend heavily on species. 
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Introduction 

The growing use of filamentous fungi to recycle by-products from different industries and 

generate new products (e.g., food, dyes, enzymes) is a crucial way to achieve an eco-friendly and 

sustainable economy (Barzee et al. 2021, Wikandari et al. 2022, Wang et al. 2023). The reason 

fungi can transform different substrates is their versatile and efficient extracellular enzyme system 

(Subash et al. 2005). Studying the exploitation of different substrates by filamentous fungi not only 

contributes to sustainable development but also to the general knowledge of fungal physiology and 

provides tools for optimizing industrial fermentation processes.  
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Evolution in challenging environments has prompted the broad and versatile physiological 

mechanisms for nutrient acquisition in fungi. Filamentous fungi can use diverse carbon and 

nitrogen sources and possess different sensing systems to recognize nutrients or other molecules 

that regulate their enzymatic secretory system (Rutherford 2011, Martín et al. 2019). White-rot 

fungi, a heterogeneous group within Agaricomycetes, secrete oxidases and peroxidases that decay 

carbon sources such as lignocellulose facilitating access of glucanases to cellulose (Sánchez 2009) 

and even to the nitrogen fixed into complex phenolic substances or other compounds (Sinsabaugh 

2010). These fungi can also assimilate nitrogen from various sources, including nitrate, ammonium, 

or amino acids, as well as more complex organic compounds. Some can even produce uricase and 

exploit uric acid as a nitrogen source (Din & El-Fallal 1996). Most are also proteolytic and can 

hydrolyze proteins to liberate utilizable amino acids for growth (Sabotič et al. 2007). In addition, 

like other basidiomycetes (Lindahl & Finlay 2005, Maillard et al. 2023), white-rot fungi can use 

different complex organic compounds, including chitin as a nitrogen source (Karlsson et al. 2016). 

Insect farming, especially using Tenebrio molitor L., is an emerging industry that provides an 

alternative source of protein for human consumption (Kröger et al. 2022). This production 

generates by-products such as frass, which consists of a mixture of larval excrement, undigested 

organic waste, and shed exoskeletons (Montalbán et al. 2022, Fuertes-Mendizábal et al. 2023). The 

chemical composition of frass includes a variety of organic and inorganic compounds (Fuertes-

Mendizábal et al. 2023, Muñoz-Seijas et al. 2024), making it a rich source of nutrients for different 

organisms. For this reason, frass has been employed as a crop fertilizer for its positive effects on 

soil microbiota and plant growth (Beesigamukama et al. 2020, Schmitt & de Vries 2020, Menino et 

al. 2021). The possibility of using frass as a nutrient source for edible fungal species would 

represent an interesting option for recycling the nitrogen retained in this residue. 

The white-rot fungi Pleurotus ostreatus Jacq., Lentinula edodes (Berk.) Pegler and 

Flammulina filiformis (Z.W. Ge, X.B. Liu & Zhu L. Yang) P.M. Wang, Y.C. Dai, E. Horak & Zhu 

L. Yang are species of high economic importance due to their culinary value and industrial 

applications. Investigating new nitrogen sources derived from by-products to enrich substrates for 

edible mushroom production could contribute to the industrial revalorization of these residues and 

improve our understanding of mushroom nutrition (Grimm et al. 2021).  

The complex mixture of compounds that constitutes frass, including uric acid as the main 

excretion compound of insects, makes it a perfect candidate for its revalorization as a substrate for 

mushroom production. To assess wether the strains of these fungi can use uric acid as a nitrogen 

and carbon source from frass, we cultured them in a liquid medium containing frass and uric acid 

without additional nitrogen and carbon sources. To achieve the objectives and test the hypothesis, 

we measured the biomass growth and the activity of different enzymes involveed in carbon and 

nitrogen metabolism. We compared strains' specific extracellular enzyme profiles to understand 

their physiological differences and specific substrate exploitation abilities. The goal of this work is 

to assess whether P. ostreatus, F. filiformis, and L. edodes strains are capable of using frass as 

nitrogen and carbon sources and which enzymatic strategies they deploy in this process.  

 

Materials & methods 

 

Fungal strains and culture conditions 

Strains of Flammulina filiformis IS4, Lentinula edodes IS7, and Pleurotus ostreatus IS17, all 

available at the Innomy Strains Culture Collection, were grown in the basal medium (BM) 

proposed by Galvagno (1976) and modified by Kuhar & Papinutti (2014). Five conditions were 

used in liquid media: basal medium with 10 g⋅L-1 glucose and 4 g⋅L-1 asparagine henceforth (GA), 

basal medium with 17 g⋅L-1 frass and 10 g⋅L-1 glucose (GF), basal medium with 17 g⋅L-1 frass (F), 

basal medium with uric acid and 10 g⋅L-1 glucose (GU), and basal medium with 2,52 g⋅L-1 uric acid 

(U). To balance nitrogen levels across conditions, we used the nitrogen content of the GA medium 

as a reference. We balanced the nitrogen content in frass according to Houben et al. (2020) and the 

nitrogen in uric acid, taking into account the centesimal composition of this compound. Cultures 
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were established in triplicate in erlenmeyer flasks containing 100 mL of medium, inoculated with 

one agar disk with mycelium grown on agar plates on malt extract, and incubated at 28∘C for 35 

days. After the incubation, we sampled 1 ml of supernatant for enzyme activity quantification and 

recovered the mycelium for biomass gravimetric determination. The supernatants were stored in 1.5 

ml eppendorf tubes at -20∘C. The harvested mycelium was dried at 65∘C for 48h to record the dry 

weight.  

 

Enzyme activity measurements 

We measured enzyme activities spectrophotometrically. Absorbances were measured using a 

Shimadzu© UV/VIS UV-1280 spectrophotometer. Laccase activity was measured by monitoring 

the change in absorbance at 469 nm due to 2,6-methoxyphenyl (2,6-DMP) oxidation, according to 

Paszczynski & Crawford (1991). The assay mixture contained 2.5 ml of 2,6-DMP (Sigma-

Aldrich®) 5 mM and 30 μl of supernatant. The enzyme activity was calculated using the molar 

extinction coefficient (ε=49.6/mM cm) as follows: 

 

  

 

Protease activity was measured by the change in absorbance at 440 nm due to the breakdown 

of azocasein and the consequent release of sulphanilic acid following the provider's instructions 

(Megazyme®).  

Uricase activity quantification was performed following the decrease in absorbance at 292 

nm due to the enzymatic oxidation of urate, according to Pineda et al. (1984). The assay mixture 

contained 2.5 ml of Tris-HCl 100 mM (pH 9), urate 50 μM (Uric acid - ≥99%, crystalline, Sigma-

Aldrich®), and 50 μl of supernatant. The absorbance was measured immediately after adding the 

supernatant and two hours later.  

Chitinase activity was assessed according to Olander & Vitousek (2000). This enzyme breaks 

down the p-NP-N-acetyl—ß-D-glucosaminide, releasing p-nitrophenol. After adding NaOH, the 

reaction stopped, and pNP was estimated by measuring absorbance at 410 nm. 

Enzyme activity profiles were described as relative activity in frass-containing media, 

calculated as the averages for all studied enzymes, and expressed as enzymatic milli-units (mUE) 

per g of total mycelial biomass. 

 

Statistical analysis 

Statistical comparisons of growth and enzyme activities across different culture media were 

performed for each strain separately. The analyses were carried out using the RSat tudio software v. 

2023.06.1+524. Data were analyzed by one-way ANOVA followed by Tukey’s test with a 95% 

confidence interval to establish significant differences between biomass production and enzyme 

activity. The results were considered significant when the p-value was <0.05.  

 

Results 

The three tested strains exhibited significantly higher mycelial growth in GF than other media 

and showed no growth on U medium (Fig. 1, a-c). Despite the lower growth rate, differences 

between media and species were observed. All strains were able to grow in the medium containing 

only frass as a source of carbon and nitrogen (F), achieving a similar mycelial mass to that 

observed in GA and the GU. The exception was L. edodes, which displayed significantly faster 

growth in F compared to both GA and GU (Fig. 1). Although all strains thrived in the F medium, 

the biomass produced was lower, at approximately 40-45% of the mass achieved in GF. 

All evaluated enzymes exhibited activity in all strains and media where mycelial growth 

occurred. Significant differences in laccase, chitinase, and/or uricase activities were recorded 

among different media for most strains (Fig. 1, d-f). However, no differences in protease activity 

were observed across strains in the different media. Laccase and chitinase activities were higher in 
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media containing frass (F or GF) compared to other media. Nevertheless, these differences were not 

always statistically significant. 

 

Fig. 1 – Growth and enzyme activities of F. filiformis, L. edodes, and P. ostreatus in the different 

media. The letters above the columns correspond to Tukey’s test with a 95% confidence interval.  
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Fig. 2 shows a heat map of the specific enzyme activities and suggests that they do not 

exactly mirror the overall pattern. Since specific activities take into account the biomass reached by 

the cultures, inferences on regulation based on this parameter are less biased by mycelial growth. 

The specific activity of uricase was found to be high in all strains (Fig. 2). This high activity was 

consistent with the overall enzyme activity for F. filiformis, which showed elevated levels across all 

media, and for P. ostreatus, in which higher levels were observed in GF and F. In contrast, for L. 

edodes, although the overall activity was significantly higher in F, the specific activity remained 

equally high across all media. 

 

 

Fig. 2 – Heat map of the specific enzyme activity profiles of F. filiformis, L. edodes, and  

P. ostreatus in each culture medium. 

 

The specific activity of protease (Fig. 2) aligned with the overall activity observed for  

F. filiformis and P. ostreatus, as the range of values was similar across all media. However, in the 

case of L. edodes, the specific activity was much higher in the GA and GU media, despite the 

overall activity being similar across the media. The specific activity of laccases was consistent with 

the overall activity observed in F. filiformis, which showed higher levels in both frass media. 

Similarly, L. edodes, and P. ostreatus exhibited high specific laccase activity in media containing 

frass. However, both strains also demonstrated elevated specific laccase activity in GU, even 

though their overall enzyme activity values in this media were significantly lower than those in 

media containing frass. The specific activity of chitinase was similar in the three strains across all 

media, and the differences detected in overall enzyme activity in media with frass were not evident. 

Only F. filiformis showed slightly higher chitinase-specific activity in Frass but not in GF. 

Fig. 3 shows the enzyme profiles in star diagrams to compare the general strategies of 

nutrient exploitation displayed by our strains. The enzyme profiles derived from the raw activity 

data revealed that the strains differed in response to the presence of glucose in the frass-containing 

media. When growing on GF, the protease and chitinase activities of F. filiformis were 

considerably high. Additionally, P. ostreatus showed higher laccase activity in the same medium, 

while L. edodes had elevated uricase activity compared to the other strains. 

In contrast, in the F medium without glucose, the relative activities of laccase and uricase in 

P. ostreatus increased remarkably. The chitinase activity of F. filiformis remained high, but its 

protease activity decreased to levels similar to those observed in the other two strains. The  
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L. edodes strain displayed the least variation between the two media. These results demonstrate the 

varying exploitation profiles of the same substrates by different species and highlight how the 

presence of a single component can influence enzyme activity. 

 

 
 

Fig. 3 – Enzyme activity profiles of F. filiformis, L. edodes, and P. ostreatus on culture media 

containing Frass. 

 

Discussion 

Although our goal was not to statistically compare the enzyme production among strains, a 

high variability in physiological responses was observed, accounting for the diverse enzymatic 

strategies fungi use to exploit substrates.  This is evident even between closely related species, 

reflecting either different enzyme repertoire, or variable induction patterns of specific enzymes 

(Benoit et al. 2015). The complexity of nutrient combinations differs between natural and artificial 

media. Therefore, results from laboratory experiments should be interpreted cautiously to avoid 

extrapolating them to the behavior of species in nature. Under controlled conditions, fungi 

cultivated in the lab on different culture media exhibit differences in growth, morphology, and 

sporulation behavior (Sharma & Pandey 2010). While the enzyme activities quantified in our 

assays respond to the various nutrient sources available, the   nitrogen assimilation strategies 

employed by these fungi cannot be directly compared with those deployed on their natural 

substrates, as our analysis was conducted for biotechnological purposes. 

As mentioned in the introduction, frass is a complex mixture. This complexity is likely the 

reason for the enhanced growth observed in the medium that combined frass and glucose. Frass not 

only serves as a nitrogen source, providing additional growth benefits, but it can also act as a 

unique carbon source, showing growth rates comparable to or even exceeding those of media 

containing glucose alongside asparagine or uric acid. Furthermore, the higher growth achieved by 

L. edodes using frass as a unique carbon and nitrogen source compared with its biomass on basal or 

uric acid media suggests that frass constitutes a superior source of these two nutrients for this 

species of Lentinula.  

Frass contains around 2.5 nitrogen (Muñoz-Seijas et al. 2024) distributed across different 

nitrogen sources such as uric acid, chitin, and protein (Fielding et al. 2012, Jacquiod et al. 2013, 

Watson et al. 2021). Uric acid is degraded by uricases by some fungi capable of utilizing it as a sole 

nitrogen source (Lee et al. 2013, Chitty & Fraser 2017). Our results show that the growth values of 

each tested strain are similar in basal medium and uric acid with glucose. This suggests that tested 

strains can use uric acid as a nitrogen source similar to asparagine in the assay conditions. 
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However, we recorded unique uricase activity in the P. ostreatus strain growing in F and GU 

media. Although there are some studies suggesting that the stimulation of uricase production might 

be independent of the source of nitrogen in the medium (e.g. Moradpour et al. 2022), it appears that 

in our assays the presence of uric acid may have an inductive effect on uricase activity.  

Apparently, uric acid stimulates the uricase activity, which is congruent with other studies 

(e.g. Geweely & Nawar 2011). As mentioned above, frass contains a significant amount of chitin. 

Fungi feeding on wood can use chitin as a nitrogen source by producing chitinases to degrade 

mycelia from the same or other species (Lindahl & Finlay 2006). Moreover, an experiment on soil 

samples by adding frass showed a positive correlation between chitinase activity and fungal 

biomass (Watson et al. 2024). We meassured chitinase activity in all media in each tested strain, 

suggesting they can use chitin as a nitrogen source. However, specific activity did not reveal 

stimulation of enzymatic production by chitin.  

Some authors have suggested that the protein fraction of frass constitutes a more significant 

mineralizable nitrogen source than chitin, which is metabolized by fungal proteases (Geisseler et al. 

2010, Watson et al. 2021). It is known that protease activity depends on culture conditions 

(Dosoretz et al. 1990) and can be repressed by ammonium (Kalisz et al. 1987) or glucose (Leake & 

Read 1991). A complex electrophoretic pattern of differentially induced protease variants has also 

been observed (Staszczak et al. 1996). We reported protease activity in every medium in all three 

strains and, suggesting that proteins in frass can be used as a nitrogen source. However, protease 

activity seems independent of the culture medium since no significant differences were observed 

among the various media. Nitrogen starvation conditions must be tested to determine 

whetherprotease activity responds differently under these conditions.  

Regarding the exploitation strategy, P. ostreatus shows an oxidative profile (laccase + 

uricase), especially in the absence of glucose, which might reflect catabolic repression of these 

enzymes, and a tendency to maintain a significant laccase activity, which might be either 

constitutive or a result of certain toxicity exerted by frass. It can also modulate the uricase activity 

without glucose as a carbon source.  In the case of F. filiformis, the strategy seems to be oriented 

towards hydrolytic (chitinase - protease) activities, while L. edodes shows an intermediate situation 

compared with the others. 

In addition to the nitrogen sources exposed here, some authors have argued that peroxidases 

and other ligninolytic enzymes such as laccase released by fungi could be another way to obtain 

nitrogen from humic complexes in frass (Sinsabaugh 2010, Watson et al. 2024). Humic acids are 

nitrogen-rich substances (Paul & Clark 1989), and they can undergo transformation mediated by 

fungal laccases (Grinhut et al. 2007), thereby releasing nitrogen available for absorption by the 

fungus. In this study, we observed high laccase production in both frass media. Since both media 

lacked a nitrogen source, it suggests that tested strains use the aforementioned method to acquire 

nitrogen. Although laccase activity was higher in media with frass, especially in F. filiformis, as 

indicated by specific activity, this is probably explained by a higher fungal growth. An activity 

pattern highly dependent on the nutrient source is observed for laccases, which contrasts with the 

more stable response of uricase to medium composition and the intermediate situation for proteases 

and chitinases. Given the diversity of compounds that can stimulate laccase production 

(Kachlishvili et al. 2006, Stajić et al. 2006, Eugenio et al. 2009), it is challenging to hypothesize a 

possible induction scheme. 

According to the evidance shown in this study, we conclude that frass can potentially 

constitute an interesting nitrogen source to cultivate F. filiformis, L. edodes, and P. ostreatus. Thus, 

it is possible to elaborate plans to revalue frass for biotechnological development with strains of 

these species. Consistent with other similar studies, our work demonstrated that enzymatic profiles 

vary among fungal strains, even within the same physiological group. This implies that each case 

must be individually evaluated to develop effective biotechnological processes involving 

filamentous fungi. This work provides insights into fungal ecophysiology and the potential 

biotechnological applications of fungi to repurpose byproducts from the insect protein industry.  
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