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Abstract. This research was conducted by growing three species of white-rot 
fungi (Coriolus versicolor, Lentinus edodes and Pleurotus ostreatus) on twelve 
formulations of solid substrates using mixtures of different lignocellulosic ma-
terials, calcium carbonate salts and copper sulphate (II). The objective of this 
study was to propose a mathematical model to describe the biomass growth, 
lignocellulolytic enzymes biosynthesis, production and consumption of reduc-
ing sugars, consumption of cellulose and hemicellulose, and lignin degradation. 
The three species of fungi grew well on all substrate formulations. The response 
obtained was evaluated by the titles of all enzymatic activities for several com-
binations fungus – substrate. C. versicolor had the highest capacity to degrade 
lignin, cellulose and hemicellulose for all combinations, with 65% as the maxi-
mum lignin degradation for F1 combination, and 43% cellulose degradation for 
F9 combination. The mathematical model proposed for C. versicolor consisted 
of eleven differential equations to describe the behavior of the cultivation  
system from the experimental data of all the resulting combinations in order to 
obtain the largest capacity degradation of lignocellulosic substrates by the  
fungus. In this work, we present the modeling results for combination F9 fun-
gus – substrate combination, which showed the best behavior related to the de-
gradation of lignocellulosic materials used. The results obtained demonstrated 
that the model proposed represents a powerful tool to design solid-substrate 
fermentation processes. 

Keywords: White-rot fungi, Lignocellulolytic enzymes, Degradation of ligno-
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1 Introduction 

The mathematical modeling of the kinetics of white rot fungi growth plays a crucial role 
for the design and scale-up of solid-state fermentation processes using macromycetes. 

                                                           
* Corresponding author. 
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The most reported models are linear, logistic, and two-phase model (growth acceleration 
and deceleration) [15], although these models do not include the effect of the concentra-
tions of the components of the culture medium on the growth [2; 10; 17]. The mathe-
matical expressions used to describe the synthesis of different products depend on the 
type of the metabolite synthesized. In general, the simplest expressions are intended 
for primary metabolites considering that their production is directly linked to the bio-
mass growth. Currently, there are not available mathematical models describing nei-
ther the growth of macromycetes nor the production of different valuable compounds 
from them. This difficulty arises due to the fact that each one of these fungi is affected 
by specific intrinsic and extrinsic factors as the physical features and chemical com-
position of the culture media, origin of the fungal strains, environmental conditions, 
and the slow growth rate as compared to microfungi. 

The objective of this work is to propose and validate a mathematical model to de-
scribe the biomass growth of one macromycetes strain as well as the synthesis of 
lignocellulolytic enzymes by this fungus, the production and consumption of reducing 
sugars, the consumption of cellulose and hemicellulose, and the lignin degradation 
under solid-state fermentation conditions. 

2 Methodology 

Three basidiomycetes species were employed for production of lignocellulolytic en-
zymes by solid-state fermentation: Lentinula edodes CICL54 provided by the Nation-
al Coffee Research Center, Cenicafé (Chinchiná, Colombia), Coriolus versicolor 
PSUWC430 provided by Pennsylvania State University, USA, and Pleurotus ostrea-
tus UCC001 from the internal collection of Universidad de Caldas. The strains were 
extended on potato-dextrose-agar (PDA) and maintained under refrigeration at 4ºC 
with periodic transfers. The three species of white-rot fungi were grown on twelve 
formulations of solid substrates (F1 to F12) using mixtures of different lignocellulosic 
materials, calcium carbonate salts and copper sulphate (II). The substrates were 
packed in polypropylene bags and tyndallized. The moisture content was adjusted 
according to the development requirements of each species. The bags containing the 
substrate were aseptically inoculated with 4% (wet basis) of spawn. The following 
variables were measured during the fermentation by taking samples from the bags: 
fungal biomass, reducing sugars, cellulose, hemicellulose, lignin, laccase activity, 
manganese peroxidase activity, endoxylanase activity, endoglucanase activity, exog-
lucanase activity, and β-glucosidase activity. 

The extracts for determination of cellulolytic and ligninolytic enzymatic activities 
were obtained from 1 g substrate in 12 mL of sterile neutral distilled water treated by 
ultrasound for 5 min and agitation for 10 min with subsequent filtration and centrifu-
gation. The endo-1,4-β-D-glucanase activity (EC 3.2.1.4) was determined by using 
carboxymethyl cellulose (CMC) as described by Montoya [11]. The exo-1,4-β-D-
glucanase activity (EC 3.2.1.91) was determined using crystalline cellulose, and the 
endo-1,4-β-D-xylanase activity (EC 3.2.1.8) was determined on xylan [11]. These 
reactions were stopped by adding dinitrosalicylic acid (DNS) [7]. The β-glucosidase 
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activity was determined by the reaction with p-nitrophenyl β-D-glucopyranoside also 
as described by Montoya [11]. The laccase activity (EC1.10.3.2) was determined by 
using 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) according to 
[13]. The manganese peroxidase (MnP) activity (EC 1.11.1.13) was determined by 
using manganese sulfate with hydrogen peroxide [12]. 

The basidiomycetes fungi, as those ones used in this work, contain chitin in their 
cell wall so the fungal biomass in the solid substrates was indirectly estimated by the 
determination of N-acetyl-D-glucosamine (NAGA), the structural unit of chitin, after 
the hydrolysis with 6N HCl according to the method of Plassard et al. [14]. The con-
tent of cellulose, hemicellulose, and lignin in the substrates was determined for each 
one of the formulations used for cultivation of the three species studied as well as the 
soluble fraction of the fiber. For this, the results of the determination of neutral deter-
gent, acid, and lignin-acid fiber were used [3]. The concentration of reducing sugars 
as glucose was quantified by the DNS method [7]. 

Several mathematical expressions were proposed and tested in order to perform the 
modeling of fungal growth and enzyme production under solid-state fermentation 
conditions. The models comprise different systems of ordinary differential equations, 
which were solved by using the software Matlab® 2010b (MathWorks, USA). For 
this, the function ode42 based on an explicit Runge-Kutta formula (4,5) using a Dor-
mand-Prince pair [1] was employed as well as the function ode15s based on a varia-
ble-order formula that utilizes a numerical differentiation. 

3 Results and Discussion 

The three species of fungi grew well on all substrate formulations. The response ob-
tained was evaluated by the titles of all enzymatic activities for several combinations 
fungus – substrate. C. versicolor had the highest capacity to degrade lignin, cellulose 
and hemicellulose for all combinations, with 65% as the maximum lignin degradation 
for F1 combination, and 43% cellulose degradation for F9 combination. 

A mathematical model composed of 11 differential equations (see Table 1) was 
proposed in order to adjust the experimental data of all the cultivations performed on 
the different substrate formulations for the fungus C. versicolor, since it was the ma-
cromycetes with the highest capacity for degrading lignocellulosic components (cellu-
lose, hemicellulose, and lignin) of the three species studied. In this work, the results 
for the formulation 9 (F9) are presented considering that this cultivation medium 
showed a better behavior regarding the degradation of the lignocellulosic matrix com-
pared to the other 11 formulations. The results for the rest of formulations are not 
shown because of space limitation. The adjustment of the experimental data to the 
mathematical model was evaluated through F-test comparing the variance of the resi-
duals between the experimental data and the data calculated by the model, and the 
variance of the experimental series. This test was applied for all the modeling results 
and all the experimental data corresponding to the formulations F1 to F12 for C. ver-
sicolor. The performed test enabled to prove the validity of the model used in terms of 
the best representation and description of the experimental data obtained.  
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Table 1. Mathematical model to describe the production of biomass and lignocellulolytic en-
zymes, and consumption of lignocellulosic matrix 

 

The proposed equation to describe the biomass growth (equation 1) corresponded 
to the logistic equation modified by Mitchell et al. [8]. To describe the variation of 
reducing sugars with the time (equation 2), a constant production factor that affects 
the biomass growth rate derivative was considered taking into account that the sugars 
are consumed by the fungus as an energy source for it to grow. The data fit was better 
than if the factor would affect the biomass concentration itself instead of the biomass 
growth rate. For lignin degradation and the consumption of hemicellulose and cellu-
lose, the expressions (equations 3, 6, and 8) are depending on the specific activities of 
the enzymes responsible for the degradation of each one of these substrates. The vari-
ation of the specific enzymatic activities (the equivalent of the concentration for en-
zymes) were considered to be dependent on the corresponding substrate concentration 
and biomass growth rate with an inhibition factor linked to the reducing sugars con-
centration (for the two cellulases and the xylanase), and to the lignin concentration 
(for the two ligninases) as can be seen in equations (4), (5), (7), (9), and (10). The 
inhibition of ligninolytic enzymes could be explained to the presence of intermediary 
compounds formed during the fermentation or by high lignin concentrations [16]. 
Although there is still no certainty of the causes of this inhibition, the experimental 
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