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ABSTRACT: The xylanolytic enzyme complex hydrolyzes xylan, and these enzymes have various industrial applications. The goal 

of this work was to characterize the endoxylanases produced by the thermophilic fungus Rasamsonia emersonii in solid-state cultivation. 

Tests were carried out to evaluate the effects of pH, temperature, glycerol and phenolic compounds on enzyme activity. Thermal 

denaturation of one isolated enzyme was evaluated. The crude extract from R. emersonii was applied to breakdown pretreated sugarcane 

bagasse, by quantifying the release of xylose and glucose. The optimum pH value for the crude enzymatic extract was 5.5, and 80 °C was  

the optimum temperature. Regarding the stability 

of the crude extract, the highest values occurred 

between the pH ranges from 4 to 5.5. Several 

phenolic compounds were tested, showing an 

increase in enzymatic activity on the crude extract, 

except for tannic acid. Zymography displayed four 

corresponding endoxylanase bands, which were 

isolated by extraction from a polyacrylamide gel. 

The thermodynamic parameters of isolated 

Xylanase C were evaluated, showing a half-life 

greater than 6 h at 80 °C (optimum temperature), 

in addition to high melting temperature (93.3 °C) 

and structural resistance to thermal denaturation. 

Pretreated sugarcane bagasse breakdown by the 

crude enzymatic extract from R. emersonii has 

good hemicellulose conversion to xylose. 

Hemicellulose enzymatic bioconversion by endoxylanases from fungus 
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1. Introduction 
 

The negative effects resulting from the growing 

demand for fossil fuel energy have mobilized the 

international community in the search for renewable 

fuels1,2⁠. An alternative is the use of biofuels, and, 

among them bioethanol, or second-generation ethanol 

(2G), obtained by the fermentation of sugars present in 

plant residues3,4⁠. 

The plant cell wall matrix is lignocellulosic and 

composed of cellulose fibrils with a protective layer of 

hemicellulose and lignin. Covalent bonds ensure cell 

wall rigidity and high resistance to microbial 

degradation5. Cellulose is the primary constituent6⁠, 

followed by hemicellulose, which is composed by 

different linked monomers, resulting in a branched 

heteropolysaccharide. These monomers include 

pentoses (D-xylose, L-arabinopyranose, L-

arabinofuranose), hexoses (D-glucose, D-mannose, D-

galactose), hexuronic acids (D-glycuronic, D-4-O-

methylglycuronic, D-galacturonic) and deoxyhexoses 

(L-rhamnose and L-fucose)7 ⁠. Xylan, a polymer of D-

xylose, is the primary polymer constituent of 

hemicelluloses. 

Xylanases degrade xylan by hydrolyzing the β 1,4 

glycosidic bonds producing xylooligosaccharides 

(XOS) and β–xylosidases convert them to xylose. 

However, xylan has more structural complexity, 

containing β-D-xylopyranoside residues linked by 

β 1,4 glycosidic bonds associated with other sugars, 

forming glucuronoxylans, glucuronoarabinoxylans, 

glucomannans, arabinogalactans and 

galactoglucomannans8⁠. Because of this heterogeneity, 

their complete hydrolysis requires several enzymes 

acting synergistically to convert their disaccharides and 

constituent monosaccharides into its subunits9,10⁠. 

Industry uses enzymes of the xylanolytic complex 

in different processes. For example, the paper industry 

uses enzymes in the bleaching stage to replace 

chlorine, as they promote the removal of xylan linked 

to the lignin, facilitating the bleaching of lignin11⁠. They 

are also used in the pretreatment of arabinoxylan found 

in the substrate in beer production, reducing the 

viscosity and facilitating the process of filtration. These 

enzymes are employed in the production of bread, by 

increasing the volume of the product, making the 

dough soft and loose12 ⁠. 

Filamentous fungi are the major producers of 

enzymes of the xylanolytic complex, followed by 

macromycetes, bacteria, seaweed and some 

germinating plant seeds8 ⁠. Fungal enzymes for 

biotechnological purposes can be produced in two 

main ways: by cultivation in solid-state (CSS) or by 

submerged culture (CSm). The CSm is characterized 

by the high availability of free water in the culture 

medium13⁠. To promote the aeration necessary for the 

growth of filamentous fungi, it is necessary to agitate 

the culture medium, but the constant agitation during 

the growth of the mycelium can cause morphological 

changes in the microorganism14⁠, resulting in changes in 

the metabolite production. 

Cultivation in solid-state is carried out without the 

presence of free water, and with the humidity 

necessary for fungal growth15 ⁠, the material is incubated 

and the product is recovered at the end of the process. 

The solid substrate provides better conditions for 

mycelial growth and is similar to the natural 

environment of fungi, requiring a lower demand of 

energy16⁠. Aeration of the medium does not require 

agitation when the fungus contact surface with the 

substrate is assured. 

The biodegradation of xylan by enzymes from the 

xylanolytic complex allows to obtain several products, 

such as xylitol, xylooligosaccharides (XOS) and 

xylose8,17⁠. In recent years, the use of these enzymes in 

saccharification of plant biomass has gained 

prominence, since in combination with other enzymes 

they facilitate the release of monosaccharides from the 

hemicellulose polymer, thus, yeasts can metabolize 

them for the production of second generation ethanol4⁠. 

The enzymatic attack on the lignocellulosic material 

allows the conversion of polymers into carbohydrate 

monomers. For an efficient degradation, it is necessary 

to overcome the structural barrier of this material, and 

for that pretreatment strategies are adopted. Several 

options can be used; the main ones are physical, 

chemical and biological pretreatment. Also, the 

combination of these processes is described as more 

efficient in removing the noncellulosic fraction18⁠. 

Physical pretreatment (grinding, radiation, or heat 

treatment) is responsible for decreasing polymerization 

of the material, increasing the surface area. Among 

thermal methods, high temperatures are required, the 

biomass is mixed with water and are heated to the 

desired temperature and held at the pretreatment 

conditions for a controlled time before being cooled19⁠. 

Higher temperatures require shorter treatment times, 

while lower temperatures require longer treatment 

times. In this context, it would be helpful to use 

thermostable enzymes for the next hydrolysis step, 

thus, the pretreated material could be hydrolyzed at 

high temperatures, saving refrigeration resources. 

This study describes a biochemical characterization 

of endoxylanases from the crude extract of the 

thermophilic fungi Rasamsonia emersonii. In addition, 

it was investigated the effectiveness of this crude 
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extract to hydrolyze pretreated sugarcane bagasse to 

release products, like glucose and xylose. 

Endoxylanases isolation and the analysis of 

thermostability for the enzyme with the highest activity 

towards xylan were also carried out. 

 

2. Experimental 
 

2.1 Materials 
 

All chemicals and solvents used for the procedures 

were analytical grade. 

 

2.2 Enzyme production by R. emersonii S10 by 

solid-state cultivation 
 

The thermophilic fungus R. emersonii S10, isolated 

and identified by a previous work20⁠, was cultivated on 

Sabouraud dextrose agar. From this agar, 20 disks of 

1 cm in diameter were extracted and cultivated at 55 °C 

for 6 days in individual polypropylene bags containing 

5 g (1:1:1 w/w) of sugarcane bagasse, wheat bran and 

corn straw, these were previously washed on distilled 

water and dried at 47 °C until constant weight. To each 

bag were added 20 mL of nutrition solution (3.5 g L–1 

of (NH)4SO4, 3 g L–1 of KH2PO4, 0.5 g L–1 of CaCl2, 

0.5 g L–1 of MgSO4-7H2O and 10 g L–1 of tween 80) at 

pH 5.0. 

To prepare the enzyme extract, 50 mL of deionized 

water was added, and the plastic bags were placed on 

an orbital shaker at 150 rpm for 40 min. The liquid 

extract containing the enzymes was transferred from 

the bag and it was vacuum filtered through a 0.45 μm 

nylon membrane. Subsequently, the filtrate was 

centrifuged at 10,000 xg for 30 min at 4 °C. The 

supernatant was the used as crude extract in the 

subsequent procedures. 

 

2.3 Biochemical characterization of xylanases 

from the crude extract 
 

To determine the xylanolytic activity, the sample 

was incubated in 1% (w/v) beechwood xylan at 55 °C 

for 10 min, and for endoglucanase activity, the sample 

was incubated with 4% (w/v) of 

carboxymethylcellulose (CMC) as substrate at 50 °C 

using a 1:9 enzyme:substrate volume ratio21⁠⁠⁠. The 

released reducing sugars reacted with 3,5-

dinitrosalicylic acid (DNS) and the activity was 

quantified using spectrophotometry, being expressed as 

the product concentration change over time (d[P]/dt)22⁠, 

which was linear up to 4 min, time adopted for the 

enzymatic assays. Experiments were carried out using 

a 0.1 mol L–1 acetate buffer pH 5.5, with the exception 

of the determination of the optimal pH. 

All experiments to determine the optimal pH (3.0–

9.5) and temperature (30–90 °C) were conducted in 

three repetitions, and the pH stability of the crude 

extract was evaluated after 24 h of incubation in this 

range of pH, at the optimum temperature. For the 

optimal pH determination, the following buffers 

(0.1 mol L–1) were used: citrate (pH 3.0 and 3.5), 

acetate (pH 4, 4.5, 5.0 and 5.5), MES (pH 6.0, 6.5 and 

7.0), tris (pH 7.5 and 8.0) and glycine (pH 8.5, 9.0 and 

9.5). For the pH stability experiment, the enzyme 

activity was expressed as the relative activity between 

the activity before and after the 24 h treatment. 

The effect of glycerol on the storage conditions of 

the xylanases was evaluated by their activity, 

performing every experiment in triplicate. Three 

aliquots of the crude extract were stored in liquid 

nitrogen (-196 °C), -80 °C freezer, freezer (-20 °C), 

refrigerator (4 °C) and room temperature (25 °C), with 

and without glycerol 50% (v/v). The enzyme activity 

was quantified before and after 24 h of storage. 

 

2.4 Effect of phenolic compounds on the 

xylanolytic activity 
 

The inhibition of xylanolytic activity by phenolic 

compounds was tested on the crude extract at room 

temperature (24 °C). The following compounds were 

tested individually at a final concentration of 10 

mmol L–1: tannic acid, p-coumaric acid, syringic acid, 

gallic acid, ferulic acid, 4-hydroxybenzoic acid, 

vanillin, vanillic acid and syringaldehyde. The 

enzymatic activity was measured and expressed as 

percentage for the solutions incubated for 10 min, 24 

and 48 h. The activity of the enzyme was compared 

with that measured prior to incubation, considered to 

be 100%. 

 

2.5 Sugarcane bagasse pretreatment 
 

The pretreatment was carried out by a combination 

of ozonolysis with an alkaline treatment23⁠. After these 

procedures, the bagasse was either washed or left 

unwashed. The washed bagasse was rinsed several 

times with distilled water. Both washed and unwashed 

treated bagasses were dried in a convective oven at 

40 °C until constant weight. 
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2.6 Enzymatic hydrolysis of sugarcane bagasse 
 

Hydrolysis was performed using an orbital shaker at 

150 rpm in glass flasks with rubber stoppers, 

containing 0.5 g of washed or unwashed bagasses, 

2.5 mL of acetate buffer 0.1 mmol L–1 pH 5.5 and 

2.5 mL of crude extract of R. emersonii containing 

22 U mL–1 of xylanase (or 110 U per g of 

sugarcane bagasse) and 17 U mL–1 of endoglucanases 

(or 85 U per g of sugarcane bagasse). All the tests were 

conducted in three repetitions. 

A preliminary test to determine the optimal time 

and temperature for enzymatic hydrolysis was 

conducted with untreated sugarcane bagasse. The 

untreated sugarcane bagasse was hydrolyzed for 6, 12 

and 24 h at 50, 60, 70 and 80 °C. Maximum hydrolysis 

was observed with 6 h at 60 °C. 

The pretreated sugarcane bagasses, washed and 

unwashed, were hydrolyzed at 60 °C for 2, 4 and 6 h. 

The material was filtered after hydrolysis, and the 

soluble fraction was used for quantification of released 

sugars. Experiments were performed using sugarcane 

bagasse (untreated, washed and unwashed pretreated) 

with 5 mL of 0.1 mmol L–1 pH 5.5 acetate buffer 

(without enzyme extract) as a control of hydrolysis. 

The efficiency in converting hemicellulose (or 

cellulose) was calculated as in Eq. 1: 

% xylose=
c × v × 0.9

m
× 100% (1) 

where c is the concentration (g L–1) of sugars in the 

soluble fraction hydrolyzed, v is the volume in liters of 

soluble fraction and m is the hemicellulose (or 

cellulose) mass in grams. 

 

2.7 Quantification of the sugars from the 

breakdown of the sugarcane bagasse 
 

The procedures were done according to 

Perrone et al.23⁠. The obtained hydrolysates from 

washed and unwashed pretreated sugarcane bagasses 

were analyzed by chromatography. The quantification 

of glucose and xylose were carried out using high-

performance liquid chromatography (HPLC) with a 

pulsed amperometric detector (HPAEC-PAD, Thermo 

Scientific, Dionex, ICS-5000). A Dionex CarboPac 

PA-1 column was used for separation at 25 °C, using a 

flow of 1 mL min–1 with ultrapure water (solvent A) 

and 0.5 mol L–1 NaOH (solvent B). Elution was carried 

from 0 to 12 min with 4.8% of solvent B, and from 12 

to 16 min with 100% of the same solution. Before each 

injection, the sample was diluted and filtered through a 

0.22 µm polyvinylidene fluoride (PVDF) filter unit 

(Merck). 

 

2.8 Electrophoretic profile of endoxylanases 

produced by R. emersonii 
 

Polyacrylamide gel electrophoresis was performed 

on the crude extract. The gel was immersed on 1% of 

triton X-100 at the end of the run to eliminate the 

residual SDS and washed with a 0.1 mmol L–1 pH 5.5 

acetate buffer. 

One vertical strip was separated and used for 

zymogram analysis24⁠. After that, the strip and the 

original unstained gel were put side by side and a strip 

of the gel was cut horizontally to compare the known 

gel isoforms with the zymogram, a technique used to 

isolate other enzymes25⁠. 

The enzymatic activity of the four isolated 

endoxylanase isoforms was analyzed against different 

substrates: the synthetic substrates pNPG (specific for 

β-xylanases) and pNPX (specific for β-glucanases), 

and the natural polymers CMC (for endoglucanases), 

beechwood xylan and oat spelt xylan (for 

endoxylanases). 

 

2.9 Thermodynamic analysis of Xyl_C isolated 

from the crude enzymatic extract of R. emersonii 
 

Among the four isolated isoforms, was selected the 

xylanase that showed the highest affinity for the 

complex substrate, confirming the endoxylanase 

identity for these experiments. 

The thermodynamic analysis of Xyl_C thermal 

denaturation was done using xylan from beechwood at 

the optimum pH. After incubation at each temperature 

samples were cooled in ice overnight, followed by the 

enzyme assay for residual activity. The calculation of 

the activation energy Ea, the temperature coefficient 

Q10, half-life T1/2 and other parameters of the enzyme 

related to the thermal denaturation, including the 

activation energy Ea(D), melting temperature Tm, ΔH(D), 

ΔG(D) and ΔS(D), followed the method proposed in the 

literature26,27⁠ and done in previous studies with other 

enzymes28,29⁠. The irreversible denatured “I” state is 

evaluated using the model N ↔ D → I, where N 

represents the native conformation and D the reversible 

denatured conformation. 
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3. Results and discussion 
 

3.1 Production and biochemical characterization 

of endoxylanases on the crude extract produced 

by R. emersonii 
 

The production of endoxylanases by R. emersonii 

on solid state cultivation was 473.86 U g–1 after 144 h 

of cultivation at 55 °C. The substrate combination of 

equal amounts of sugarcane bagasse, wheat bran, and 

corn straw (w/w) results on a complex carbon source. 

The protein expression changes, as recorded for 

R. emersonii, with different culture media. This fact 

can be a mechanism directly or indirectly based on the 

accumulation in the medium of the products and 

substrates on which the enzymes are working and 

which will influence their induction30⁠. 

When analyzing the chemical composition of 

substrates used to induce xylanase production, it could 

be inferred that the combination of various substrates, 

such as sugarcane bagasse, corn straw, and wheat bran, 

is successful due to the heterogeneity of the 

composition to which the fungus was subjected. Corn 

straw has higher xylan values than the stalk of the 

plant, with 26.8% xylan in the straw versus 19.4% 

xylan in the stalk. In contrast, proteins constitute 1.2% 

in the fiber and 3.4% in the stem31⁠. Sugarcane bagasse 

has a characteristic chemical composition that is high 

in cellulose, hemicellulose and lignin, while overall ash 

values are lower (1.0–5.5%)32⁠, factors that make it 

attractive for the cultivation of microorganisms that 

produce lignocellulolytic enzymes. Studies use wheat 

bran as a substratum for the production of biomass 

because it is rich in starch; however, the 

oligosaccharides present in its composition are shown 

to be efficient in inducing cellulase and hemicellulase 

production33⁠. 

The optimum pH and temperature of xylanases on 

the crude enzymatic extract from R. emersonii was 5.5 

(Fig. 1) and 80 °C (Fig. 2), close to those described for 

Talaromyces emersonii, currently classified as 

R. emersonii, with solid-state wheat and beet pulp 

cultivation (1:1 w/w) at pH 4.5 and 45 °C30 ⁠. Another 

increase of activity occurred at pH 7.0 and suggests 

isoforms of the endoxylanases produced by 

R. emersonii, since the zymogram shown in Fig. 3 

indicates four bands. 

 

 
Figure 1. Effect of pH on xylanolytic activity in crude 

enzymatic extract produced by R. emersonii. Stability 

in relation to pH and optimum pH. The tests were 

performed at pH 5.5 with beechwood xylan. The 

symbol represents the average of three replicates. 

 

 
Figure 2. Effect of incubation temperature on 

xylanolytic activity from crude enzymatic extract 

produced by the thermophilic fungus R. emersonii. The 

tests were performed at pH 5.5 with beechwood xylan. 

The symbol represents the average of three replicates. 
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Figure 3. Zymogram of endoxylanases present from 

crude enzymatic extract produced by the fungus 

R. emersonii. The gel was stained with 0.1% congo red 

and detained with 1 mol L–1 NaCl. The dark bands 

show the presence of xylanase and the letters (A, B, C 

and D) identify the possible isoforms of the enzyme 

(the image was transformed from color to shades of 

gray, then into its negative and the contrast became 

more evident using the free software GIMP version 

2.8.10 for Linux). 

Endoxylanolytic activity remained stable for pH 

ranging from 4 to 8, with relative activity above 70%, 

and from 4 to 5.5 with relative activity values above 

100% (Fig. 1). The chemical species related to the pH 

can change the tridimensional structure of the enzyme, 

by protonation or deprotonation of the amino acid side 

chains on the enzyme surface or affecting the catalytic 

residues, becoming more favorable or unfavorable to 

interact with the substrate. Among these changes, 

electrostatic repulsions, destruction of salt bridges and 

formation of isolated buried charges stand out34⁠. 

Comparative analyses of structural changes in acid, 

neutral and alkaline xylanases from family 11 shows 

differences in the amino acid compositions and 

secondary structure. Neutral xylanases have a decrease 

on hydrophobic residues, while acidophilic xylanases 

have a decrease on positively charged residues. On the 

secondary structure, alkaline xylanases show an α helix 

between β strands, and, in nonalkaline xylanases, this 

is substituted by a β-turn or a loop35⁠. 

In the absence and presence of glycerol, the two 

best storage conditions were obtained in liquid nitrogen 

at -196 °C with 99% relative activity in the absence 

and 170% in the presence of 50% glycerol, and in a -

80 °C freezer, which kept 90.2% of activity in the 

absence and 163.8% in the presence of 50% 

glycerol (Fig. 4). 

 

 
Figure 4. Effect of the storage temperature on the enzymatic activity of endoxylanases present in the crude 

enzymatic extract produced by R. emersonii. The tests were carried out after 24 h in the presence or in the absence 

of 50% glycerol (v/v). The results were compared with the enzymatic activity at the beginning of the experiment 

(control) and expressed in relative activity (%). The bar represents the value of the average of three replicates, the 

horizontal line represents the standard deviation. 
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The presence of glycerol during the storage process 

increased the endoxylanase activity on all the tested 

conditions. The effect of osmolytes on the 

conformational stability of proteins in adverse 

situations of cellular stress is known36 ⁠. Similarly to 

sorbitol, it favors protein folding, making the 

polypeptide chain more compact and less flexible, 

since it acts by shifting the reaction balance to the less 

energetic state37⁠. 

The interaction of the enzyme with the osmolyte is 

not favorable for its function, so it is excluded from the 

surface of the protein, where a hydration layer is 

formed by several highly organized and less flexible 

water layers. Consequently, the unfolded state has a 

greater contact surface of the polypeptide chain with 

water molecules, resulting in a larger hydration layer, 

which will require more energy for stabilization. For 

this reason, glycerol acts by shifting the reaction 

balance towards the native state, increasing levels of 

enzyme catalytic effect38⁠. 

 

3.2 Effect of phenolic compounds on the xylanolytic 

activity on the crude extract from R. emersonii 
 

From all the tested phenolics (Fig. 5), the only one 

that decreased the xylanolytic activity was tannic acid, 

a large molecule with a molecular weight of 

1,701.23 kDa, which is composed by 10 aromatic rings 

and 25 hydroxyls, characteristic that could explain the 

inactivation of the endoxylanolytic activity, according 

to observations previously cited39⁠. Tannins can form a 

complex with the protein that results in precipitation, 

thus, the enzyme is removed from the solution, 

decreasing its catalytic capacity40,41⁠. 

 

 
Figure 5. Effect of 48 h preincubation at 25 °C of phenolic compounds on the relative activity (%) of 

endoxylanases on crude extract produced by R. emersonii. The bar represents the value of the average of three 

replicates, the horizontal line represents the standard deviation. 

 

The other compounds analyzed showed a modest or 

a significant increase of the relative activity compared 

to the control. The relative activity of the enzymes 

increased 12% for 4-hydroxybenzoic acid; 16% for 

vanillic acid; 26% for ferulic acid and 44% for syringic 

acid in a 30 mmol L–1 final concentration42⁠. 

Phenolic compounds are generated from lignin 

degradation43⁠ during the pretreatment step of the 

biomass aiming second generation ethanol production 

and are reported as enzymatic inhibitors44,45⁠ including 

hemicellulase inhibition46⁠. Some authors propose that 

phenolic acids at low concentrations can form a 

hydrophobic layer on the surface of the protein, 

ensuring more interaction with the substrate; however, 

at high concentrations the increase in this hydrophobic 

layer causes protein precipitation due to increased 

interactions41,42,47⁠. Boukari et al.39 proposed the 

inhibition mechanism by phenolic compounds on 

family GH11 endo-β-1,4-xylanase. The authors 

described a noncompetitive inhibition mechanism, and 

more than one aromatic molecule interacting with the 

enzyme molecule is necessary to induce complete 

inactivation. Effects on the enzyme activity by the 

phenolic compound interaction can be produced by 

forming soluble enzyme-inhibitor complex at low 

phenolic concentrations, while, at high concentrations, 

insoluble protein-phenolic complexes decrease the 

solubility of enzymes45⁠. 
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The interaction of phenolic compounds with 

proteins involve amino acid residues present at the 

surface of the protein, and can occur in two ways: 

hydrophobic aromatic ring stacking with the 

tryptophan side chains, or hydrogen interacting with 

basic amino acid residues between their functional 

groups and phenolic hydroxyl39⁠. 

 

3.3 Enzymatic hydrolysis of pretreated sugarcane 

bagasse 
 

The quantification of xylose was slightly higher in 

the washed sugarcane bagasse when compared to the 

nonwashed, in all evaluations, which difference 

increased with time. In hydrolysis for six hours, the 

xylose concentration was almost 1.5 times higher with 

washed sugarcane bagasse than with the unwashed one 

(Tab. 1). Glucose release presented a similar behavior. 

Concentration of hemicellulose (14.1%) and 

cellulose (48.9%) on the insoluble fraction after the 

pretreatment process23⁠ was used to calculate the 

hydrolysis efficiency in terms of xylose and glucose. 

Under all analyzed conditions, the conversion of xylose 

was greater than glucose (Tab. 1), presumably due to 

high xylanolytic activity in the R. emersonii crude 

enzymatic extract, and pretreated bagasse structural 

changes, that could affect cellulose and hemicellulose 

accessibility. The conversion of xylose was greater 

than glucose under all the analyzed conditions (Tab. 1), 

suggesting that the crude enzymatic extract from 

R. emersonii has many xylanolytic enzymes. However, 

auxiliary enzymes are necessary to have a greater 

effect on the breakdown of the xylan structure and 

make cellulose more accessible to hydrolysis48 ⁠. 

Analysis of the secretome of T. emersonii shows 266 

proteins, and 119 CAZymes identified with 40 

different glycosyl hydrolase families, while the 

functional annotation of fungi genome shows 

represent 55 different glycosyl hydrolase families49 ⁠. 

The secretion of protein by fungi relate directly to the 

carbon source used for fungi cultivation, so analyses of 

different complex carbon sources on the culture 

medium of R. emersonii can be performed to find how 

to improve the expression of enzymes for xylan 

hydrolysis. 

 

 

Table 1. Sugars obtained by enzymatic hydrolysis of pretreated sugarcane bagasse with combined ozone and 

alkaline treatment, using crude enzymatic extract produced by R. emersonii. 
Xylose 

Hydrolysis 

time / h 

Washed bagasse /  

mg g–1 

Yield washed bagasse /  

% g–1 

Unwashed bagasse /  

mg g–1 

Yield unwashed bagasse /  

% g–1 

2 5.8 ± 0.3 3.7 ± 0.2 4.9 ± 0.3 3.1 ± 0.5 

4 7.9 ± 0.3 5.0 ± 1.2 6.4 ± 0.6 4.1 ± 0.4 

6 12.4 ± 1.0 7.9 ± 0.6 8.8 ± 0.2 5.6 ± 0.5 

Glucose 

Hydrolysis 

time / h 

Washed bagasse /  

mg g–1 

Yield washed bagasse /  

% g–1 

Unwashed bagasse /  

mg g–1 

Yield unwashed bagasse /  

% g–1 

2 6.4 ± 0.3 2.1 ± 0.7 5.3 ± 0.2 1.3 ± 0.2 

4 10.0 ± 0.4 1.7 ± 0.6 7.3 ± 0.9 1.3 ± 0.1 

6 13.7 ± 0.6 1.7 ± 0.5 7.4 ± 0.2 1.1 ± 0.2 

Average ± standard deviation (mean values of three independent measurements). 

 

As noted earlier, the findings obtained could also be 

related to the effects of pretreatment on the 

lignocellulosic material structure. The pretreatment 

used in this study was proposed by Perrone et al.23⁠, 

where the authors reported that the combined 

pretreatment of ozone and NaOH results in a greater 

amount of hemicellulose, when compared to the 

combined pretreatment of ozone with NaOH and 

ultrasound irradiation, and smaller amounts of 

hemicellulose than the pretreatment using only ozone. 

Still, according to the same authors, the insoluble 

fraction after the pretreatment has 6.7 mg of total 

phenolic compounds per gram of sugarcane bagasse. 

Therefore, the phenolic compounds would be present 

in the pretreated unwashed sugarcane bagasse, which 

could negatively affect the enzymatic performance and 

result in a lower yield of released monosaccharides. 

Although our results on the effect of phenolic 

compounds on endoxylanolytic activity are promising, 

with the only exception of tannic acid, there is a 

probability that negative results could be observed 

when several phenolic compounds are present in the 

same solution and submitted to higher temperatures. 

The possible effect of pH resulting from the alkaline 

pretreatment was also considered, and, for that reason, 

it was performed an inhibition test with the soluble 
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fraction obtained after that procedure. In this inhibition 

test, the crude enzyme extract was diluted in the same 

volume with the insoluble fraction resulting from the 

sugar cane bagasse pretreatment process. The mixture 

remained in contact for 0, 2, 4 and 6 h, and, after each 

time, endoxylanase activity was evaluated and 

compared with the values obtained before the test. The 

maximum value of inhibition of relative activity was 

10% for the time of 2 h, remaining essentially constant 

(9.8%) in 4 h and decreasing to 8.2% after 6 h. The pH 

was 6.1 after 2 h, 5.9 at 4 h and 5.7 after 6 h for the 

unwashed bagasse, while the pH was 5.5 for the 

washed bagasse. A reason for the lower activity may be 

the higher pH in the unwashed bagasse, above the 

optimum verified at 5.5. 

Our hydrolysis results are similar to those presented 

by Marques et al.50. In their work, hydrothermally 

pretreated sugarcane bagasse was hydrolyzed using a 

mixture (1:1 v/v) of the enzymatic extracts produced 

by solid-state cultivation of fungi Botryosphaeria sp. 

AM01 and Saccharicola sp. EJC04. In this case, 

pretreated bagasse hydrolysis continued at 50 °C for 20 

h with an enzymatic load of 150 U g–1 of pretreated 

bagasse at 5% (m/v) concentration. The authors had 

3.56 mg mL–1 of glucose and 1.66 mg mL–1 of xylose⁠. 

Our findings were 1.37 mg mL–1 of glucose and 

1.24 mg mL–1 of xylose at 60 °C, using approximately 

one third of the incubation time and a lower enzymatic 

load (110 U g–1). 

Our results are similar to those presented by 

Marques and coworkers. In their work, hydrothermally 

pretreated sugarcane bagasse was hydrolyzed using a 

mixture (1:1 v/v) of the enzymatic extracts produced 

by solid-state cultivation of fungi Botryosphaeria sp. 

AM01 and Saccharicola sp. EJC04. In this case, 

pretreated bagasse hydrolysis continued at 50 oC for 

20 hours with an enzymatic load of 150 U/g of 

pretreated bagasse at 5 % (m/v) concentration. The 

authors had 3.56 mg/mL of glucose and 1.66 mg/mL of 

xylose50⁠. Our findings were 1.37 mg/mL of glucose 

and 1.24 mg/mL of xylose at 60 oC using 

approximately one third of the incubation time and a 

lower enzymatic load (110 U/g). Table 2 shows more 

comparisons with the literature. 

The lower sugar yields in the unwashed sugarcane 

bagasse could be the result of a sum of factors, such as 

the inhibitory effect of the residual alkaline pH of the 

pretreated bagasse that increased pH of the assay above 

the optimum value, and a potential inhibitory effect of 

a mixture of phenolic compounds. 

 

Table 2. Comparative xylose and glucose conversion by enzymatic hydrolyze from sugarcane bagasse. 

Organism 
Hydrolysis 

time / h 
Tempe. / °C 

Sugarcane 

bagasse / % m/v 

Xylose / 

mg mL–1 

Glucose 

mg mL–1 
Author 

Rasamsonia emersonii 4  60 5 1.4 1.24 This study 

Thermomyces lanuginosus 24  40 3.5 0.9 NA Ref.51 ⁠ 

Trichoderma reesei 24 50 2 1.0 1.80 Ref.52 ⁠ 

Aspergillus awamor 24  50 2 1.3 3.80 Ref.53 

Botryosphaeria sp. AM01 

and Saccharicola sp. EJC04 
20  50 5 1.7 3.56 Ref.50 ⁠ 

NS 50013 by Novozymes* 24  50  5 12.5 20.0 Ref.53 ⁠ 

NA = not analyzed. 
*Commercial enzyme preparation. 

 

3.4 Isolation and evaluation of specific 

endoxylanase catalysis substrate 
 

The four isolated isoforms from polyacrylamide gel 

were evaluated by hydrolysis of synthetic substrates 

(pNPX and pNPG) and natural polymers (CMC, 

beechwood xylan and oat spelt xylan) (Tab. 3). None 

of the enzymes had activity against pNPG and CMC 

and only Xyl_B had activity against synthetic 

substrates. The enzymes Xyl_A, Xyl_B and Xyl_C 

showed high activity concerning natural polymers, 

whereas Xyl_D showed lower activity. 

Endoxylanases from R. emersonii are not able to 

recognize glucose to hydrolyze the glycosidic bond, 

which limits their action to xylan constituent 

carbohydrates. This is observed in the GH 11 family of 

glycosyl hydrolases, composed exclusively of endo 

β 1,4 xylanases, in which no other activity was 

observed. They are capable of cleaving internal β 1,4-

xylosidic bonds, unlike GH10 xylanases, which are 

also capable of cleaving β 1,3-xylosidic and β 1,4 -

glycosidic bonds54. 
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Table 3. Evaluation of activity of endoxylanases produced by R. emersonii. 

 
Xyl_A Xyl_B Xyl_C Xyl_D 

U mL–1 SD U mL–1 SD U mL–1 SD U mL–1 SD 

4 mmol L–1 pNPG ND - ND - ND - ND - 

4 mmol L–1 pNPX ND - 0.7 0.1 ND - ND - 

4% CMC ND - ND - ND - ND - 

1% beechwood xylan 35 4 173 5 71 3 5 3 

1% oat spelt xylan 35 2 78 3 56 4 10 3 
Data ND: no detected activity. Average ± standard deviation (mean values of three independent measurements). 

 

3.5 Thermodynamic analysis of the isolated 

Xyl_C 
 

Xylanase xyl_C displayed the highest activity when 

tested against xylan: 70.87 U mL–1 for beechwood 

xylan and 56.11 U mL–1 for oat spelt xylan. Therefore, 

it was chosen for the thermodynamic analysis. 

The Arrhenius plot (Fig. 6), allowed calculating the 

optimum temperature (80 °C) and the enzymatic 

activation energy (26.10 kJ mol–1). The first-order 

plot for the effect of temperature on enzyme activity 

(Fig. 7), was used to find the half-life and the first-

order rate of thermal inactivation (kd). The kd rates were 

used for the first-order Arrhenius plot (Fig. 8), 

allowing to determine the activation energy of 

denaturation (𝐸𝑎(𝑑)), estimated as 99.58 kJ mol–1. The 

temperature coefficient decreases slightly with each 

increase of 10 °C (Tab. 4). 

 

 
Figure 6. First-order Arrhenius plot showing the effect 

of temperature on activity of isolated Xyl_C produced 

by R. emersonii using beechwood xylan as substrate. 

 

 
Figure 7. First-order plot for the effect of temperature 

on enzyme activity of isolated Xyl_C produced by R. 

emersonii using Beechwood xylan as the substrate. 

Samples were incubated at 50 (•), 60 (■), 70 (▲), 80 

(▼) and 90 °C (♦) for 90, 246, 1060 and 1440 min. 

 

 
Figure 8. First-order Arrhenius plot for determination 

of activation energy of denaturation (Ea(D)) of isolated 

Xyl_C from R. emersonii. The values of kd were taken 

from the slopes in Fig. 7. 
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Table 4. Temperature coefficient (Q10) from Xyl_C 

produced by R. emersonii. Values estimated based on 

Arrhenius plot. 

Temp. / °C Temp. / K Q10 

50 313.15 1.35 

60 323.15 1.33 

70 333.15 1.31 

80 343.15 1.29 

90 353.15 1.27 

95 363.15 1.26 

 

Thermodynamic parameters were calculated to 

evaluate the temperature denaturant effect on the 

enzyme. Enzymes undergo thermal denaturation in two 

steps: the native enzyme becomes unfolded inactive 

enzyme when exposed to high temperature and follows 

to become the inactivated enzyme if the thermal 

exposition continues55⁠. The first structural modification 

could be reversible upon cooling, while the second one 

is irreversible56⁠. Table 5 shows the values for the 

variation of enthalpy, Gibbs free energy, entropy and 

the half-life time related to denaturation. 

 

Table 5. Kinetic and thermodynamic parameters of irreversible thermal inactivation. 

Temp. / °C Temp. / K  kd / min–1 t½ / min ΔHd / kJ mol–1 ΔGd / kJ mol–1 ΔSd / J mol–1 

50 323.15 0.00012 5056 96.9 114.3 -53.8 

60 333.15 0.00007 1670 96.8 119.7 -68.9 

70 343.15 0.00143 495 96.7 114.8 -52.7 

80 353.15 0.00176 408 96.6 117.6 -59.4 

90 363.15 0.00297 262 96.6 119.5 -63.0 

 

Some enzymes have an optimal catalytic 

performance at high temperatures and are useful in 

high temperatures processes and for brief times; 

however, when kept at high temperatures for a long 

time, many enzymes do not have stability to remain 

active throughout the process. The half-life of Xyl_C 

was approximately 8 h at 50 °C, 27 h at 60 °C, 8 h at 

70 °C, 6 h at 80 °C and 4 h at 90 °C. The half-life at 

70 °C is larger than the value reported for a mutant 

xylanase from Aspergillus fumigatus produced by 

heterologous expression at Escherichia coli BL21, 

42 min at 70 °C57. Site directed mutagenesis can 

improve the stability significantly. Alterations of N-

terminal residues of a xylanase from Penicillium 

janthinellum MA21601 improved the half-life 107-fold 

higher than the wild-type strain, increasing from 30 s to 

53.6 min at 60 °C58⁠. 

High half-life values at elevated temperatures can 

be directly related to high melting temperatures (Tm). 

The Tm is described as the temperature at which the 

maximum activity drops by half. For Xyl_C, the 

maximum activity occurred at 80 °C and decreased to 

50% of that value at 93.3 °C (Fig. 9). 

There was no significant variation in the enthalpy 

variation (ΔHd) of thermal denaturation of Xyl_C. The 

enthalpy values decrease slightly with increasing 

temperature (Tab. 4). This behavior, together with 

lower entropy values, is related to enzymatic 

thermostability59⁠. 

Gibbs free energy values found for Xyl_C 

(114.3 kJ mol–1) at 50 °C are higher than those reported 

at 55 °C for wild and mutant enzymes from 

Thermomyces lanuginosus: 108.5 and 112.4 kJ mol–1, 

respectively. The enzymes were produced by liquid 

cultivation with 2% of corn cobs at 45 °C59⁠. These 

values suggest that Xyl_C is more resistant to 

unfolding. Xyl_C is also more resistant than 

Melanocarpus albomyces xylanase in the presence of 

glycerol and NaCl (96.6 kJ mol–1)60. 

 

 
Figure 9. Determination of melting temperature (Tm) 

for the isolated Xyl_C produced by R. emersonii. The 

Tm corresponds to the temperature at which the 

enzyme activity drops to half of the initial activity. 

 

Entropy is a measure of disorder in the system; the 

increase in disorder of the protein structure is a 

consequence of conformational changes in the protein. 

Conformational changes comprise changes in 

noncovalent interactions: ion-dipole, hydrogen and van 
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der Waals, and in the rotational positions controlled by 

the secondary bond structure61⁠. A decrease in entropy 

values was observed with increasing temperature for 

Xyl_C (Tab. 4). 

Negative entropy (ΔSd) and positive free energy 

(ΔGd) values reveal the resistance for the denaturation 

reaction to occur. The increase in temperature 

promotes the weakening of polar interactions, and it 

strengthens hydrophobic interactions54 ensuring 

resistance of the enzyme to thermal denaturation. 

 

4. Conclusions 
 

The endoxylanases from solid state culture of R. 

emersonii present interesting properties, such as the 

tolerance to a wide pH range, as well as to the presence 

of diverse phenolic compounds. The enzymes also 

demonstrate higher activity and stability in the 

presence of glycerol and this is potentially relevant for 

industrial applications. The isolate Xyl_C has good 

stability against thermal denaturation, properties which 

can be positive on the process requiring high 

temperature and long periods of xylan hydrolysis. On 

the breakdown of the sugarcane bagasse, R. emersonii 

crude extract has provided strong hemicellulose 

conversion values to xylose and can be used in the 

process of obtaining high-value products, such as 

xylooligosaccharides and, for the most part, biofuels 

from lignocellulose residues without any additional 

area of cultivation. 
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