
 
 
 

 
Biochemical characterization of selected 

carbohydrases from Beauveria bassiana and their 
potential applications  

 
 

 Ayodeji Emmanuel Amobonye 
21750827 

 
 
 
Submitted in fulfilment of the requirements for the degree of Doctor of 
Philosophy (PhD): Biotechnology in the Department of Biotechnology 
and Food Science, Faculty of Applied Sciences, Durban University of 

Technology, Durban, South Africa 
 

 
Supervisor: Prof. S.K. Pillai 

Co-supervisor: Prof. S. Singh 
 

 
 

July 2021 
 
  





DEDICATION 
 

To Jehovah, for his mercies. 

To my parents, Mr Olatunji & Mrs Ololade Amobonye 

To my wife and dream-maker, Olufunke Amobonye 

To my kids, Ms Ololade Amobonye (Jnr) & Ms Omotola Amobonye 

To my cousin, Mr Olasunkanmi Ogunyemi. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 i 

ACKNOWLEDGEMENT 
 
Firstly, I am deeply grateful for the support given to me by my supervisor, Prof. S.K. 

Pillai, right from the time he accepted to be my supervisor until the end of my Ph.D. 

study. His tutelage, his patience and his faith in me have seen me through this study. I 

would also like to appreciate my co-supervisor, Prof S. Singh, without his assistance and 

dedicated involvement, this thesis would not be possible. My sincere gratitude to my 

senior colleague turned brother, Dr P.K. Bhagwat, for his immense scientific contribution 

and ever available motivation, I am forever indebted to you. May I also use this 

opportunity to acknowledge the National Research Foundation (NRF) of South Africa as 

well as the Durban University of Technology for funding my study and ensuring my 

subsistence right from the beginning to the end.  I also profusely grateful to Prof. F. O. 

Shode, Prof. S. Kumari, Mrs S. Juglal and Mrs S. Beekrum, who have all contributed in 

one way or the other to ensure the success of my program. 

I also acknowledge with a deep sense of gratitude the contribution of all the faculty 

members and administrative staff members of the Biotechnology and Food Science 

Department as well as the staff of the Institute for Water and Wastewater Technology 

(IWWT), both of the Durban University of Technology. Specifically, I acknowledge the 

contribution of the lab technicians, the lab assistants, the cleaners, Postdoctoral fellows 

as well as my fellow students in the department, whose contribution I cannot 

overestimate. A million “thank yous” to my lovely parents Mr Olatunji and Mrs Ololade 

Amobonye, my wife, best friend, and soulmate, Olufunke Amobonye, and my daughters, 

Ololade and Omotola as well as my sisters, Oluwakemi and Dolapo, you are everything 

to me. Lastly, I cannot forget my friends and colleagues at NAFDAC, particularly my 

“bro” Adetunji Gbolagade, who has always been there for me and my “sis” Mrs Olufunke 

Ojo. This degree would not have been completed without you all. God bless you all. 



 ii 

 
TABLE OF CONTENT 

ACKNOWLEDGEMENTS ……………………………………………………  i 

LIST OF FIGURES……………………………………...……………………... ix 

LIST OF TABLES ……………………………………...…………………....... xiii 

LIST OF ABBREVIATIONS……………………...…………………………... xvi 

PUBLICATIONS AND CONFERENCES…………….………………………. xviii 

ABSTRACT……………………………………………………………………. xix 

CHAPTER ONE 

Introduction and Literature Review…………………………………………... 01 

Abstract…………………………………………………………………………... 03 

1.1 Introduction………………………………………………………………….. 04 

1.2 B. bassiana, an entomopathogen fungal endophyte…………………………. 06 

1.3 B. bassiana genome………………………………………………………….. 10 

1.4 B. bassiana transcriptome…………………………………………………… 12 

1.5 B. bassiana enzymes………………………………………………………… 14 

      1.5.1 Chitinase……………………………………………………………….. 17 

      1.5.2 Lipases…………………………………………………………………. 18 

      1.5.3 Proteases……………………………………………………………….. 19 

      1.5.4 Amylases………………………………………………………………. 20 

      1.5.5 Cellulase ………………………………………………………………. 21 

      1.5.6 Other enzymes…………………………………………………………. 22 

            1.5.6.1 Asparaginase……………………………………………………... 22 

            1.5.6.2 Catalase…………………………………………………………... 22 

            1.5.6.3 Chitosanase………………………………………………………. 22 

            1.5.6.4 Beta‐1,3‐glucanase ……………………………………………… 23 

            1.5.6.5 Beta‐glucosidase………………………………………………… 23 

            1.5.6.6 Glutaminase……………………………………………………… 23 

            1.5.6.7 Keratinase………………………………………………………... 24 

            1.5.6.8 Mannitol-1-phosphate dehydrogenase……………………............ 24 

            1.5.6.9 Quercetinase …………………….................................................. 24 

            1.5.6.10 Superoxide dismutases ……………………................................ 24 

            1.5.6.11 Trehalase………………………………………………………... 25 



 iii 

            1.5.6.12 Xylanase………………………………………………………... 25 

1.6 Other applications of B. bassiana ………………………………………….... 25 

1.7 Current commercial status of B. bassiana…………………………………… 28 

1.8 B. bassiana substrate utilization……………………………………………... 29 

1.9 Safety of B. bassiana for human use………………………………………… 30 

1.10 Research problem and justification………………………………………… 32 

1.11 Aim and objective………………………………………………………….. 33 

      1.11.1 Aim……………………………………………..…………………….. 33 

      1.11.2 Objective……………………………………………………………… 33 

CHAPTER TWO 

Carbon utilization profile and transcriptomic analysis of B. bassiana under 

different trophic conditions 

 

34 

Abstract…………………………………………………………………………... 35 

2.1 Introduction………………………………………………………………….. 36 

2.2 Methodology ……………………………………………………………….... 39 

      2.2.1 Fungal isolation and maintenance……………………………………... 39 

      2.2.2 Molecular identification……………………………………………...... 39 

            2.2.2.1 DNA extraction ………………………..………………………... 39 

            2.2.2.2 ITS amplification ………………………………………………... 39 

      2.2.3 Enzyme profiling of Beauveria bassiana SAN01 during fermentation  

                on lignocellulosic biomass…………………………………………… 

 

40 

      2.2.4 Carbon utilization profile of B. bassiana SAN01 using phenotypic  

                microarray…………………………………………………………….. 

 

40 

      2.2.5 Simulation of endophytic and fermentation conditions for B. bassiana 

                SAN01 growth………………………………..……………………….. 

 

41 

      2.2.6 Transcriptomic analysis of B. bassiana SAN01 under different trophic  

                states………………………………..…………………………………. 

 

41 

            2.2.6.1 Preparation of B. bassiana SAN01 total RNA…………………... 41 

            2.2.6.2 cDNA libraries preparation and RNA sequencing ……………… 42 

            2.2.6.3 RNA-seq data analysis ………………………………………….. 42 

            2.2.6.4 Identification of differentially expressed genes ………………… 42 

            2.2.6.5 CAZymes identification and analysis …………………………… 43 

            2.2.6.6 Gene ontology analysis.………………………………………….. 43 



 iv 

2.3 Result and discussion ……………………………………………………….. 43 

      2.3.1 ITS amplification of B. bassiana SAN01 genome ..…………………... 43 

      2.3.2 Carbohydrase profile of B. bassiana SAN01 during fermentation on       

.             lignocellulose biomass…………………………………………………. 

  

45 

      2.3.3 Carbon utilization profile of B. bassiana SAN 01..………………….... 46 

      2.3.4 Transcriptomic analysis.…………………... .…………………............ 51 

            2.3.4.1 Overview of sequencing data obtained from B. bassiana SAN 01  

            transcriptomic analysis…………………………………………………... 

 

51 

            2.3.4.2 Dynamics of differentially expressed genes (DEGs) B. bassiana  

            under the different trophic states.……………….………………….......... 

 

52 

            2.3.4.3 DEGs between endophytic vs fermentation trophic states of    

            B. bassiana SAN 01………………………………………....................... 

 

58 

            2.3.4.4 DEGs between endophytic vs control trophic states of    

            B. bassiana SAN 01………………………………………....................... 

 

64 

            2.3.4.5 DEGs between endophytic vs fermentation trophic states of    

            B. bassiana SAN 01………………………………………....................... 

 

68 

      2.3.5 Gene ontology ..………………….......................................................... 72 

      2.3.6 CAZy annotation of B. bassiana SAN01 biomass-degrading enzymes.. 80 

2.4 Conclusion …………………………………………………………………. 84 

CHAPTER THREE 

Optimization of the production of selected carbohydrases from Beauveria 

bassiana SAN01 

 

85 

Abstract…………………………………………………………………………... 87 

3.1 Introduction………………………………………………………………….. 88 

3.2 Methodology ……………………………………………………………….... 90 

      3.2.1 Chemicals and reagents………………………………………………... 90 

      3.2.2 Microorganism…………………………………………….................... 90 

      3.2.3 Screening of lignocellulosic biomass....................................................... 90 

      3.2.4 Enzyme assay ………………………………………............................. 91 

      3.2.5 Statistical optimization of production parameters……………………... 91 

            3.2.5.1 Plackett-Burman design (PBD)………………….......................... 91 

            3.2.5.2 Central composite design (CCD)………………............................ 92 

3.3 Result and discussion ……………………………………………………….. 94 



 v 

      3.3.1 Screening of biomass for enzyme production by B. bassiana SAN01… 94 

      3.2.2 Plackett-Burman design………………………………………............... 97 

      3.3.3 Central composite design (CCD)………………………………………. 101 

      3.3.4 Validation of the experimental model…………………………………. 114 

3.4 Conclusion …………………………………………………………………... 114 

CHAPTER FOUR 

Purification and characterization of Beauveria bassiana SAN01 

carbohydrases 

 

116 

Abstract…………………………………………………………………………... 117 

4.1 Introduction………………………………………………………………….. 118 

4.2 Methodology ……………………………………………………………….... 120 

      4.2.1 Chemicals and reagents………………………………………………... 120 

      4.2.2 Microorganism…………………………………………….................... 120 

      4.2.3 Enzyme production.................................................................................. 120 

      4.2.4 Enzyme assay ………………………………………............................. 121 

      4.2.5 Protein estimation……………………………….……………………... 121 

      4.2.6 Enzyme purification…………………………….……………………... 121 

            4.2.6.1 Ammonium sulphate precipitation………………………………. 121 

            4.2.6.2 Ion-exchange chromatography ….………………………………. 121 

            4.2.6.3 Size exclusion chromatography….………………………………. 122 

      4.2.7 Characterization of enzymes…………………………………............... 122 

            4.2.7.1 pH optima and pH stability…...………………….......................... 122 

            4.2.7.2 Temperature optima and thermostability………………………… 122 

            4.2.7.3 Effect of metal ions and salt concentration on enzyme activity…. 122 

            4.2.7.4 Effect of various additives on enzyme activity………………….. 123 

            4.2.7.5 Effects of different solvents on enzyme activity………………… 123 

      4.2.8 Kinetic study and substrate specificity………………………………… 123 

      4.2.9 Analysis of protein pattern by SDS-PAGE.…………………………… 123 

      4.2.10 Zymogram analysis of xylanase……………………………………… 124 

      4.2.11 Statistical analysis…………………………………………………… 124 

4.3 Result and discussion ……………………………………………………….. 124 

      4.3.1 Purification and characterization of B. bassiana SAN01 xylanase……. 124 

            4.3.1.1 Purification of B. bassiana SAN01 xylanase………………………. 124 



 vi 

            4.3.1.2 Biochemical characterization of B. bassiana SAN01 xylanase…. 126 

            4.3.1.3 Kinetic analysis of B. bassiana SAN01 xylanase ………………. 135 

      4.3.2 Partial purification and characterization of B. bassiana SAN01  

       amylase……………………………………………………………………… 

 

137 

      4.3.3 Purification and characterization of B. bassiana SAN01  

      endoglucanase (cellulase) …………………………………………………… 

 

142 

      4.3.4 Purification and characterization of B. bassiana SAN01  

      polygalacturonase (pectinase) ………………………………………………. 

 

146 

4.4 Conclusion …………………………………………………………………... 150 

CHAPTER FIVE 

Application of Beauveria bassiana SAN01 carbohydrases 151 

Abstract…………………………………………………………………………... 152 

5.1 Introduction………………………………………………………………….. 153 

5.2 Methodology ……………………………………………………………….... 154 

      5.2.1 Preparation and purification of the enzymes…………………………... 154 

      5.2.2 Enzymatic hydrolysis of lignocellulosic biomass using B. bassiana  

      SAN01 endoglucanase/ xylanase cocktail…………………………………… 

 

155 

      5.2.3 Juice clarification with B. bassiana SAN01 amylase/ polygalacturonase  

      cocktail………………………………………………………………………. 

 

155 

            5.2.3.1 Juice processing ……………………………….………………… 155 

            5.2.3.2 Enzyme-assisted pear juice clarification………………………… 155 

            5.2.3.3 Evaluation of fruit juice characteristics………………………….. 156 

                   5.2.3.3.1 Juice clarity, browning index and turbidity determination... 156 

                   5.2.3.3.2 Reducing sugars, total dissolved solids and titratable  

                   acidity 

157 

                   5.2.3.3.3 Viscosity and colour measurement....................................... 157 

                   5.2.3.3.4 Antioxidant activities of enzyme-clarified juice.................. 157 

                          5.2.3.3.4.1 Total antioxidant capacity………………………….. 157 

                          5.2.3.3.4.2 Total phenolic content ……………………………... 158 

                          5.2.3.3.4.3 Total flavonoid content……………………………... 158 

                          5.2.3.3.4.4 FRAP (Ferric reducing ability of plasma) assay…… 158 

      5.2.4 Deinking of wastepaper ……………………………………………….. 159 

            5.2.4.1 Optimization of deinking process………………………………... 159 



 vii 

            5.2.4.2 Release of ink …………………………………………………… 160 

            5.2.3.3 Scanning Electron Microscopy ………………………………….. 160 

            5.2.3.3 FTIR analysis ……………………………….…………………… 160 

5.3 Result and discussion ……………………………………………………….. 160 

      5.3.1 Biomass saccharification………………………………………………. 160 

      5.3.2 Enzyme-assisted clarification of pear juice……………………………. 163 

            5.3.2.1 Optimization of pear juice treatment ……………………………. 163 

            5.3.2.2 Validation of the experimental model …………………………... 167 

            5.3.2.3 Effect of B. bassiana SAN01 amylase-polygalacturonase                

            cocktail on pear juice properties…………………………………………. 

 

167 

            5.3.2.3 Effect of B. bassiana SAN01 amylase-polygalacturonase                

            cocktail on the antioxidant properties of pear juice….………..…………. 

 

170 

      5.3.3 Deinking of printed paper by B. bassiana SAN01 xylanase…………... 172 

            5.3.3.1 Optimization of deinking process…. ……………………………. 172 

            5.3.3.2 Validation of the experimental model …………………………... 175 

            5.3.3.3 Scanning Electron Microscopy ………………………….............. 177 

            5.3.2.4 FTIR analysis.….………..…………. .………..………………… 178 

5.4 Conclusion …………………………………………………………………... 179 

CHAPTER SIX 
In silico structural elucidation of Beauveria bassiana SAN01 chitinases and 

xylanase 

 

180 

Abstract…………………………………………………………………………... 182 

6.1 Introduction………………………………………………………………….. 183 

6.2 Methodology ……………………………………………………………….... 185 

      6.2.1 Retrieval of sequence …………………………...…………………….. 185 

      6.2.2 Physicochemical characterization of enzymes………………………… 185 

      6.2.3 Secondary structure analysis…………………………………………… 185 

      6.2.4 Functional analysis ……………………………………………………. 185 

      6.2.5 Tertiary structure analysis……………………………………………... 186 

      6.2.6 Docking analysis ……………………………………………………… 186 

6.3 Result and discussion ……………………………………………………….. 187 

      6.3.1 In silico structural elucidation of B. bassiana chitinases……….. 187 

            6.3.1.1 Physicochemical properties of B. bassiana chitinases…………. 187 

            6.3.1.2 Secondary structure analysis of B. bassiana chitinases………… 189 



 viii 

            6.3.1.3 Functional analysis of B. bassiana chitinases...…………............. 194 

            6.3.1.4 Tertiary structure analysis of B. bassiana chitinase……………... 197 

            6.3.1.5 Docking analysis of B. bassiana chitinase………………………. 199 

      6.3.2 In silico structural elucidation of B. bassiana xylanase………….. 202 

            6.3.2.1 Physicochemical properties of B. bassiana xylanase……………. 202 

            6.3.2.2 Secondary structure analysis of B. bassiana xylanase……………. 203 

            6.3.2.3 Functional analysis of B. bassiana xylanase ……………............. 205 

            6.3.1.4 Tertiary structure analysis of B. bassiana xylanase……………... 207 

            6.3.1.5 Docking analysis of B. bassiana xylanase………………………. 209 

6.4 Conclusion …………………………………………………………………... 211 

CHAPTER SEVEN 

Conclusion and Future Prospects 212 

7.1 Conclusion…………………………………………………………………… 213 

7.2 Future prospects……………………………………………………………… 216 

 

REFERENCES…………………………………………………………………. 218 

APPENDICES……………………………………………………………………     305 

  



 ix 

LIST OF FIGURES 
 

Figure 1.1: Overview of the infection cycle of B. bassiana during insect attack.. 8 

Figure 1.2: Physical manifestation of B. bassiana on insects …………….…….. 8 

Figure 1.3: Genomics analysis and functional classification of Beauveria 

bassiana proteins………………………………………………………………… 

 

12 

Figure 1.4: Potential of Beauveria sp. to produce various industrially important 

enzymes (inner circle) and metabolites (outer circle) ………………………….… 

 

27 

Figure 2.1: Phylogenetic tree showing the relationship between B. bassiana 

SAN01 ITS sequence and other closely related fungi. …………………………... 

 

44 

Figure 2.2: Joining cluster analysis applied to 95 carbon sources based on their 

assimilation and utilization by B. bassiana SAN01 measured at 490 nm using the 

Biolog system…………………………………………………………………… 

 

 

49 

Figure 2.3: Joining cluster analysis applied to 95 carbon sources based on the 

growth of B. bassiana SAN01 measured at 750 nm using the Biolog system…… 

50 

Figure 2.4: Scatter plot showing the correlation between data from assimilation 

and biomass growth……………………………………………………………... 

 

51 

Figure 2.5:  Principal component analysis of B. bassiana SAN01 DEGs under 

endophytic vs fermentation vs control conditions. ………………………………. 

 

54 

Figure 2.6:  Heat map depicting the top differentially expressed genes in B. 

bassiana SAN01 across the endophytic, fermentation and laboratory states. …… 

 

56 

Figure 2.7: Volcano plots of differentially expressed genes (DEGs) in the 

interaction transcriptome of B. bassiana SAN01. ……………..………………… 

 

57 

Figure 2.8a: Gene ontology (Biological processes) of B. bassiana SAN01 

transcriptome under the biomass-degrading condition…………………………. 

 

74 

Figure 2.8b: Gene ontology (Molecular function) of B. bassiana SAN01 

transcriptome under the biomass-degrading condition………………………….. 

 

75 

Figure 2.8c: Gene ontology (Cellular component) of B. bassiana SAN01 

transcriptome under the biomass-degrading condition…………………………... 

 

76 

Figure 2.9a: EC code distribution (General EC classes) of B. bassiana SAN01 

transcriptome under the biomass-degrading condition………………………….. 

 

77 

Figure 2.9b: EC code distribution (Hydrolases subgroup) of B. bassiana SAN01 

transcriptome under the biomass-degrading conditions ………………………... 

 

78 



 x 

Figure 2.9c: EC code distribution (Transferases subgroup) of B. bassiana SAN01 

transcriptome under the biomass-degrading condition…………………………… 

 

79 

Figure 3.1: Response surface plots showing the interactions between the variables 

for amylase production from B. bassiana SAN01...…………………………….. 

 

110 

Figure 3.2: Response surface plots showing the interactions between the variables 

for polygalacturonase production from B. bassiana SAN01…………………….. 

 

111 

Figure 3.3: Response surface plots showing the interactions between the variables 

for endoglucanase production from B. bassiana SAN01….…………………….. 

 

112 

Figure 3.4: Response surface plots showing the interactions between the variables 

for xylanase production from B. bassiana SAN01.……………………………… 

 

113 

Figure 4.1: B. bassiana SAN01 xylanase on 12% SDS-PAGE gel (b) Xylanase 

activity on Native PAGE gel containing 0.5% beechwood xylan……………….. 

 

126 

Figure 4.2: Effect of pH on the activity of B. bassiana SAN01 xylanase…….…. 127 

Figure 4.3: Effect of pH on the stability of B. bassiana SAN01 xylanase…..……. 128 

Figure 4.4: Effect of temperature on the activity of B. bassiana SAN01 xylanase.. 129 

Figure 4.5: Effect of temperature on the stability of B. bassiana SAN01 xylanase. 130 

Figure 4.6: Hanes-Woolf plots ([S]/v vs [S]) for B. bassiana SAN01 xylanase 

activity…………………………………………………………………………… 

 

136 

Figure 4.7: Effect of pH on the activity of B. bassiana SAN01 amylase……...….. 139 

Figure 4.8: Effect of pH on the stability of B. bassiana SAN01 amylase……..….. 140 

Figure 4.9: Effect of temperature on the activity of B. bassiana SAN01 amylase.. 141 

Figure 4.10: Effect of temperature on the stability of B. bassiana SAN01 amylase 142 

Figure 4.11: Effect of pH on the activity of B. bassiana SAN01 endoglucanase… 143 

Figure 4.12: Effect of pH on the stability of B. bassiana SAN01 endoglucanase… 144 

Figure 4.13: Effect of temperature on the activity of B. bassiana SAN01 

endoglucanase……………………………………………………………………. 

 

145 

Figure 4.14: Effect of temperature on the stability of B. bassiana SAN01 

endoglucanase……………………………………………………………………. 

 

146 

Figure 4.15: Effect of pH on the activity of B. bassiana SAN01 

polygalacturonase……………………………………………………………… 

 

147 

Figure 4.16: Effect of pH on the stability of B. bassiana SAN01 

polygalacturonase…………………………………… .…………………………. 

 

148 



 xi 

Figure 4.17: Effect of temperature on the activity of B. bassiana SAN01 

polygalacturonase……………………………………………….……………….. 

 

149 

Figure 4.18: Effect of temperature on the stability of B. bassiana SAN01 

polygalacturonase……………………………………………….……………….. 

 

150 

 
Figure 5.1: Total reducing sugar profile of B. bassiana SAN01 xylanase-

endoglucanase saccharified sugarcane bagasse…………………………………. 

 

162 

Figure 5.2: Response surface plots showing the interactions between the 

variables for enzymatic clarification of pear juice ……………………………… 

 

166 

Figure 5.3: Response surface plots showing the interactions between the 

variables for wastepaper deinking ……………………………………………… 

 

176 

Figure 5.4: Scanning electron micrographs of (a) untreated pulp (500X), (b) 

xylanase treated (500X), (c) untreated pulp (5000X) and (d) xylanase treated 

pulp (5000X)…………………………………………………………………… 

 

 

177 

Figure 5.5: FT-IR spectrum showing the changes in the paper pulp during 

enzymatic treatment in the range of 4000-600 cm-1………….………………… 

 

178 

Figure 6.1: Amino acid composition of selected chitinases from B. bassiana….. 189 

Figure 6.2: Percentage of secondary structure elements in B. bassiana chitinases 190 

Figure 6.3: Transmembrane helices prediction by TMHMM server ver. 2.0. (a) 

B. bassiana ARSEF 2860 (EJP63137.1) (b) B. bassiana ARSEF 2860 

(AIT18885.1) chitinases……………………………….……………………….. 

 

 

195 

Figure 6.4: SignalP plot for (a) B. bassiana D1-5 (Accession no: KGQ11645.1) 

(b) B. bassiana ARSEF 2860 (Accession no: AIT18883.1) chitinases …………. 

 

196 

Figure 6.5: 3D structure of B. bassiana ARSEF 2860 chitinase showing the 

(β/α)8 TIM barrel architecture………………………………………………….. 

 

198 

Figure 6.6: Ramachandran plot for B. bassiana ARSEF 2860 chitinase showing 

the number of residues in favoured, allowed and outlier region………………… 

 

198 

Figure 6.7: B. bassiana ARSEF 2860 chitinase-allosamidin complex…………. 200 

Figure 6.8: Interaction between allosamidin and the ligand sites of B. bassiana 

ARSEF 2860 chitinase. …………………………………………………………. 

 

200 

Figure 6.9: Protein-protein functional analysis of B. bassiana ARSEF 2860 

chitinase………………………………………………………………………… 

 

201 

Figure 6.10: Amino acid composition of the selected B. bassiana D1-5 xylanase 203 



 xii 

Figure 6.11: Percentage of secondary structure elements in B. bassiana D1-5 

xylanase…………………………………………………………………………. 

 

204 

Figure 6.12: TMHMM plot statistics representing the likelihood of B. bassiana 

D1-5 xylanase embedded in the cellular membrane…………………………….. 

 

206 

Figure 6.13: SignalP plot for B. bassiana D1-5 xylanase………………………..   206 

Figure 6.14: 3D structure of B. bassiana D1-5 xylanase……………………… 207 

Figure 6.15: Ramachandran plot for B. bassiana xylanase D1-5 …….………….. 208 

Figure 6.16: B. bassiana D1-5 xylanase-xylotriose complex…………………… 209 

Figure 6.17: Interaction between xylotriose and the ligand sites of B. bassiana 

D1-5 xylanase…………………………………………………………………… 

 

210 

Figure 6.18: Protein-protein functional analysis of B. bassiana D1-5 

xylanase…………………………………………………………………………. 

 

211 

 
  



 xiii 

LIST OF TABLES 
 

Table 1.1: Properties of some Beauveria bassiana enzymes…………………….. 14 

Table 1.2: Other industrially- important Beauveria bassiana metabolites……… 28 

Table 2.1: Quantitative screening of some biomass-degrading enzymes from B. 

bassiana SAN01………………………………………………………………… 

 

46 

Table 2.2: Number of B. bassiana SAN01 DEGs under endophytic, fermentation 

and control trophic states……………………………………………………….. 

 

52 

Table 2.3: Pearson correlation matrix of B. bassiana SAN01 transcriptomes 

under endophytic, fermentation and control trophic states……………………... 

 

53 

Table 2.4: Top 20 upregulated genes in B. bassiana SAN01 under the endophytic 

state relative to the fermentation state…………………………………………… 

 

60 

Table 2.5: Top 20 upregulated genes in B. bassiana SAN01 under the 

fermentation state relative to the endophytic state……………………………… 

 

63 

Table 2.6: Top 20 upregulated genes in B. bassiana SAN01 under the endophytic 

state relative to the control state………………………………………………… 

 

65 

Table 2.7: Top 20 upregulated genes in B. bassiana SAN01 under the control 

state relative to the endophytic state…………………………………………….. 

 

67 

Table 2.8: Top 20 upregulated genes in B. bassiana SAN01 under the 

fermentation relative to the control state………………………………………... 

 

69 

Table 2.9: Top 20 upregulated genes in B. bassiana SAN01 in control relative to 

the fermentation state……………………………………………………………. 

 

71 

Table 2.10: Biomass-degrading enzymes from B. bassiana SAN01 and their 

corresponding CAZy families…………………………………………………… 

 

82 

Table 3.1: Variables and their levels employed in PBD for the screening of 

parameters affecting amylase, endoglucanase, polygalacturonase and xylanase 

production by B. bassiana SAN01………………………………………………. 

 

 

92 

Table 3.2: Coded and real values of production parameters used for CCD 

(amylase and polygalacturonase) ……………………………………………….. 

 

94 

Table 3.3: Coded and real values of production parameters used for CCD 

(endoglucanase and xylanase) ………………………………………………….. 

 

94 

Table 3.4: Screening of lignocellulosic biomass for concomitant production of 

B. bassiana SAN01 carbohydrases……………………………………………… 

 

97 



 xiv 

Table 3.5: Plackett-Burman design for eleven variables with coded values 

along with observed responses.………………………………………………...... 

 

98 

Table 3.6a: CCD design and the response of the dependent variables for amylase 

and polygalacturonase production………………………………………………. 

 

102 

Table 3.6b: CCD design and the response of the dependent variables for 

endoglucanase and xylanase production………………………………………… 

 

103 

Table 3.7a: ANOVA of quadratic models for B. bassiana SAN01 amylase and 

polygalacturonase production…………………………………………………… 

 

106 

Table 3.7b: ANOVA of quadratic models for B. bassiana SAN01 xylanase and 

endoglucanase production…………………………………………………......... 

 

107 

Table 4.1: Purification table of B. bassiana SAN01 xylanase………………….. 125 

Table 4.2:  Effect of different metal ions on B. bassiana SAN01 xylanase 

activity…………………………………………………………………………… 

 

132 

Table 4.3: Effect of different additives on B. bassiana SAN01 xylanase activity 133 

Table 4.4: Effect of different organic solvents on B. bassiana SAN01 xylanase 

activity…………………………………………………………………………… 

 

135 

Table 4.5: Substrate specificity of B. bassiana SAN01 xylanase……………….. 137 

Table 5.1: Experimental range and levels of independent process variables 

affecting clarification of pear juice………………………………………………. 

 

156 

Table 5.2: Coded and uncoded variables of the response surface design for 

xylanase-assisted paper deinking………………………………………………. 

 

159 

Table 5.3: CCD optimization of pear juice clarification design and the response 

of the dependent variables………………………………………………………. 

 

164 

Table 5.4: Validation of juice clarification model……………………………….. 167 

Table 5.5: Effect of enzyme treatment on pear juice properties…………………. 170 

Table 5.6: Antioxidant properties of untreated and enzyme-treated pear juice…. 172 

Table 5.7: CCD optimization of xylanase-assisted printed paper deinking and 

the response of the dependent variable………………………………………….. 

 

174 

Table 6.1: Physiochemical parameters of selected B. bassiana chitinases using 

ExPASy’s ProtParam tool……………………………………………………….. 

188 

Table 6.2: Illustration of different motifs of B. bassiana chitinases…………….. 193 

Table 6.3: Physiochemical parameters of selected B. bassiana D1-5 xylanase 

using ExPASy’s ProtParam tool………………………………………………… 

 

202 



 xv 

Table 6.4: Illustration of different motifs of B. bassiana D1-5 xylanase……….. 204 

 
 

  



 xvi 

LIST OF ABBREVIATIONS 
 

3D: Three dimensional 

ANOVA: Analysis of variance  

BEA: Beauvericin       

BC: Banana corm extract 

BSA: Bovine serum albumin 

bp: Base pair 

BLAST: Basic local alignment search tool 

BME: β-mercaptoethanol 

BP: Biological Process 

CASTp: Computed Atlas of Surface Topography of proteins3D3D 

CAZymes: Carbohydrate active enzymes 

cDNA: Complementary Deoxyribonucleic acid 

CC: Cellular Component 

CCD: Central Composite Design 

CMC: Carboxymethyl cellulose 

DEGs: Differentially expressed genes 

DNA: Deoxyribonucleic acid 

DNS: 3, 5-dinitrosalicylic acid 

DPPH: 2,2-diphenyl-1-picrylhydrazyl 

DTT: dithiothreitol  

EDTA: Ethylenediamine tetra-acetic acid 

FASTA: Fast Adaptive Shrinkage Threshold Algorithm 

FDRs: False discovery rates 

FRAP: Ferric reducing ability of plasma 

FTIR: Fourier transformed infrared 

Gb: Gigabyte 

GRAVY: Grand average of hydropathicity  

GO Gene ontology 

INT: Iodonitrotetrazolium violet 

ITS: Internal transcribed spacer  

kcat: Enzyme turnover number 

Km: Michaelis constant 



 xvii 

ODA: Oatmeal dodine agar 

MPD: Mannitol-1-phosphate dehydrogenase  

mRNA: Messenger Ribonucleic acid  

MF: Molecular Function 

NCBI: National Centre for Biotechnology Information 

NICD: National Institute for Communicable Diseases 

PBD: Plackett-Burman design  

PCA: Principal Component Analysis  

PCR: Polymerase chain reaction 

PDA: Potato dextrose agar 

PDB: Potato dextrose broth  

PDB: Protein Data Bank 

PMSF: Phenylmethylsulphonyl fluoride 

rDNA: Ribosomal DNA 

RNA: Ribonucleic acid 

RNA-Seq: Ribonucleic acid sequencing 

SB: Sugarcane bagasse 

SD: Standard deviation 

SDS: Sodium dodecyl sulphate 

SDS-PAGE: Sodium dodecyl (lauryl) -polyacrylamide gel electrophoresis. 

SEM: Scanning Electron Microscopy 

SOD: Superoxide dismutases 

SOPMA: Self-Optimized Prediction Method with Alignment 

TFC total flavonoid content  

TMHMM: Transmembrane helices; Hidden Markov Model 

WB: Wheat bran 

 

 
 
 
 
 
 
 
 
  



 xviii 

PUBLICATIONS AND CONFERENCES 

Publications 

1. Amobonye, A., Bhagwat, P., Pandey, A., Singh, S., Pillai, S. 2020. 

Biotechnological potential of Beauveria bassiana as a source of novel 

biocatalysts and metabolites. Critical Reviews in Biotechnology 40:1019-1034. 

2. Amobonye, A., Bhagwat, P., Singh, S. and Pillai, S. 2021. Enhanced xylanase 

and endoglucanase production from Beauveria bassiana SAN01, an 

entomopathogenic fungal endophyte. Fungal Biology 125: 39-48. 

3. *Bhagwat, P., *Amobonye, A., Singh, S. and Pillai, S. 2021. A comparative 

analysis of GH18 chitinases and their isoforms from Beauveria bassiana: An in-

silico approach. Process Biochemistry 100: 207-216. 

*Bhagwat, P. and Amobonye, A contributed equally to this work as first authors. 
 

 Publications under preparation 

1. Amobonye, A., Bhagwat, P., Singh, S., Pillai, S. 2021. Effective pear juice 

clarification by Beauveria bassiana SAN01 amylase-polygalacturonase cocktail. 

2. Amobonye, A., Bhagwat, P., Singh, S., Pillai, S. 2021. Optimized production of 

Beauveria bassiana SAN01 amylase-polygalacturonase using response surface 

methodology. 

3. Amobonye, A., Bhagwat, P., Arshad, I., Kwenda, S., Singh, S., Pillai, S. 2021. 

Comparative transcriptome of Beauveria bassiana SAN01 under endophytic and 

fermentation conditions. 

 

Conference 
Amobonye, A., Bhagwat, P., Singh, S., Pillai, S. 2020. Beauveria bassiana 

xylanase: a biomass degrading enzyme from an entomopathogen. Federation of 

European Microbiological Societies Online Conference on Microbiology 2020,  

28 -31 October 2020. 

 

 
  



 xix 

ABSTRACT 

Different filamentous fungi have continued to attract scientific interests as novel sources 

of enzymes and other important bioproducts. Beauveria bassiana, a well-known 

entomopathogenic fungi has long been valued for its biotechnological application as a 

biocontrol agent in its entomopathogenic state and as a plant-growth promoter in its 

endophytic state. The fungus has also been proven to be safe for human health, as studies 

have shown B. bassiana strains to be non-pathogenic to humans, other animals and 

plants. Furthermore, its ability to utilize various agro-residues for its growth and the 

concomitant production of important bioproducts have been well demonstrated. 

However, despite all of these, there has been no appreciable attempt at exploring this 

remarkable fungus for the production of industrially important enzymes, especially in its 

saprophytic state. Recently, a filamentous fungus was isolated in its endophytic state 

from onion leaves, in our laboratory. It was confirmed by rDNA ITS sequencing to be a 

B. bassiana strain and was subsequently designated as B. bassiana SAN01. Preliminary 

experiments revealed the remarkable ability of this novel strain to utilize lignocellulosic 

biomass for its metabolism while secreting various biomass-degrading enzymes in the 

process. Hence, carbohydrases from B. bassiana SAN01 were considered worthy of 

investigation because of the established safety of the source organism, as well as the 

probable low production cost of the enzymes using readily available plant biomass. 

Besides, it was also observed that there has been no significant investigation into the 

biochemical properties of lignocellulolytic enzymes from B. bassiana, which has 

probably hindered their industrial applicability.  

Hence, this Ph.D. research was focused on investigating the production, the biochemical 

properties, as well as the potential applicability of selected biomass-degrading enzymes, 

viz., amylase, cellulase (endoglucanase), pectinase (polygalacturonase) and xylanase 

from B. bassiana SAN01. To achieve these, the phylogenetic relationship of the fungal 

strain was established, and its carbon utilization profile was annotated using phenotypic 

microarray technology. Furthermore, to understand the dynamics surrounding its 

lignocellulosic biomass utilization and its carbohydrase-production capabilities, 

comparative transcriptomics analysis was carried out B. bassiana SAN01 under three 

different simulated conditions i.e., endophytic, fermentation and lab control conditions. 

In addition, to fully explore the carbohydrase production potential of the fungus, the 

production of the selected carbohydrases was optimized using response surface 



 xx 

methodology; subsequently, all the selected enzymes were purified to enhance the 

evaluation of their biochemical properties as well as their potential industrial 

applications.  

The proclivity of B. bassiana SAN01 for polyols, pentoses, N-acetyl-D-glucosamine and 

some other carbon sources was demonstrated by the phenotype microarray profiling. 

While the comparative genome-wide transcriptome analyses revealed a clear distinction 

between the fungus under the different trophic conditions investigated. It was observed 

that 4-5% of the 10,365 B. bassiana SAN01 genes were differentially expressed between 

these conditions, and a significant proportion of the genes were found to be involved in 

lignocellulose deconstruction. The annotation of CAZymes from the B. bassiana SAN01 

transcriptome under fermentation (saprophytic) conditions confirmed the upregulation of 

biomass-degrading enzymes such as amylases, cellulases, chitinases, glucanases, 

laccases, lignases, pectinases and xylanases. The subsequent optimization of the 

production parameters of B. bassiana SAN01 amylase, endoglucanase, 

polygalacturonase and xylanase led to heightened yields of 34.82 UmL-1, 23.03 UmL-1, 

51.05 UmL-1, and 1061 UmL-1, respectively. These were estimated to be 1.79-, 1.35-, 

1.87- and 3.44- folds higher than unoptimized production levels and are also the highest 

ever production levels recorded for these enzymes from any B. bassiana strain.  

Further in the study, the xylanase from B. bassiana SAN01 was purified to homogeneity 

while the other three enzymes were partially purified. The purified xylanase was 

demonstrated to have a molecular mass of ~37 kDa and performed optimally at pH 6.0 

and 45ºC.  However, the optimum pH of the partially purified amylase, endoglucanase, 

and polygalacturonase were found to be pHs 6.0, 6.0 and 7.0, while the optimum 

temperatures were observed to be 35ºC, 35ºC and 45ºC, respectively. Consequently, the 

purified B. bassiana SAN01 xylanase was demonstrated to be effective in deinking 

wastepaper with an optimized deinking rate of 106.72% relative to the control. In 

addition, the partially purified amylase-polygalacturonase from B. bassiana SAN01 was 

demonstrated to adequately clarify pear juice with a 1.37-fold improvement in clarity 

recorded under optimal conditions. Furthermore, results also showed that the enzymatic-

assisted juice clarification was without any detrimental effect on some quality parameters 

of the juice. In the same vein, crude endoglucanase-xylanase from the fungus was shown 

to significantly hydrolyze sugarcane bagasse, releasing ~20% reducing sugars under 

optimal conditions.  



 xxi 

Finally, to gain insights into the structure-function relationship of B. bassiana 

carbohydrases, the structural properties of B. bassiana chitinases and xylanases were 

elucidated for the first time using computational techniques. The in silico prediction 

revealed that the enzymes were generally hydrophilic, thermostable, negatively charged 

and extracellularly secreted. The modelled tertiary structures of B. bassiana chitinase and 

xylanase were validated by the presence of ~ 90% of their amino acid residues in the 

Ramachandran plot’s favoured region. The findings from this study have thus created a 

strong framework for the prospective utilization of B. bassiana and its carbohydrases in 

alternative biotechnological processes. 
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Abstract 

Beauveria bassiana though widely perceived as an entomopathogenic fungus has also 

been found in nature to be endophytic and facultatively saprophytic. As 

entomopathogens, the life cycle of different B. bassiana strains are organized and adapted 

as pathogens to their invertebrate hosts, while as endophytes, they maintain a symbiotic 

relationship with their plant hosts. To fulfil these aforementioned ecological roles, the 

fungus secretes an array of enzymes as well as secondary metabolites, which all have 

significant biological roles. Chitinases, lipases and proteases are considered the most 

important of all the enzymes produced by B. bassiana, however, studies have also 

shown their ability to produce other vital enzymes which include amylase, asparaginase, 

cellulase, galactosidase, glutaminase, etc. Previous reports on this filamentous fungus 

have laid more emphasis on its entomopathogenicity, its endophytism and its highly 

acclaimed application in the biological control of pests. In light of this, this chapter 

reviews current literature with a special focus on the enzyme-secreting potential of this 

entomopathogenic fungus and its use as a novel source of several industrial biocatalysts 

and other important biochemicals. It also discusses the inherent properties of the fungus 

to degrade various biopolymers as well as its relative safety for human use, being some 

of the critical factors that have raised the possibilities for their exploitation for industrial 

production and as safe hosts for gene expression. 
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1.1 Introduction 

The perpetual search for novel enzymes suitable for diverse industrial applications has 

continually sustained interests in the enzyme profiles of fungal strains from diverse 

habitats hitherto unexplored. Entomopathogenic fungi are well-established biocontrol 

agents that are gradually replacing synthetic chemicals in pest control (Bara and Laing 

2020). These fungi have the ability to infect hundreds of insects, other arthropods, as well 

as nematodes. The fungal penetration of the hosts’ cuticle is typically initiated by the 

development of fungal germlings into appressorium on the host cuticular surface and 

finally ends in the development of blastopores in the hosts’ haemocoel (Litwin, Nowak 

and Różalska 2020). This physiological evolution during pathogenicity indicates that 

fungal germlings are constantly engaging in chemical conversations with their 

environments and are also continuously adapting in order to colonize their hosts’ tissue 

as well as counteract their hosts’ defense systems (Keyhani 2018). In this regard, the 

pathogenicity of this group of fungi depends majorly on the ability of their enzymatic 

machinery to degrade insects’ integument and also on the secretion of bioactive volatile 

organic compounds and antibiotics (Dhawan and Joshi 2017; Łopusiewicz et al., 2020). 

The natural ability of entomopathogenic fungi to produce a wide variety of enzymes is 

now being exploited in the industry to meet the ever-increasing demand for novel 

biocatalysts (Mondal et al., 2016; Łopusiewicz et al., 2020). The rising adoption of 

entomopathogenic fungal enzymes in the industry has also been ascribed to their 

appealing characteristics, including high specificity of action, their natural origin, 

stability, and generally safe nature (Mondal et al., 2016; Shin, Bae and Woo 2016; 

Litwin, Nowak and Różalska 2020). As a result, many studies have been dedicated to the 

potentials of various entomopathogenic fungi for the production of important enzymes 

and other important metabolites; these include Beauveria bassiana (Liu et al., 2020a), 

Lecanicillium lecanii (Rojas-Osnaya et al., 2020), Metarhizium anisopliae (dos Reis et 

al., 2018), etc.  Another group of fungi with potential for enzyme mining is the 

endophytic fungi, which live asymptotically inside plant tissues. Interestingly, it has been 

shown in nature that some endophytic fungi also belong to the genera that encompass 

entomopathogenic fungi (Jaber and Ownley 2018; Mantzoukas and Eliopoulos 2020). 

Very few fungi have been reported to possess this dual biological role which has been 

shown by fungi such as Lecanicillium spp., Metarhizium robertsii and our fungus of 

interest, B. bassiana. Similar to entomopathogens, endophytes employ a wide array of 
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enzymes in the process of colonizing their different plant hosts. Some of these enzymes 

are responsible for their attachment to hosts, while others are responsible for their ability 

to tap and utilize their hosts’ nutrients, amongst other functions. Cladosporium 

cladosporioides (Vázquez-Montoya et al., 2020), Penicillium spp. and Aspergillus spp. 

(Adhikari and Pandey 2019) are examples of endophytes that have been recently 

investigated as probable sources of industrial enzymes.  

Beauveria bassiana is a filamentous fungus (Hypocreales) that can be considered both 

as an entomopathogen and an endophyte, hence the nomenclature entomopathogenic 

fungal endophyte and/or endophytic fungal entomopathogen. It is more popularly known 

for its use as a biopesticide for the biological control of insect pests (Bara and Laing 

2020) and as an asymptomatic associate of plants (Nishi et al., 2020). In fulfilling its dual 

biological role, B. bassiana secretes a wide variety of extracellular enzymes, which 

include chitinases, protease, lipases, amylases, laccases etc. Its inherent ability to secrete 

enzymes in copious quantities, its relative safety to human health, together with its well-

characterized genome have made this fungus a potential mining site for industrial 

enzymes and other important biomolecules. Previous studies have focused primarily on 

B. bassiana’s enzymes as significant factors in their pathogenicity to arthropods (de 

Carolina Sánchez-Pérez et al., 2014; Lovera et al., 2020), in their endophytic 

colonization (Ownley et al., 2008) and in their popular use as biocontrol agents (Mascarin 

and Jaronski 2016; Alves et al., 2020).  

B. bassiana has been observed to utilize different agricultural residues for its growth, 

especially during the cultivation for its much sought-after blastospores, which is being 

produced in commercial quantities (Jaronski and Mascarin 2017; Reddy and Bhardwaj 

2020). However, though it is a well-studied fungus, there are relatively a few reports on 

biomass-degrading enzymes and carbohydrases from B. bassiana. Although the 

decomposition role in the ecosystem is mainly reserved for saprophytic fungi which 

warrants them to produce high levels of extracellular enzymes to digest the biomass (Liao 

et al., 2018, Hage and Rosso 2021), some endophytic fungi have also been shown to 

participate in this role (Cline et al., 2018; Gray and Kernaghan 2020). Interestingly, some 

studies have also demonstrated that B. bassiana could exist as a facultative saprophyte 

as well (Magara et al., 2004; Wang et al., 2018a; Punia et al., 2019; Khonsanit et al., 

2020). However, the metabolic changes that prompt endophytic fungi to degrade plant 

biomass and secrete high levels of hydrolytic enzymes have not been well studied. 
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Therefore, this research intends to investigate the metabolic and physiological changes 

in B. bassiana during its transition from its prominent role as an endophytic fungus to a 

biomass-degrading fungus. The study will also focus on characterizing selected 

carbohydrate-active enzymes secreted by the fungus while degrading plant biomass for 

possible industrial applications. 

1.2 B. bassiana, an entomopathogenic fungal endophyte 

B. bassiana was named after Agostino Bassi, an Italian entomologist who discovered that 

the fungus was the causal agent of pebrine disease that turned thousands of Italy’s 

silkworms into white mummies. Shortly after the discovery in 1835, the 

entomopathogenic fungus was used extensively to manage chinch bugs in the US 

Midwest (Lord 2005). B. bassiana has since been noted to be one of the most important 

and well-characterized entomopathogenic fungi, as it is highly regarded for its role in 

controlling various pests in agriculture. It is widely used as a biological control agent 

against a variety of insect pests, including agricultural and stored food products. 

Entomopathogens are microbes that are pathogenic to insects, but this definition has now 

been extended to include microbes that can attack spiders, mites, and ticks as well (Yang 

et al., 2020). These group of organisms have been shown to include naturally occurring 

bacteria, fungi, nematodes, and viruses found in diverse ecosystems (Lacey 2017; da 

Silva et al., 2020). B. bassiana has been observed to affect more than 200 different 

species of insect pests, primarily through contact with its conidia, which is now highly 

sought after as a biopesticide. Recent findings have also established the ability of the 

fungus to affect a wide variety of insects (Dhar et al., 2019; Ramakuwela et al., 2020) 

and other arthropods (Alagesan et al., 2019; Canassa et al., 2020), mostly plant pests. In 

addition, B. bassiana has also been shown to be capable of infecting other pests, such as 

nematodes (Niveditha et al., 2019; Silva et al., 2020).  

The initial entomopathogenic process is divided into four steps which include the 

adsorption of B. bassiana cells to the cuticular surface, as well as the adhesion and 

consolidation of the interface between pre-germinant propagules and the insects’ 

epicuticle. The germination/development occurs at the insect cuticular surface until the 

emergence of the appressorium, the penetration peg, which exerts physical pressure on 

the host body covering (Cytryńska, Wojda and Jakubowicz 2016). The high turgor of the 

appressorium provided by high glycerol content allows the fungus to force its way into 

the insect's body (Vertyporokh, Hułas‐Stasiak and Wojda 2020). Furthermore, the 
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intrusion is also facilitated by the fungal extracellular enzymes, including chitinases, 

lipases, and proteases. These enzymes also degrade the various organic polymers in the 

host’s tissues, using the degradation products as energy and nutrient sources (Mondal et 

al., 2016; Sharma et al., 2020). On entering the haemolymph, the fungus grows as 

blastospores, which are single yeast-like cells with a fragile cell wall. The shift to 

blastospores is believed to allow a reduction in the number of hosts’ pathogen-associated 

molecular patterns (PAMPs), which has been noted to be important in minimizing the 

hosts’ recognition and defence response mechanisms (Vertyporokh, Hułas‐Stasiak and 

Wojda 2020). These blastospores proliferate hosts’ organs by disseminating across the 

insect body through haemolymph circulation, which eventually results in mortality. After 

host mortality, the fungus shifts to facultative feeding as it initiates hyphal development 

outwards the integument, building a massive number of spores in this process. The 

conidiospores produced are utilized to establish new infestations. The typical infection 

cycle of B. bassiana on its insect hosts is depicted in Figure 1.1 while the physical 

manifestation of the infection is shown in Figure 1.2. Besides blastospores, B. bassiana 

also produces submerged conidia and aerospores. While blastospores and submerged 

conidia are produced in rich and poor liquid medium respectively, aerospores are 

produced in solid medium. Although these three types of cells differ in their physical 

properties, all of them are infectious (Holder and Keyhani 2005; Holder et al., 2007). 

The pathogenicity of B. bassiana has also been shown to be attenuated by its secretion 

of mycotoxins including beauvericin, cyclodepsipeptide, destruxin and 

desmethyldestruxin, at the beginning of the infestations. These compounds have been 

implicated in host immune suppression, with subsequent destruction of the host’s internal 

tissues as well as nutrient depletion, all leading to host death (Gibson et al., 2014; Al 

Khoury et al., 2019). 
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Figure 1.1: Overview of the infection cycle of B. bassiana during insect attack (Adapted 

from Singh, Raina and Singh 2017) 

 
Figure 1.2: Physical manifestation of B. bassiana on insects (A) Primary infection (first 

signs of germination), (B) Secondary infection, (C–D) Severe infection (Adapted from 

Mudrončeková et al., 2019). 
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As a result of the metabolic versatility and the adaptability of many entomopathogenic 

fungi, they have also been shown to exist in different environmental states and niches 

(Mondal et al., 2016). B. bassiana has been discovered to be an endophytic colonist 

inhabiting several plant species, in addition to parasitizing insects. The fungus has also 

been shown to thrive saprophytically in the soil, colonizing plant rhizosphere 

(Zimmermann 2007; Bara and Laing 2020). Various studies have revealed the ability of 

B. bassiana to establish mutualistic associations with plants and pathogenic association 

with insects. These relationships can coexist simultaneously, with fungus colonising 

plant tissues and parasitising insects, forming a tripartite interaction (Branine et al.,  

2019). Furthermore, B. bassiana, like many other microbes, has also been reported to be 

isolated in one environmental lifestyle and made to exist in another, hence they can 

shuffle between the entomopathogenic and endophytic states (Biswas et al.,  2012). The 

fungus has been found in its endophytic state inhabiting different crops asymptotically, 

these crops include wheat (Sánchez-Rodríguez et al., 2018), grapes (Rondot and Reineke 

2018), tomato (Silva et al., 2020), lemon (Bamisile et al., 2020), soybean (Russo et al., 

2019), banana (Akello et al., 2008) and lot more. Hence, they are also classified into the 

broad group of fungal endophytes, where fungi live in plant tissues without causing 

symptoms or harm the host plant. In this regard, they have been shown to play important 

roles within the plants which include systemic protection of plants against herbivorous 

insects and plant pathogens (Rondot and Reineke 2018; Russo et al., 2019; Bara and 

Laing 2020), as well as acting as growth promoters (Lopez and Sword 2015; Tall and 

Meyling 2018). Besides occurring as part of the natural endophytic community of 

different plants, the fungus has also been artificially inoculated and established as an 

endophyte in many plant species. Studies have shown that the establishment can be 

achieved through seed treatment (Jensen, Enkegaard and Steenberg 2019), soil 

application (Ramakuwela et al., 2020), direct injection (Gaviria, Parra and Gonzales 

2020) and/or roots drenching (Canassa et al., 2020). Hence, exploring means of ensuring 

the effective endophytic establishment of B. bassiana strains in different crop plants is 

currently the focus of several studies to achieve a dual biocontrol strategy against insect 

pests and plant pathogens. 

Different mechanisms have been proposed for their protective effects on plants during 

co-habitation. B. bassiana, like other endophytic fungal entomopathogens, can directly 
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suppress plant pathogens through competition for ecological niches and nutrition, 

mycoparasitism and also by the secretion of secondary metabolites (Espinoza et al., 2019; 

Barra-Bucarei et al., 2020a). Induced systemic resistance, a state observed to be elicited 

by beneficial microbes, has emerged as an important mechanism by which the whole 

plant is primed for enhanced defence against various plant pathogens and pests (Pieterse 

et al., 2014). Evidence for this induced resistance is basically the reduction of disease 

symptoms in plant parts distant from the site where the inducing agent is active, which 

has been shown in cotton seedlings inoculated with B. bassiana (Ownley et al., 2008). 

Plant growth promotion by the fungus has also been speculated to be a result of enhanced 

nutrient uptake as earlier shown by Sánchez-Rodríguez, Del Campillo and Quesada-

Moraga (2015). In addition, B. bassiana has also been demonstrated to re-channel the 

insect-derived nitrogen to plants (Behie and Bidochka 2013). The synergy between 

endophytic fungal entomopathogens and other endophytes has also been shown to be 

beneficial to the plant hosts. Hence, different endophytic consortia have been studied for 

the dual control of plant pests and pathogens with the aim of increasing the variety of 

effective action mechanisms as well as the range of pests and pathogens that are 

negatively impacted by these consortia. This synergy has been observed between B. 

bassiana and P. fluorescens in reducing leaf miner damage and collar rot in groundnut 

(Senthilraja et al., 2010). This has also been shown with Rhizophagus intraradices 

against beet armyworm in tomato plants (Shrivastava et al., 2015). 

1.3 B. bassiana genome  

The ecological and industrial importance of B. bassiana has been highlighted by various 

efforts to sequence the genome as well as to understand the genome organization within 

different strains of the fungus (Viaud et al., 1996; Xiao et al., 2012; Valero-Jiménez et 

al., 2016; Atzeni et al., 2020). The complete genome sequence of B. bassiana has been 

noted to be typically between 32-45 megabytes (Xiao et al., 2012; Lee et al., 2018). 

Comparative genomics at the intraspecific level has also shown a high level of genetic 

diversity between different strains of B. bassiana, which enabled the strains to be 

classified into two distinct phylogenetic clusters according to their genome. In addition, 

a detailed study of the karyotype profiles of different B. bassiana strains also indicated 

remarkable flexibility in their chromosomal organization, which was observed to be a 

function of their origins (Viaud et al., 1996). The analysis of some of these strains 

revealed that the typical core genome consists of 7,341 orthologous gene clusters, while 
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the pan-genome consists of 13,068 orthologous gene clusters. It was thus suggested that 

B. bassiana has an open pan-genome, which is highly expected for dynamic species 

which have the ability to naturally colonize diverse environments (Valero-Jimenez et al., 

2016). This is significant as the fungus has been well known to colonize different insects, 

arachnidal and nematodal hosts, in addition to its ability to colonize different species of 

plants. Currently, a significant portion of the open reading frames (ORFs) in each of these 

genomes has been assigned to different biological functions. In this regard, expressed 

sequence tag analyses, gene functional studies and insertion mutagenesis have been 

instrumental in the identification of some of the genes involved in detoxification, fungal 

development, insect immune avoidance, stress responses and virulence (Tartar and 

Boucias 2004; Fan et al., 2011; Kim et al., 2016). The functional analysis of the annotated 

B. bassiana genome is illustrated in Figure 1.3. The shotgun genome sequencing of the 

well-studied B. bassiana ARSEF 2860 revealed a size of 33.7 Mb with a significantly 

compact genome structure when compared to some other pathogenic fungi. This genome 

was predicted to encode 10,366 protein genes which include genes for different proteases 

(23 trypsins, 43 subtilisins, 21 aspartic proteases, 52 carboxypeptidases, 47 cysteine 

peptidases, 20 threonine peptidases and 98 metallopeptidases) (Xiao et al., 2012). The 

fungus was also noted to possess genes for 145 carbohydrate-active enzymes which 

include chitinases, cellulases, hemicellulases, ketolases etc. (Xiao et al., 2012). More 

recently, the genome size of B. bassiana ATCC 74040 (commercial strain) was estimated 

to be 32.4 Mb in size and shown to contain 2,322 contigs, with an N50 value of 36,979 

bp (Atzeni et al., 2020). The 20,271 predicted genes in the strain were noted to be related 

to insecticidal activity: chitinases, proteases, as well as hydrophobins. 
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Figure 1.3: Genomics analysis and functional classification of Beauveria bassiana 

proteins. Each numerical value on the sectors denotes the relative fraction of genes 

represented in each category of the genome (Adapted from Xiao et al., 2012). 

1.4 B. bassiana transcriptome 

A detailed understanding of the processes by which different genes are up- and down-

regulated as well as the processes of protein secretion in a cell, are considered valuable. 

This is because the cell’s ability to regulate these activities is important in its metabolism 

of extracellular substrates and its continued existence in its environment. In the long run, 

the understanding of the “protein secretion mechanism” will allow the application of 

different organisms as “cellular factories” for the production of commercially important 

proteins in significant quantities (Tjalsma et al., 2000; Du and van Wezel 2018). In this 

regard, the “omics” tools, which include the secretomics, proteomics, transcriptomics 

etc., have been widely used in the identification and elucidation of the enzyme repertoire 

in different industrially important organisms including B. bassiana (Xie et al., 2010; 

Alfaro et al., 2016; Grosse‐Holz et al., 2018). The transcriptome of B. bassiana has also 

been well studied across different strains, environmental conditions, virulence efficiency, 

and insects’ hosts especially with the goal of understanding B. bassiana host-pathogen 

interactions (Dong et al., 2017; Lai et al., 2017; Wang et al., 2017b; Zhou et al., 2019). 
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This has been achieved more effectively by the application of RNA-seq methods and 

validated by quantitative-PCR. These methods have been noted to be more effective than 

others in giving insights into the global gene expression on specific conditions due to 

high resolution (Gamba and Zenkin 2018). In addition, the previous elucidation of the B. 

bassiana genome has also provided a theoretical foundation and reference for analysing 

its transcriptomes under different conditions. For instance, different expression levels for 

genes encoding enzymes and proteins necessary for degrading various organic polymers, 

such as glycans and lipids, were observed in different strains of B. bassiana which 

suggests that the different strains employ distinct strategies or possess varying ability to 

obtain nutrition (Wang et al., 2017b).  

Regarding enzyme profiling of B. bassiana, transcriptome analysis of submerged B. 

bassiana conidia revealed a large number of depolymerases that include proteases, 

glycosidases, and lipases as well as many amino acid and carbohydrate transporters (Cho 

et al., 2006). In this study on B. bassiana transcriptome, 2400 unique sequences were 

identified and 4360 were found to be clustered. These sequences are believed to indicate 

a large and versatile gene expression repository being available for the fungus’ growth 

during different environmental and developmental conditions. Hence, translating into a 

large amount of data for gene discovery as well as genome annotation (Cho, Boucias and 

Keyhani 2006). The gene expression profile of B. bassiana in response to insect cuticles 

also showed a large array of transcripts that were not identified during in vitro growth 

conditions; these include enzymes such as peroxidases, trehalase, lipase, peptidase, 

phosphatase and lyase as well as other enzymes responsible for the degradation of 

specific cuticle substrates (Mantilla et al., 2012). In recent studies, industrially important 

enzymes including β-1,3-glucanases, chitinolytic enzyme systems (Lai et al., 2017), 

tyrosinases and reductases (Zhang et al., 2019b) have been highlighted to be expressed 

at varying levels in B. bassiana during different metabolic conditions. Interestingly, the 

importance of alternative splicing in the metabolic responses and adaptation of B. 

bassiana was also highlighted, thus further unravelling the complexity of the 

transcriptome as well as the virulence of the entomopathogenic fungus (Dong et al., 

2017).
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Beta glucosidase 
B. bassiana P1 SmF; 5.20 UmL-1/ 

400 - 600 
5.0/ 55 Wheat bran CoSO4, BaCl2  

 
CuCl2, Beta-
mercaptoethanol, 
ZnSO4, MnSO4,  

(Borgi and 
Gargouri 2016) 

Cellulase 
B. bassiana B14532 SmF; 3.59 UmL-1/ 

NR 
NR/ NR Carboxymethylc

ellulose 
NR NR (Petlamul and 

Boukaew 2019) 
Chitinase       
B. bassiana CG432 
 

NR; NR/ 86 5.5/ 45 Colloidal chitin 
 

NR NR (Sassá et al., 2008) 

B. bassiana 174 SSF; 126 Ugds-1/ 
NR 

5.0/ 48 Colloidal chitin NR NR (Zhang et al., 
2004) 

B. bassiana 0062 SmF; 97 UmL-1 / 
NR 

5.0/ 40 Colloidal chitin NR NR (Fan et al., 2007a) 

B. bassiana 
(unidentified) 

SmF; 0.585 UmL-1 

/ NR 

 

NR/ NR Colloidal chitin NR NR (Elawati, Pujiyanto 
and Kusdiyantini 
2018) 

B. bassiana B02 SmF; 449 UmL-1 / 
NR 

  

NR/ NR Zabrotes 
subfasciatus 
 

NR NR (Mancillas-Paredes 
et al., 2019) 

Lipase 
B. bassiana MTCC-
5184 
 

SmF; 4.5 IUmL-1,  
SSF; 10 IUg-1/ 144  

7.0/ 50 Olive oil and 
tributyrin 
 

NR NR (Ryali et al., 2020) 

B. bassiana B1 SmF; 9.07 Uml-1 / 
25 
 

7.0/ 35 Tributyrin Mg2+ and Zn2 + 
Ca2 + 

NaCl (Zibaee, Sadeghi-
Sefidmazgi and 
Fazeli-Dinan 2011) 

B. bassiana CFF7 
 

SSF; 8.59 Umg-1 / 
78 

6.0/ 50 Tributyrin Triton X-100, 
Tween 80, 

NR (Vici et al., 2015) 
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 Tergitol and 
CTAB 

Protease 
B. bassiana MTCC-
5184 

SmF; 13.5 IUmL-1 ,  
SSF; 47.5 IUg-1 / 
28.2  
 

9.0/ 50 Casein, 
haemoglobin 
and bovine 
serum albumin 
 

EDTA PMSF 
 

(Ryali et al., 2020) 

B. bassiana 
111892A 
 

SmF; 15.6 UmL-1 

/32 
8.5/ 25 Azocoll, gelatin Pepstatin 

 
Leupeptin, 
 PMSF 

(Urtz and Rice 
2000) 

B. bassiana B1 SmF; 3.44 UmL-1/ 
47 

8.0/ 45 Eurygaster 
integriceps 

CaCl2, MgSO4, 
ZnCl2 

MnSO4, NaCl, KCl (Zibaee and 
Bandani 2009) 

Trehalase       
B. bassiana 
ARSEF2860 
 

NR; NR/ 84 7.0/ 55 Trehalose, 
galactose 
 

MnCl2 and 
CaCl2 

CuCl2, ZnCl and 
EDTA 

(Liu, Ying and 
Feng 2011) 

Xylanase 
B. bassiana MTCC-
5184 

SmF; 4.75 IUmL-1, 
SSF; 96.5 IUg-1/ 
28.2 

6.0/ 50 Soluble xylan 
 

EDTA 
 

PMSF 
 

(Ryali et al., 2020) 

*NR: Not recorded 
*SmF: Submerged fermentation 
*SSF: Solid-state fermentation 
* CTAB: Cetyltrimethylammonium bromide 
* PMSF: Phenylmethylsulfonyl fluoride  
* EDTA: Ethylenediaminetetraacetic acid
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1.5.1 Chitinase 

Chitinases (EC 3.2.11.14) hydrolyze the β (1,4) linkage of chitin polymer into N-acetyl 

β-D-glucosamine monomers. This enzymatic reaction is considered very important as the 

substrate chitin is the second most ubiquitous natural polymer; thus, chitinases are a key 

focus to researchers as a result of their diverse applications in bioremediation, dye 

removal, fungicide, biosensing, drug delivery etc. (Rameshthangam et al., 2018; 

Kidibule et al., 2020). Being one of the most important enzymes needed to hydrolyze 

insect cuticle by entomopathogens, the production of chitinases in B. bassiana has been 

highlighted in different studies (Augustyniuk-Kram 2018; Mancillas-Paredes et al., 

2019; Schmaltz et al., 2021). Experimentally, the fungus has been shown to produce 

extracellular chitinase at different levels during both SSF and SmF, usually using 

colloidal chitin as the carbon source (Beygmoradi et al., 2018; Elawati, Pujiyanto and 

Kusdiyantini 2018). From the available literature, the highest production level recorded 

for chitinase in B. bassiana are 449 UmL-1 and 248 Ugds-1 under SmF (Mancillas-Paredes 

et al., 2019) and SSF (Beygmoradi et al., 2018) respectively. 

Some studies have shown that the optimum incubation period for the production of 

chitinase by B. bassiana is usually four or five days under SmF (Leopold and 

Samsˇinˇáková 1970; Elawati, Pujiyanto and Kusdiyantini 2018). It is also noted that the 

enzyme production is inducible by different chitooligosaccharides (Dhar and Kaur 2010; 

Mancillas-Paredes et al., 2019). Furthermore, chitinase production has been observed 

under acidic (Sassá et al., 2008), alkaline (Suresh and Chandrasekaran 1998) and neutral 

conditions (Elawati, Pujiyanto and Kusdiyantini 2018). Recently, ultrasound treatment 

was used to increase chitinase production from B. bassiana by almost 50% of the initial 

production level (Schmaltz et al., 2021). 

There are few reports on the characterization of different chitinases produced by B. 

bassiana. One such study has shown a B. bassiana chitinase that is moderately acidic 

with optimum pH between 5.5 and 6.0 (Sassá et al., 2008). The optimum temperature of 

B. bassiana chitinases have also been shown to be between 30°C and 48°C, thus they can 

be said to be in the range of mesophilic to moderately thermophilic chitinases (Fan et al., 

2007a; Sassá et al., 2008). Furthermore, studies have shown that chitinases from some 

B. bassiana strains are approximately 70 kDa (Dhar and Kaur 2010; ZHEN et al., 2010).  
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In order to improve the enzyme production levels, chitinase genes from B. bassiana have 

been successfully cloned in different host systems, including E. coli (Fang et al., 2005; 

Fan et al., 2007a) and Pichia pastoris (Fan et al., 2007b). The introduction of a 

constitutive promoter from Aspergillus nidulans into B. bassiana was shown to increase 

chitinase production level by approximately 20 folds (Fang et al., 2005). Hybrid 

chitinases with higher activity have also been engineered by fusing B. bassiana chitinase 

with chitin-binding domains derived from other sources and expressing them in P. 

pastoris (Fan et al., 2007a). Notably, B. bassiana was also used as a host for the 

expression of chitinase genes from another fungus, Ophiocordyceps unilateralis 

(Chantasingh et al., 2011). The recent isolation of thermotolerant B. bassiana strains 

(Alali et al., 2019) is expected to open a new vista for the production of thermostable 

chitinases which would be useful in many industrial applications that operate at high 

temperatures.  

1.5.2 Lipases 

Lipases (EC 3.1.1.3) are a class of enzymes that hydrolyze long-chain triglycerides to 

fatty acids and acylglycerols. These enzymes can catalyze both hydrolysis and synthesis 

reactions of esterification, interesterification and transesterification (Devi et al., 2020), 

thus they constitute one of the most important groups of biocatalysts in biotechnology.  

Microbial lipases particularly have been found useful in industries such as 

agrochemicals, animal feed, biofuel, biocatalytic resolution, biosensor, bioremediation, 

cosmetic, dairy, food and beverage, cleaning, fine chemicals production, 

pharmaceuticals, perfumery and textile (Chandra, Singh and Arora 2020). The pivotal 

elements of the insect's cuticle are mainly the surface lipids as well as the long-chained, 

saturated, unsaturated, and branched hydrocarbons (Xu et al., 2018). The specific 

biological roles of these cuticular lipids, especially in the epicuticle, include serving as 

barriers to pathogens, taxonomical markers, osmoregulation, and function in nestmate 

recognition (Barbero 2016; Wu et al., 2020a). Hence, the secretion of lipases by 

entomopathogenic fungi is a crucial step in the cuticle-degrading sequence and pathways 

involved in phospholipid homeostasis and triglyceride metabolism which all contribute 

to their virulence and pathogenicity (Keyhani 2018). Lipases have been produced from 

different B. bassiana strains, although the production levels are difficult to be compared, 

due to the difference in enzyme activity assays and substrates used. However, on this 

account, the highest lipase activity reported for any B. bassiana strain is 906.7 U, which 
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was achieved using p-nitrophenyl butyrate as the substrate (Zibaee, Sadeghi-Sefidmazgi 

and Fazeli-Dinan 2011). In general, lipase production level in B. bassiana under SmF 

has been shown to be highest on the 6th or 7th day (Zibaee, Sadeghi-Sefidmazgi and 

Fazeli-Dinan 2011; Dhawan and Joshi 2017). As expected, lipase production in B. 

bassiana was shown to be inhibited by the addition of fatty acids, such as oleic, stearic 

etc. and enhanced by the addition of triacylglycerols. Studies have shown that lipases 

from B. bassiana perform optimally across a wide range of pH including acidic (Vici 

et al., 2015), neutral and alkaline (Zibaee, Sadeghi-Sefidmazgi and Fazeli-Dinan 2011). 

Some B. bassiana lipases have been found to be mesophilic (Zibaee, Sadeghi-

Sefidmazgi and Fazeli-Dinan 2011) while others were shown to be thermophilic (Vici 

et al., 2015). It also appears that molecular weights of B. bassiana lipases vary from 25 

kDa (Zibaee, Sadeghi-Sefidmazgi and Fazeli-Dinan 2011) to 60 kDa (Vici et al., 2015). 

Heterologous production of B. bassiana lipase has been achieved by expressing the gene 

in P. pastoris. The recombinant lipase produced by cloning the lipase gene from B. 

bassiana CFF74 was also successfully immobilized by both anionic and hydrophobic 

interactions thus raising possibilities for important industrial applications (Vici et al., 

2015).  

1.5.3 Proteases 

Proteases (EC 3.4) constitute the largest single-family of industrial enzymes with a wide 

range of applications.  Also referred to as peptidases or proteinases, they catalyze the 

proteolytic cleavage of proteins into smaller peptides or amino acids. They have been 

found very useful in the cosmetics, chemical, detergent, food, leather, pharmaceutical, 

silk degumming, silver recovery and wastewater treatment industries (Naveed et al., 

2020). The insects’ epicuticle, which is the outermost cuticle layer, is principally made 

of proteins and lipids which are stabilized by various biopolymers (Lemoine, Engl and 

Kaltenpoth 2020). Proteases attack the cuticle prior to the attack on weakened 

microfibers by chitinolytic enzymes (Grizanova et al., 2019).  

A significant protease production level of 280.72 UmL-1 has been reported in 

Beauveria spp. after 7 days incubation (Rao et al., 2006). However, a hyper-producing 

B. bassiana mutant strain was shown to have the highest protease production level (~ 

2000 UmL-1) ever recorded under liquid fermentation, hence, the B. bassiana P2 strain 

is being considered a top candidate in industrial protease production (Borgi et al., 2016). 

Studies have shown most B. bassiana proteases to possess optimum activity at the 
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mesophilic range (Mishra, Kumar and Malik 2013; Firouzbakht et al., 2015), however, 

B. bassiana proteases have been reported to be stable at 45°C (Zibaee and Bandani 2009) 

and 60°C (Shankar and Laxman 2015). Characterization of proteases from different 

strains of the fungus have shown the existence of both acidic (Mishra, Kumar and Malik 

2013) and alkaline proteases, raising their application potential under these different 

conditions (Firouzbakht et al., 2015). An alkaline protease from Beauveria sp. MTCC 

5184 was shown to be thermostable and was successfully applied as an effective 

detergent (Shankar and Laxman 2015). Subsequently, an enzyme from the same strain 

was used efficiently for the degumming of silk and subsequent hydrolysis of sericin to 

low molecular weight peptides (More, Chavan and Prabhune 2018). There is a wide 

variation in the molecular weight of proteases from different B. bassiana strains, ranging 

from 32 kDa (Borgi et al., 2016) to 105 kDa (Firouzbakht et al., 2015). Furthermore, B. 

bassiana proteases have shown to exhibit proteolytic activities on a wide range of 

substrates from collagen, elastin (Urtz and Rice 2000), to haemoglobin (Shankar and 

Laxman 2015) etc. Such broad-spectrum activity of proteases increases their prospective 

applications especially in detergent manufacture, in peptide synthesis, and in basic 

analytical research. 

1.5.4 Amylases 

Amylases (EC 3.2.1.1.3) are key enzymes with diverse applications in the field of 

biotechnology which include breaking down of starch into smaller units for fuel-alcohol 

production and for starch-based food processing, desizing of fabrics in the textile 

industry, paper processing, etc. (Saini, Saini and Dahiya 2017; Bhatt, Trivedi and Patel 

2020). Unlike lipases, proteases and chitinases, amylases are not categorized as 

pathogenic or virulence factors in entomopathogenic fungi. However, there are reports 

on the production of the enzyme by many fungi in general and endophytic organisms in 

particular (Toghueo et al., 2017; Naik 2019). In endophytic microbes, the secretion of 

amylases is essential to degrade the different sugar polymers, especially starch, found in 

plants. Hence, being an endophyte, B. bassiana is also expected to produce amylase as 

well.  

Extracellular amylase production by B. bassiana under different conditions while 

utilizing different media have been reported (Feng and Ying, 2002; Fernandes et al., 

2012; Martins, Pereira and Baptista 2014). B. bassiana SG 8702 was shown to produce 

an amylase under acidic fermentation conditions with optimal activity at 40℃ and pH 
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4.0. Furthermore, the enzyme exhibited significant stability between pH 3.0-8.0, at 37℃, 

and also maintained significant activity between 40℃ and 60℃, making it a potential 

candidate for industrial applications that involve varying reaction conditions (Feng and 

Ying, 2002). Beauveria sp. MTCC 5184 produced 4 IUmL-1 and 50 IUg-1 of amylase 

under both SmF and SSF conditions, respectively (Ryali et al., 2020). However, a higher 

activity of 1315.82 Umg-1 was achieved by B. bassiana SG8702 under SmF conditions 

(Feng and Ying, 2002). 

1.5.5 Cellulases 

Cellulases (3.2.1.4) are a group of enzymes which, acting together, hydrolyze the β-1,4 

linkages of cellulose to yield glucose. The production of these enzymes is a necessary 

step in the cellulolytic biomass-to-ethanol conversion process for energy 

sustainability. Besides their main use in the production of biofuels, cellulases have found 

wide applications in the paper/pulp, textile, animal feed, food processing and agricultural 

industries, to mention but a few (Ahmed and Bibi 2018; Chandra and Yadav 2021). 

Similar to amylases, the secretion of cellulases has been found to be necessary for 

endophytic fungi such as B. bassiana. This is reinforced by the fact that the role of 

cellulases in endophytic colonization has been established by mutational analysis 

(Krause et al., 2006). Furthermore, the expression of cellulase was identified ad planta 

at the main entry sites of Azoarcus spp. BH72, a well-studied endophyte (Reinhold-Hurek 

et al., 2006). The earliest report on B. bassiana cellulase was provided by Leopold and 

Samšiňáková (Leopold and Samsˇinˇáková 1970). Recent investigations have further 

revealed the capacity of B. bassiana to produce cellulases under different fermentation 

conditions. For example, the ability of B. bassiana to utilize carboxymethylcellulose for 

its growth and extracellular cellulase enzyme production was shown by Petlamul et al., 

(2017). Cellulase production in B. bassiana B14532 attained the highest level (3.89 UmL-

1) at an optimum pH of 6.5 and temperature of 80°C after 6 days of SmF (Petlamul and 

Boukaew 2019). It was also shown in this study that the enzyme retained more than 50% 

of its activity at 80°C, thus highlighting the significant thermostability of the enzyme. 

Recently, a B. bassiana strain was observed to produce 46.78 Ug−1 of exocellulase and 

28.0 Ug−1 of endocellulase while utilizing different lignocellulosic biomass under solid-

state fermentation conditions (Alves et al., 2020).  
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1.5.6 Other enzymes 

The potential of B. bassiana for the production of other industrially important enzymes 

besides lipases, proteases, chitinases, amylase and cellulase has not been extensively 

studied. These enzymes which can be considered as B. bassiana ancillary enzymes 

include asparaginase, chitosanase, β‐1,3‐glucanase, b-glucosidase, glutaminase, 

keratinase, mannitol-1-phosphate dehydrogenase, quercetinase, superoxide dismutase, 

trehalase, etc. 

1.5.6.1 Asparaginase 

Asparaginases (EC 3.5.1.1) are enzymes that deamidate asparagine to aspartic acid and 

ammonia. They have been found useful as anti-tumour agents, as biosensors, and in 

mitigating acrylamide levels in baked/fried foods (Chand et al., 2020). B. bassiana 

SS18/41 and its different mutants have shown to produce asparaginase at significant 

levels under SmF (Kamala Kumari, Sankar and Prabhakar 2015). B. bassiana SS18/41 

has also been shown to produce asparaginase under SSF achieving 90 Ugds-1 using wheat 

bran as the main carbon source (Nageswara, Guntuku and Tadimalla 2014).  

1.5.6.2 Catalase 

Catalase (EC 1.11.1.6) regulates cellular hydrogen peroxide metabolism as it catalyses 

the breakdown of hydrogen peroxide into oxygen and water. It is an oxidoreductase that 

plays a crucial role as an antioxidant and protects the cell against oxidative stress. It has 

been found useful in many industrial applications such as treatment of bleach in 

bioremediation, quality control in the dairy industry, and in clinical diagnosis (Kaushal 

et al., 2018). Two forms of the enzymes with molecular weights of 54.7 and 84.0 kDa 

have been sourced from a strain of B. bassiana (Pedrini et al., 2006). While the B. 

bassiana peroxisomal catalase was sensitive to pH, heat and high concentration of the 

hydrogen peroxide substrate, the other form, the cytosolic isoform, was tolerant across a 

wide range of pH (6.0–10.0), thermostable at 55°C and was fully active at higher 

concentrations of hydrogen peroxide. 

1.5.6.3 Chitosanase 

 Chitosanase (EC 3.2.1.132) is characterized by its ability to catalyze the hydrolytic 

cleavage of chitosan (Sinha, Chand and Tripathi 2016). Considering its biotechnological 

importance, especially in the bioconversion of marine crustacean biomaterials and as a 
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biocontrol agent, chitosanases have been well studied from various sources (Thadathil 

and Velappan 2014). A chitosanase like protein was isolated and purified from B. 

bassiana 618. However, the 28 kDa protein, which showed remarkable insecticidal 

activity, was found to be thermolabile (Fuguet, Théraud and Vey 2004). Subsequently, 

the cloning of a chitosanase gene from B. bassiana in Pichia pastoris resulted in the 

expression of a chitosanase which was stable between pH 2.0 and 8.0 and below 40°C, 

however, the mass of this chitosanase was estimated to be 33 kDa (Liu et al., 2020a).  

1.5.6.4 Beta‐1,3‐glucanase  

β-(1,3)-glucanases (EC 3.2.1.6) are responsible for the hydrolysis of β-(1,3)-glycosidic 

bonds in β-(1,3)-glucans.  β-(1,3)-glucans are the principal cell wall component in 

filamentous fungi, yeast callose (a structural polysaccharide in plants) and are also found 

in some bacterial exopolysaccharides (Zhou et al., 2017).  The enzymes have been found 

useful in malting, brewing (Sena et al., 2011), vinification (Blättel et al., 2011) and as 

antifungals (Confortin et al., 2019). The production of this enzyme has been highlighted 

in some B. bassiana strains.  β-(1,3)-glucanases production levels ranging from 0.46 

Umg-1 to 18.04 Umg-1 were recorded with B. bassiana IBCB 66 while utilizing different 

plant biomass (Alves et al., 2020). The effect of ultrasound treatment on the enzyme 

production in another B. bassiana strain has been shown with a 46% increase in yield 

observed after the treatment (Schmaltz et al., 2021). 

1.5.6.5 Beta-glucosidase  

Beta-glucosidases (EC 3.2.1.21) are an important component of cellulose metabolizing 

enzymes (cellulase system) as they catalyze the terminal step in cellulose catabolism 

(Keller et al., 2020). They have found applications in ethanol and biofuel production, 

synthesis of oligosaccharides, etc. (Ahmed, Batool and Bibi 2017). β-Glucosidases 

activity was detected in B. bassiana EAB 90/2-Dm which was isolated from locust 

(Quesada-Moraga and Alain 2004). The B. bassiana P1 strain was also shown to 

produce a thermostable β-glucosidase during submerged fermentation with wheat bran 

as the carbon source; the enzyme was also stable under acidic conditions (Borgi and 

Gargouri 2016).  

1.5.6.6 Glutaminase  

Glutaminase (EC 3.5.1.2) production has also been shown in B. bassiana. Glutaminases 

deamidate glutamine to glutamic acid and ammonia, a property that has made them useful 
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as potential anti-tumour agents, in the induction of umami taste in oriental foods, and as 

biosensors etc. (Amobonye, Singh and Pillai 2019). Beauveria sp. BTMF S10 produced 

extracellular L-glutaminase at production levels of 46.9 Uml-1 under SmF (Keerthi et al., 

1999). A significant production level of glutaminase by the fungus has also been achieved 

under SSF (Sabu et al., 2000).  

1.5.6.7 Keratinase 

 Keratinase (EC 3.4.4.25) is a special class of inducible proteolytic enzyme with the 

capability to degrade insoluble keratin substrates. They have been found useful in feather 

meal processing, fertilizers, cosmetics, animal feed production, etc. (Hassan et al., 2020). 

B. bassiana was shown to achieve a keratinase production level estimated at 62.8 U 

(Marcondes et al., 2008). Keratinase production has also been shown in Beauveria sp. 

MTCC 5184, though at a lower level, using chicken feather as the carbon source (Ryali 

et al., 2020).  

1.5.6.8 Mannitol-1-phosphate dehydrogenase  

Mannitol-1-phosphate dehydrogenase (EC 1.1.1.17) catalyzes the reversible reduction of 

fructose 6-phosphate to mannitol 1-phosphate (Sand et al., 2015). The mannitol-1-

phosphate dehydrogenase (MPD) gene from B. bassiana 2860 was cloned and expressed 

in E. coli (Wang, Ying and Feng 2010). Characterization of the MPD revealed it 

possesses high catalytic efficiency and high specificity for D-fructose-6- phosphate. 

Optimum temperature and pH for the B. bassiana MPD were 37°C and pH 7.0, 

respectively.  

1.5.6.9 Quercetinase  

Quercetinases (EC 1.13.11.24) are metal-dependent dioxygenases that cleave the 

quercetin heterocyclic ring (Nianios et al., 2015). The ability of B. bassiana to synthesize 

this enzyme has been reported with the strains B. bassiana ATCC 7159 and B. bassiana 

IP 11 showing the highest among the studied B. bassiana strains, with production levels 

of 29.6 and 27.5 nmolml-1min-1 respectively (Costa et al., 2011). However, no B. 

bassiana quercetinase has been characterized to date. 

1.5.6.10 Superoxide dismutases 

Superoxide dismutases (SODs) (EC 1.15.1.1) are ubiquitous enzymes found in all 

organisms that live in the presence of oxygen (Wang et al., 2018b; Stephenie et al., 2020). 
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They are important enzymes that detoxify harmful superoxide radicals into molecular 

oxygen and hydrogen peroxide. Thus, the enzyme may be useful in the treatment of 

ailments including Alzheimer’s disease, Parkinson’s disease, rheumatoid arthritis and 

diabetes which have all been characterized by low SOD levels (Younus 2018). (Xie et 

al., 2010) characterized a Cu/Zn-superoxide dismutase (SOD) from B. bassiana 2860 by 

cloning and expressing the gene in E. coli to produce an enzyme that showed significant 

similarity with other fungal Cu/Zn-SODs.  

1.5.6.11 Trehalase 

Trehalase (3.2.1.28) catalyzes the hydrolysis of trehalose into glucose molecules. It is a 

multiple stress-responsive enzyme involved in energy metabolism, antioxidation, 

thermotolerance, osmotolerance and barotolerance (Nardelli et al., 2019). A neutral 

trehalase (NTH1) from B. bassiana ARSEF2860 was produced by cloning B. bassiana 

NTH1 gene in E. coli. The enzyme was shown to have a molecular mass of 84.4 kDa, an 

optimum pH of 7.0 and an optimum temperature of 55°C (Liu, Ying and Feng 2011). 

1.5.6.12 Xylanases  

Xylanases (EC 3.2.1.8) are enzymes that cleave the β-1, 4 backbone of the polysaccharide 

xylan and are found useful in biomass saccharification, biopulping, biobleaching, food 

processing, etc. (Sharma, Thakur and Goyal 2019; Malgas, Mafa and Pletschke 2020). 

B. bassiana MTCC 5184 was shown to produce extremophilic xylanase under SmF at 5 

IUmL-1 (Ryali et al., 2020). The extremophilic xylanase was active over a wide range of 

pH (4.0-9.0) and temperature (30 - 70°C) with optimum activity at 50°C. Higher xylanase 

production level of 41.01 UmL-1 was however recorded in B. bassiana B14532 at pH 6.5 

and 55°C (Petlamul and Boukaew 2019). 

1.6 Other applications of B. bassiana 

Although the main focus of this chapter is the enzyme-production potentials of B. 

bassiana, we cannot undermine its popular industrial use as a biopesticide and its other 

bioactive metabolites (Figure 1.4 and Table 1.2). Being active against a broad range of 

hosts (above 700 different insect species), B. bassiana has assumed an important role in 

the management of various agricultural and forest pests as well as many pests of 

veterinary importance (Zimmermann 2007; Alali et al., 2019; Dannon et al., 2020). The 

fungus is typically deployed in a mass release of aerial conidia in dry, emulsion or liquid 

preparations (Mascarin and Jaronski 2016). In the previous decade, it was estimated that 
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approximately two-fifth of the total mycoinsecticides were Beauveria based (de Faria 

and Wraight 2007). B. bassiana ’s potential as a nematicide has also been shown in many 

studies; the microbe and its culture filtrate were active against a range of plant nematodes 

which include Meloidogyne hapla (Liu et al., 2008), Heterodera glycines (Zhao et al., 

2013) and Heterodera filipjevi (Zhang et al., 2020). Furthermore, beauvericin (BEA), a 

metabolite produced by B. bassiana has been reported to possess nematicidal activity 

(Kepenekci et al., 2017). Interestingly novel BEA derivatives also exhibited cytotoxicity 

as well as insecticidal activity (Xu et al., 2007).  

Apart from beauvericin, several other important secondary metabolites/toxins with 

different industrial significances have also been isolated from B. bassiana. These include 

bassianolide (Patocka 2016), beauvetetraones A-C, dipicolinic acid (Lee et al., 2019), 

isoleucylisoleucyl anhydride (Strasser, Hutwimmer and Burgstaller 2011), oosporein 

(Fan et al., 2017), etc. These metabolites have been shown to have potential in various 

agricultural, industrial, and pharmaceutical applications. Specifically, these applications 

include their use in analytical chemistry (Michalski 2018), as insecticides (Farooq and 

Freed 2018), as antibacterials, as antifungals (Sahab 2012), etc. Pyridovericin is another 

notable example of these metabolites; it was singled out of many metabolites isolated 

from B. bassiana mycelial extract for its significant cytotoxicity against four different 

cancer cell lines (Andrioli et al., 2017). B. bassiana have long been noted to be useful in 

Chinese and Korean traditional medicines as the silk moth fungus (batryticated 

silkworms), as records have shown its folkloric use over the years in the treatments of 

stroke, urticaria and diabetes (Pemberton 1999; Lee et al., 2019). However, unlike some 

other entomopathogenic fungi such as Cordyceps chinensis and C. militaris (Park et al., 

2018), there is currently no known scientific evidence about the use of B. bassiana in 

human medicine. However, recent experiments have shown the potentials of B. bassiana 

as a “plant probiotic”, as its treatment was able to promote better growth in maize plants 

(Tall and Meyling 2018).  

B. bassiana has also been reported to have a good biotransformation ability. Whole-cell 

B. bassiana has been used industrially to catalyze the ring hydroxylation reaction of (R)-

2-phenoxypropionic acid, a necessary step in the synthesis of various agrochemicals 

(Carballeira et al., 2009). B. bassiana ATCC 7159 mediated biotransformation of 

curcumin has also been shown to result in the formation of curcumin-8'-O-4''-O-methyl-

β-D-glucopyranoside, which exhibited a 39,000-fold higher water solubility than its 
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precursor, thus increasing its potential use in medicine (Zeng et al., 2010). Similarly, B. 

bassiana ATCC 7159 mediated biotransformation of anticancer compound 

piperlongumine to 5-hydroxylpiperlongumine was shown to improve its water solubility 

and biological activities (Zi, Gladstone and Zhan 2012). Considering these factors, much 

emphasis should be placed on exploring biotransformation potential of B. bassiana in the 

future. 

 

Figure 1.4: Potential of Beauveria sp. to produce various industrially important enzymes 

(inner circle) and metabolites (outer circle). Different colours represent applications in 

various industries (green: agriculture, yellow: nutritional biotechnology, red: medicine, 

white: industrial biotechnology, grey: environmental protection). 
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in many countries, especially in Europe and in North America, regulatory authorities are 

encouraging the approval and use of more biopesticides annually compared to 

conventional chemicals. Beauveria species are among the major fungal insect pathogens 

being explored for biocontrol purposes, majorly due to their ease of production, relative 

safety and ubiquity. They make up a very significant share of all commercial 

mycoinsecticides (de Faria and Wraight 2007; Mascarin and Jaronski 2016). 

Most Beauveria-based biopesticides are wettable powders, while a smaller proportion is 

in concentrated suspension or emulsifiable suspension formulations. Many successes 

have also been recorded by applying B. bassiana in an integrated approach based on the 

combination of Beauveria and other natural-derived botanical insecticides (Rizwan et 

al., 2019). Some notable companies involved in the manufacture and distribution of B. 

bassiana based products are LAM International (USA), Koppert (Brazil), and MicosPlag 

(Colombia). 

1.8 B. bassiana substrate utilization 

The growth and the production of both primary and secondary metabolites by any 

organism are greatly influenced by the environmental conditions, more 

specifically, the nutrients available in the growth medium. Hence, for the 

commercial production of enzymes as well as other important biological 

metabolites, the utilization of cost-effective substrates or nutrients, especially the 

carbon and the nitrogen sources, during the fermentation process is critical. It is a 

well-established fact that most microbes prefer easily metabolizable carbon 

sources, particularly glucose, over an alternative, less metabolizable sugars. The 

ability of B. bassiana to effectively utilize glucose and other simple sugars for 

biomass growth, production of enzymes, spores and other biomolecules have been 

reported (Fernandes et al., 2012; Santi et al., 2019). However, simple sugars which 

include glucose and dextrose have been shown to repress the production of some 

B. bassiana enzymes such as chitinase and amylase (Dhar and Kaur 2010; Fernandes 

et al., 2012). This is in agreement with studies which showed that glucose, lactose 

etc., repress the expression of genes and synthesis of enzymes related to 

catabolism of alternative carbon sources (Bruder et al., 2015). In addition, purified 

simple sugars come at a relatively high cost, making it not feasible for industrial 

bioproduction; for instance, the cost of glucose accounted for 80% of the total 

medium cost in a fermentation set up (Sibi 2015).  
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Generally, cheaper fermentation substrates drastically decrease production costs 

in industrial fermentation. In this regard, different B. bassiana strains have been 

shown to possess the ability to utilize complex substrates as their energy source (Zhang 

et al., 2019a; Alves et al., 2020). Furthermore, the use of agro-industrial residues as an 

alternative carbon source for industrial fermentation is a highly significant means of 

combating environmental waste accumulation. These economic substrates have been 

used for the production of B. bassiana enzymes and other products during both SmF and 

SSF (Santa et al., 2005; Nuñez-Gaona et al., 2010; Alves et al., 2020). B. bassiana 

chitinase production was carried out using wheat bran, cornmeal and other complex 

carbon sources (Zhang et al., 2004). In addition to the agro-industrial residues, other 

readily available natural polymers such as chitin have also served as important substrates 

in chitinase production by B. bassiana (Elawati, Pujiyanto and Kusdiyantini 2018). The 

effects of nitrogen, being a critical element in industrial fermentation media, has also 

been investigated on the growth, blastospore production, and extracellular enzyme 

production of B. bassiana. Due to its complex eukaryotic metabolism, B. bassiana, like 

most other fungi have the preference for organic nitrogen sources for their growth and 

during industrial fermentation for various bioproducts (Dhar and Kaur 2010; Dhawan 

and Joshi 2017). Thus, of the few studies carried out to reveal the effects of nitrogen 

sources on its enzyme production, yeast extract and peptone have been the most 

frequently used (Zhang et al., 2004; Elawati, Pujiyanto and Kusdiyantini 2018). 

However, readily available natural complex substrates have not been sufficiently 

explored for B. bassiana growth and industrial fermentation. 

1.9 Safety of B. bassiana for human use 

The industrial use of fungal enzymes, like every other product, demands that they must 

be harmless to humans, animals as well as the environment. It is also important that they 

comply with applicable regulatory standards, hence, the safety of the production strain, 

especially their toxigenic potential, continues to be the key factor in evaluating the safety 

of microbial enzymes. Many commercial products have been developed from B. 

bassiana, and numerous investigations on the different biological, environmental and 

toxicological safety aspects of the fungus have been carried out in recent times 

(Vestergaard et al., 2003; Zimmermann 2007; Chauhan, Ranjan and Jindal 2018; Pande 

and Mishra 2018). B. bassiana is generally regarded as safe for humans, animals and 

other non-target organisms (Zimmermann 2007; Keswani, Singh and Singh 2013) and 
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recently, the human exposure risk assessment of some of its metabolites have also 

confirmed its safety for human use (Wu, Patocka and Kuca 2019). Beauveria species are 

rarely known as agents of human infections, however, they have been isolated from 

clinical material in a few cases. The fungus was reported as the causative agent of 

mycotic keratitis (Tu and Park 2007; Pariseau et al., 2010) and in two cases of 

disseminated infection in immunosuppressed patients (Henke et al., 2002; Tucker et al., 

2004). Other reports concerning this fungus include that of Sigler (2002), however, it has 

been shown many times that some of the pathogenic isolates in these cases may have 

been erroneously identified as B. bassiana. For instance, B. bassiana was listed as a 

synonym to Isaria shiotae, a fungus implicated in a case of human abscess, however, ITS 

sequencing has since shown that the two fungi are entirely different (Hoog 1972). In 

another case, the pulmonary mycotic infection was attributed to B. bassiana, but the 

isolate was found to have been a misidentified Acrodontium crateriforme strain (Freour, 

Lahourcade and Chomy 1966). It is also worth noting that most of these reported cases 

involve debilitated patients, immune-compromised patients or people who have earlier 

suffered some sort of trauma (Henke et al., 2002; Zimmermann 2007). Thus, the few 

clinically isolated B. bassiana strains are most probably secondary opportunistic 

colonizers in those cases. Furthermore, the fungus has also been found to cause allergies 

in some workers engaged in the industrial production of B. bassiana -based formulations 

because they were regularly exposed to high concentrations of its spores (Keswani, Singh 

and Singh 2013). The potential allergenicity of B. bassiana by the characterization of its 

specific allergens has been highlighted and precautions were recommended, especially 

while using B. bassiana for biological control applications (Westwood, Huang and 

Keyhani 2006). Similar observations have also been made in other industrially important 

fungi from which allergens have been isolated such as Penicillium chrysogenum (Jami et 

al., 2010), Saccharomyces cerevisiae (Levetin et al., 2016), etc. Hence, it is pertinent not 

to overestimate the potential risks and the overall safety concerns of B. bassiana 

allergenicity. 

Although B. bassiana produces many secondary metabolites including well-

characterized mycotoxins, none of these metabolites has been found to be detrimental to 

human health or carcinogenic in nature. BEA, one of the best-known B. bassiana 

metabolites, is a natural contaminant of cereals and has been shown in vitro to possess 

different biological properties (Manyes et al., 2018). However, it has been shown that 
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several antioxidant mechanisms protect animal cells against oxidative stress produced by 

BEA, thus rendering them insignificant (Mallebrera et al., 2018). Oosporein is another 

B. bassiana metabolite found to cause erythrocyte morphology disruptions; meanwhile, 

it also possesses a broad spectrum of bioactivities. However, being a rather strong organic 

acid, it was posited that oosporein could hardly be assimilated into animals, hence it is 

less likely to find its way into the food chains and affect human health (Seger et al., 2005; 

Hu, Li and Zhang 2016). Bassianin, beauveriolides, tennelin, etc., are some other 

metabolites from B. bassiana, however, no toxicity has been linked to any of them. Thus, 

judging from available literature, B. bassiana has never been identified as the basic cause 

of any human disease as there are no reports of its invasive growth or systemic infection 

in healthy humans. Therefore, the fungus has low pathogenic potential in humans and 

thus, it may be well argued that B. bassiana is a safe organism for industrial 

bioproduction. 

1.10 Research problem and justification 

Though an industrially important organism, B. bassiana has been mostly studied for its 

ecological role as an entomopathogen and as an endophyte, as well as its wide use as a 

biocontrol agent with little or no focus on its other industrial potentials. It has also been 

shown to possess the inherent ability to switch its metabolism and phenotype in order to 

adapt to the different conditions required for the endophytic and entomopathogenic 

states, producing different levels of metabolites and enzymes in the process (Luo et al., 

2015). Different studies have however, revealed that enzyme production is a core factor 

in the entomopathogenicity and endophytism of B. bassiana, as well as its less-studied 

saprophytic role, however, there has been no focus on harnessing the potentials of the 

fungus for industrial enzyme production (Cito et al., 2016; Elawati, Pujiyanto and 

Kusdiyantini 2018; Mancillas-Paredes et al., 2019). In particular, there are currently no 

comprehensive scientific reports on the industrial potential of carbohydrate-active 

enzymes from B. bassiana. This is in spite of the fact that the safety of the fungus for 

human and animal use has been established in many studies that showed that B. bassiana 

strains are non-pathogenic to mammals, birds and plants (Vestergaard et al., 2003; 

Zimmermann 2007). Furthermore, unlike in many other fungi where readily available 

plant biomasses have been used for carbohydrate-active enzymes production (Kubicek, 

and Kubicek, 2016, Saldarriaga-Hernández et al., 2020), these substrates have not been 

used for the production of such enzymes in B. bassiana. Preliminary studies in our lab 
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have shown the potentials of an isolated B. bassiana strain to utilize various plant 

biomasses for its growth and secrete some industrially important enzymes, specifically, 

carbohydrate-active enzymes (amylase, cellulase, pectinase and xylanase) while growing 

on these substrates. However, the mechanism behind the utilization of plant 

lignocellulosic biomass by B. bassiana as its energy and carbon sources has not been 

elucidated in any study. Furthermore, the physicochemical and kinetic properties of these 

CAZy enzymes from B. bassiana have either been uncharacterized or not fully 

characterized as previous research have focused mainly on the chitinases (Fang et al., 

2005; Al Khoury et al., 2019), lipases (Vici et al., 2015; Doolotkeldieva et al., 2019) and 

proteases (Borgi et al., 2016; Cito et al., 2016) from the fungus. Therefore, in this study 

the atypical ability of a B. bassiana strain to secrete different carbohydrases while 

utilizing lignocellulosic biomass was investigated. In this regard, the genetic basis of this 

metabolic versatility, as well as the conditions necessary for the production of these 

carbohydrases were studied. Attempts were also made to evaluate the physicochemical 

properties of the enzymes as well as their potentials in the saccharification of biomass 

and other industrial applications.  

 

1.11 Aim and objectives 
1.11.1 Aim                                      

To investigate the production, biochemical properties and applications of biomass-

degrading carbohydrases from Beauveria bassiana. 

 

1.11.2 Objectives   

• Enzymatic profiling of B. bassiana carbohydrases during fermentation on 

lignocellulosic biomass. 

• Comparative analysis of B. bassiana transcriptome under endophytic and 

submerged fermentation conditions. 

• Optimization of different process parameters for enhanced production of B. 

bassiana carbohydrases using response surface methodology. 

• Purification and characterization of selected B. bassiana carbohydrases. 

• Evaluation of the efficacy of B. bassiana carbohydrase in the saccharification of 

plant biomass, juice clarification and wastepaper deinking. 
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Abstract 
The environmental role of Beauveria bassiana as a saprophyte has become a focus of 

various scientific enquiries in recent times. Recently, an endophytic fungus with 

significant biomass-degrading activity was isolated from onion leaves in our laboratory 

and identified as B. bassiana by rDNA-ITS sequencing. This Beauveria strain designated 

as B. bassiana SAN01was observed to proliferate remarkably on different lignocellulosic 

biomass while simultaneously secreting various glycoside hydrolases. Hence, further 

studies were focused on the characterization of this novel strain and investigation of the 

metabolic and physiological changes occurring during the transition from its well-known 

role as an endophyte to a biomass-degrader. In this regard, the quantitative enzyme 

screening of B. bassiana SAN01 confirmed its ability to secrete biomass-degrading 

enzymes such as amylase, cellulase, laccase, pectinase and xylanase at significant levels. 

Furthermore, the metabolic profiling of B. bassiana SAN01 using the Biolog phenotypic 

microarray revealed the preference of polyols, pentoses, N-acetyl-D-glucosamine and a 

few other carbon sources. More importantly, the phenotypic plasticity of the fungus to 

basal media (control), plant extract (endophytic) and lignocellulosic biomass 

(fermentation/saprophytic) were elucidated by comparative genome-wide transcriptome 

analyses. The transcriptomic results demonstrated that a clear molecular distinction exists 

between the fungus under the different trophic states/conditions. In total, 4.42, 4.79 and 

5.03% of the 10,365 predicted genes in B. bassiana SAN01 were differentially expressed 

between the endophytic vs fermentation states, endophytic vs control and the 

fermentation vs control states, respectively. It was further observed that the differentially 

expressed genes were involved in major biological processes associated with 

lignocellulose fermentation. These identified biological processes include but are not 

limited to carbohydrate metabolism, protein metabolism, cellular transport, oxidative 

stress and cell adhesion. CAZy annotation of B. bassiana SAN01 transcriptome 

corroborated the significant upregulation of glycoside hydrolases such as amylases, 

cellulases, chitinases, glucanases, lignases, pectinases and xylanases under fermentation 

condition. The results of this study highlight the endophytic to the saprophytic adaptation 

of B. bassiana SAN01 for the deconstruction of plant biomass. It is expected that these 

remarkable results will enhance future research targeted at the alternative industrial 

applications of the fungus, especially in the production of different carbohydrases. 
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2.1 Introduction 

Beauveria bassiana is a filamentous fungus, referred to as an entomopathogenic fungal 

endophyte, having shown the ability to infect different insects, arachnids as well as 

nematodes; and also found to exist asymptotically in plants (Jensen et al., 2020; Nishi et 

al., 2020). Its renowned inherent entomopathogenic properties have made it the fungi of 

choice in the biological control of insects (Kim et al., 2019; Bara and Laing 2020) and 

other pests including arachnids (Canassa et al., 2020) and nematodes (Zhang et al., 2020). 

In the same vein, its endophytic traits are being currently explored for their application 

as a growth promoter in different crop plants (Barra-Bucarei et al., 2020b; 

Kuzhuppillymyal-Prabhakarankutty et al., 2020). Besides its aforementioned 

entomopathogenic and endophytic lifestyles, B. bassiana has a less studied and less 

described environmental lifestyle which revolves around its saprophytic role in different 

ecosystems. This lifestyle may be viewed from one perspective as facultative, resulting 

from the subsequent adaptative shift from its two well-known entomopathogenic and 

endophytic lifestyles after the mortality or senescence of its insect and plant host, 

respectively (Chen et al., 2017; McKinnon et al., 2017; Ibrahim et al., 2019). On the 

other hand, the fungus has been shown ab initio to grow and proliferate on different plant 

dry matter without any influence or linkage from its other biological states (Afifah and 

Saputro 2020; Permadi et al., 2020). For instance, B. bassiana is typically cultivated for 

its blastospores using different agro-residues (Dhar, Jindal and Gupta 2016; Belay and 

Tenkegna 2017). Hence, this signifies that the fungus possesses an inherent ability to 

switch its metabolism and phenotype between different ecological roles in response to 

varying environmental circumstances. 

 Recently, experiments in our laboratory have revealed that a B. bassiana culture isolated 

in its endophytic state from onion leaves has the ability to utilize different biomass such 

as wheat bran, oatmeal and corn cob for its growth. It was remarkable that the growth of 

the fungus on these lignocellulosic substrates was accompanied by the extracellular 

production of various carbohydrate-active enzymes. The carbohydrase profiling of the 

fungal strain showed different production levels of biomass-degrading enzymes 

including amylase, cellulase (endoglucanase), laccase, pectinase (polygalacturonase) and 

xylanase. It is generally observed that these characters are unusual of endophytes and 

more likely of saprophytic fungi.  
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Although the ability of different endophytic fungi to switch to the saprophytic mode with 

a simultaneous change in metabolism and physiology has been observed in nature, the 

underlying mechanism of this change has not been well investigated, and particularly not 

in B. bassiana. Similarly, a deep understanding of the processes of gene regulation as 

well as the processes of protein secretion in a microbe is considered valuable. This is 

because the cell’s ability to regulate these activities is important in its metabolism of 

different substrates and its continued survival in the environment. In the long run, it has 

been noted that an understanding of the “protein secretion mechanism” will allow the 

application of different microorganisms as “cellular factories” for the mass-production 

of industrially important proteins (Tjalsma et al., 2000; Du and van Wezel 2018). In this 

regard, the “omics” tools, which include secretomics, proteomics, transcriptomics etc., 

have been widely used to identify and elucidate the enzyme repertoire in different 

industrially important organisms (Xie et al., 2010; Alfaro et al., 2016; Grosse‐Holz et 

al., 2018). Hence, insights into the adaptation response by B. bassiana under endophytic 

and fermentative/saprophytic conditions utilizing a joint transcriptomic and phenotypic 

microarray approach is presented in this chapter.  

RNA sequencing (RNA-Seq), a high-throughput sequencing technology, has found 

immense applications in transcriptomics study because of its relatively higher resolution, 

low sampling bias, and broader expression range coverage (Stark, Grzelak and Hadfield 

2019). This technology has been used to investigate different eukaryotic transcriptomes, 

especially fungi, under different growth, metabolic and environmental conditions with 

high sensitivity and low false-positive rates (Pawlik et al., 2019; Jeon et al., 2020; 

Srivastava et al., 2020). Available literature has shown that the transcriptome of B. 

bassiana under different entomopathogenic conditions has been a subject of many 

investigations (Yang et al., 2016; Lai et al., 2017; Chen et al., 2018a). However, there 

are no studies elucidating the transcriptome of the fungus under endophytic conditions.  

Previously, Luo et al., (2015) gained some insights into the metabolic changes in B. 

bassiana under simulated entomopathogenic and endophytic conditions by analysing the 

secretome. However, despite various studies showing the ability of different strains of B. 

bassiana to metabolize and grow significantly on different lignocellulosic biomass, the 

gene expression pattern of the fungus under the fermentation/saprophytic condition has 

not been investigated. Thus, to explore the metabolic profile and physiological phenotype 

associated with the fermentation state and carbohydrase production, the transcriptomes 
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of B. bassiana SAN01 under fermentation and endophytic state were compared and 

analysed in this study. The fungus was grown on different substrates and under 

conditions that mimic the three different trophic states (mentioned previously) to evaluate 

its primary and secondary gene expression. The metabolic mechanisms of biomass 

degradation and endophytism were annotated by analysing the transcriptomes of B. 

bassiana with wheat bran (saprophytic/fermentation) or banana corm extract 

(endophytic) as the sole carbon sources and potato dextrose broth (in vitro) as the 

laboratory control.  

By integrating the transcriptomic results of the fungus with its previously established 

genome (Xiao et al., 2012), some molecular markers related to its biomass fermentation 

as well as its more studied endophytic role were identified and elucidated. In addition, 

the carbon utilization of cultures from B. bassiana SAN01 conidia was profiled using the 

Biolog Phenotypic MicroArray (PM) system. The Biolog PM technology has been 

previously used to accurately determine microbial nutritional requirements and global 

phenotypic characterization of co-inoculated Beauveria species (Canfora et al., 2017) 

and other microbes (Reverberi et al., 2013; Chaturvedi, DeFiglio and Chaturvedi 2018). 

The system has also been noted to complement genomic and proteomic studies in both 

eukaryotic and prokaryotic organisms (Borglin et al., 2012; Reverberi et al., 2013). 

Hence using these aforementioned methods, notable evidence to describe the changes 

during the transition from the endophytic to saprobic/fermentative modes were shown. 

Results from this study revealed novel and remarkable insights into the mechanisms of 

trophic adaptation in B. bassiana at the molecular level. Importantly, several novel 

candidate genes and biochemical pathways that should be examined in future 

experiments focused on the B. bassiana were presented. The valuable information 

obtained in this research will also be useful in understanding the cellular events occurring 

in other environmentally versatile organisms, especially the entomopathogenic, 

endophytic and saprophytic fungi. 
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2.2 Methodology 

2.2.1 Fungal isolation and maintenance 

The fungus was isolated in its endophytic state from onion leaves according to Caicedo 

et al., (2019) method. Briefly, healthy onion leaves were collected in sterile polythene 

bags for the isolation of different endophytic fungi. After four days of incubation at 30°C, 

individual colonies were picked up and re-cultured on potato dextrose agar (PDA). The 

colonies were then sub-cultured thrice after which the purity of each colony was 

examined under an optical microscope. Subsequently, the isolate was selected based on 

the production of different carbohydrate-active enzymes as determined qualitatively 

(data not shown). Subsequently, the isolate was grown on oatmeal dodine agar (ODA) 

for 10 days at 30°C, after which fungal conidial suspensions were prepared as described 

previously (Beer et al., 2020). The conidial suspension was stored at −80°C in a 

cryoprotective solution (10% v/v glycerol, 0.85% w/v NaCl) until further use. 

2.2.2 Molecular identification  

2.2.2.1 DNA extraction  

Mycelia harvested from single spore cultures of the Beauveria isolate grown on oatmeal 

dodine broth for 10 days were subjected to DNA isolation using the ZR fungal DNA 

isolation kit (QIAGEN, Germany). The quality and concentration of DNA were 

evaluated by 1% agarose gel electrophoresis and the nanodrop spectrophotometer, 

respectively (Nsa et al., 2020). 

2.2.2.2 ITS amplification 

The ITS region of the rDNA was amplified using primers ITS1 and ITS4 (White et al., 

1990). The primer details are as follows; ITS1 (TCCGTAGGTGAACCTGCCC) & ITS4 

(TCCTCCGCTTATTGATATGC). Amplification reactions were carried out with 25 µL 

reaction mixtures containing 12.5 µL of 2X PCR mix (ThermoFisher Scientific, USA); 

25 pmolmL-1 primers and 100 ng genomic DNA. The amplification cycle consisted of an 

initial denaturation at 95°C (5 min) followed by 35 cycles at 95°C (1 min), 55°C (1 min), 

and 72°C (3 min) and a final extension at 72°C (10 min). Amplified ITS rDNA region of 

the Beauveria isolate was purified using QIAquick PCR purification kit (QIAGEN, 

Germany), according to the manufacturer’s instructions and sequenced according to 

Mehmood et al., (2019). The sequences were compared to those in GenBank 
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(http://www.ncbi.nlm.nih.gov/) using Mega BLAST. The sequences with the highest 

homology and total score with the query were then noted for further analysis. All the 

DNA sequences were aligned with the program ClustalW and the resulting multiple-

alignment file was used for phylogenetic analyses. The evolutionary relationship tree was 

inferred by the Neighbour-joining method using the Phlogeny.fr web server with default 

parameters. Bootstrap values of more than 70% are listed at the nodes (Dereeper et al., 

2008). 

2.2.3 Enzyme profiling of Beauveria bassiana SAN01 during fermentation on 

lignocellulosic biomass 

B. bassiana SAN01 was cultivated at 30°C for 12 days in shake flasks (120 rpm) 

containing 100 mL mineral medium (1 gL-1 KH2PO4, 0.5 gL-1 MgSO4, 0.5 gL-1 MgSO4, 

0.25 gL-1 NaCl, 0.2 gL-1 CaCl2, gL-1 FeSO4) and wheat bran (4% w/v) as the sole carbon 

source. The culture fluid was harvested, centrifuged and the resulting supernatant was 

used as crude enzyme for the quantitative enzyme screening. Assays for amylase (Saad 

et al., 2021), cellulase (Khan et al., 2021), laccase (Ezike et al., 2021), pectinase 

(Aggarwal, Dutta and Sheikh 2020) and xylanase (Bailey et al., 1992) were carried out. 

One unit (U) of enzyme activity is defined as the amount of enzyme required to liberate 

1 µmol of respective reaction product per min at 30°C. 

2.2.4 Carbon utilization profile of B. bassiana SAN01 using phenotypic microarray 

B. bassiana SAN01 was further characterized using the Omnilog™ system (Biolog, Inc., 

Hayward, CA) according to the manufacturer’s instructions. The carbon assimilation 

profiles of B. bassiana under standard conditions were evaluated using Biolog FF plates 

(Biolog, Inc., Hayward, CA). The FF MicroPlate test panels contained 95 wells, each 

with a different carbon-containing compound, respectively, and one blank well, as a 

control. The prefilled, dried 96 well microplates contained a redox dye, 

Iodonitrotetrazolium violet (INT), which colourimetrically measure mitochondrial 

activity resulting from oxidation of metabolizable carbon sources. The inoculum for the 

plates was prepared by scrapping the Beauveria conidia from the agar surface, 

suspending it in 16 mL of FF inoculum media tubes (Biolog, Inc., Hayward, CA) and 

thoroughly mixing for uniformity. The turbidity of the spore suspension was measured 

at 590 nm using the Biolog Tubidometer to meet the required value (~75% transmittance) 

(Mchunu et al., 2013). Into each well, 100 μl of the spore suspension was added and the 
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plates, in triplicates, were incubated in the dark at 30°C for 3 days. Subsequently, the 

assimilation rate (respiration rate) and biomass growth were measured using the Biolog 

Microstation. The Microstation computed the colour developed by fungal respiration at 

490 nm and the turbidity, reflecting biomass production at 750 nm (Mao et al., 2020). 

2.2.5 Simulation of endophytic and fermentation conditions for B. bassiana SAN01 

growth 

Banana corm extract (BCB), prepared according to Niere et al., (2006) method (with 

some modifications), was used to simulate the endophytic growth conditions for B. 

bassiana SAN01. Briefly, corms from approximately 50 cm high suckers of the 

Cavendish banana types collected from Port Shepstone, South Africa, were pared to 

remove roots and the adhering soil. The corms were then diced into pieces of 

approximately 1 cm3 using a stainless-steel knife; 1 kg of the corm tissue was 

homogenized using a blender and boiled in 1 L distilled water for 20 min. Subsequently, 

the mixture was passed through muslin cloth to remove suspended particles. The resultant 

solution was kept in a biofreezer overnight and lyophilized. In contrast, commercial 

wheat bran (WB) was used as the growth media for fermentation conditions. The WB 

was dried at 40°C in a drier until constant weight, pulverised to 1.0 mm mesh size and 

stored for further use. While for the laboratory conditions, potato dextrose broth (PDB) 

was used as the basal media. For fungal growth, 4 g of BCB, WB and PDB were 

measured into 100 mL mineral solution (1 gL-1 KH2PO4, 0.5 gL-1 MgSO4, 0.5 gL-1 

MgSO4, 0.25 gL-1 NaCl, 0.2 gL-1 CaCl2, gL-1 FeSO4) in 250 mL flasks and sterilized at 

121°C for 15 min. The sterilized media were inoculated with 1 mL of the B. bassiana 

SAN01 spore suspension (1 x 107 spores mL-1) and incubated for 12 days under darkness 

in static conditions at 30°C. Subsequently, the mycelial mat from each condition was 

harvested for biomass estimation and RNA isolation.  

2.2.6 Transcriptomic analysis of B. bassiana SAN01 under different trophic states  

2.2.6.1 Preparation of B. bassiana SAN01 total RNA 

B. bassiana SAN01 mycelia from the simulated endophytic, fermentation and basal 

media (control) conditions were collected by centrifugation from the 12-day old culture 

and washed with sterile phosphate-buffered saline to remove any media components. 

Subsequently, the mycelia were ground into a fine powder using a pestle and a mortar 

under liquid nitrogen and the RNA was isolated using the RNeasy Mini Kit (QIAGEN, 
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Germany) according to the manufacturer’s protocol. All RNA samples were treated with 

RNase-free DNase I (ThermoFisher Scientific, USA) to eliminate DNA contaminants. 

The concentration and integrity of the pooled total RNA were checked using a nano-

spectrophotometer and 1% agarose gel. 

2.2.6.2 cDNA libraries preparation and RNA sequencing 

The total RNA quantity and integrity were assessed using a Qubit RNA assay kit 

(Invitrogen, USA) and a 4200 TapeStation instrument (Agilent Technologies, Germany). 

Approximately 1 µg of RNA was used for double-stranded cDNA synthesis using 

Maxima H minus double-stranded cDNA synthesis kit (Thermo Fisher Scientific, USA) 

primed with random hexamers. Illumina sequencing libraries were then prepared using 

Nextera DNA Flex Library Prep Kit and IDT for Illumina Nextera DNA UD Indexes 

(Illumina, USA) according to the manufacturer’s instructions. Paired-end 150 bp 

sequencing was performed on a Nextseq 550 instrument with the 300-cycle mid-output 

reagent kit (Illumina, USA). The sequencing was carried out at the Sequencing Core 

Facility at the National Institute for Communicable Diseases (NICD), Johannesburg, 

South Africa. 

2.2.6.3 RNA-seq data analysis 

Generated raw reads were quality controlled and filtered (Q>5 and length > 50 bp) using 

FastQC (v0.11.8) and trim Galore (v0.6.2; 

https://github.com/FelixKrueger/TrimGalore), respectively. Subsequently, transcript 

quantification was performed by quasi-mapping the clean reads onto the transcriptome 

of B. bassiana strain ARSEF 2860 as the reference, using Salmon (Ibrahim et al., 2021).  

2.2.6.4 Identification of differentially expressed genes 

Differentially expressed genes (DEGs) between the endophytic, fermentation 

(saprophytic) and control conditions (basal media) were identified using DESeq2 

(version 1.18.1) in conjunction with the Salmon read abundance quantification tool 

(Sparks et al., 2020). A p-value was determined to demonstrate the differences in 

expression between samples, while False discovery rates (FDRs) were used to calculate 

the p-value threshold. FDR ≤ 0.05 and log2Ratio ≥ 1 were considered statistically 

significant (Tang et al., 2018). The count data and transcript abundance were expressed 

in Transcripts per million (TPM) while further analyses were carried out using R (R Core 

Team, 2015) and Perl. The codes for constructing the heatmap, PCA scatter plot and the 
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volcano plot are available at GitHub (https://github.com/richysix/zfs-devstages) (White 

et al., 2017).  

2.2.6.5 CAZymes identification and analysis  

For functional predictions of CAZymes, HotPep tool (Busk et al., 2017) was used. The 

conserved motifs in Peptide Pattern Recognition (PPR) library were identified 

(Ravichandran et al., 2020). In addition, the substrate specificities of the identified 

CAZymes were inferred by manual inspection of CAZy (www.cazy.org) and the 

BRENDA databases (www.brenda-enzymes.org) (Pilgaard et al., 2019).  

2.2.6.6 Gene ontology analysis  

Gene ontology (GO) analyses were performed in OmicsBox. The functional analysis 

evaluated GO IDs from all GO categories (Biological Process, BP; Cellular Component, 

CC; Molecular Function, MF). Assignment of enzyme codes was also conducted within 

OmicsBox (Oppert et al., 2020). 

2.3 Results and discussion 

2.3.1 ITS amplification of B. bassiana SAN01 genome 

The rDNA-ITS gene sequences from the fungal isolate showed ~100% identity values 

when compared with the top hit BLAST results, which were all found to be B. bassiana 

strains, with 100% query cover. The endophytic B. bassiana isolate was subsequently 

referred to as B. bassiana SAN01. It was further observed from the phylogenetic tree that 

interspecific sequence divergence in the ITS region between B. bassiana SAN01 

and other strains of the fungus such as B. bassiana SBI Bb01, B. bassiana SBI Bb02, B. 

bassiana SF 661, B. bassiana SF 676, B. bassiana SF 684, and B. bassiana SF 807 is 

zero (Figure 2.1). The phylogenetic tree was separated into 5 different clades, with B. 

bassiana SAN01 and other B. bassiana strains occupying one of the clades. Other 

Beauveria species including B. brongniartii, B. autralis, B. sungii, etc., were also 

identified, sharing 90-97% identity with the query. The close phylogenetic relationship 

and probably, the evolutionary relationship of the strain with other entomopathogenic 

fungi including Akanthomyces, Cordyceps, and Lecanicillium species was also 

highlighted on the tree. It is interesting to note that most of these fore-mentioned 

entomopathogenic fungi share the dual entomopathogenic and endophytic lifestyle with 

B. bassiana as many of them have also been shown to be endophytic (Nicoletti and 
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Becchimanzi 2020). The sequence of the amplified ITS region has been deposited at the 

National Centre for Biotechnology Information (NCBI) databank with accession no: 

CMN 544593. 

 

Figure 2.1: Phylogenetic tree showing the relationship between B. bassiana SAN01 ITS 

sequence and other closely related fungi. The evolutionary relationship tree was inferred 

by the Neighbour-joining method using the Phlogeny.fr web server with default 

parameters. Bootstrap values of more than 70% are listed at the nodes (Dereeper et al., 

2008). The GenBank accession numbers for the ITS gene sequence of the strains 

examined in this study are shown in Appendix 1. The asterisk indicates the query strain. 
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2.3.2 Carbohydrase profile of B. bassiana SAN01 during fermentation on 

lignocellulosic biomass 

Results of the enzyme profile of B. bassiana SAN01, with a special focus on some of its 

biomass-degrading enzymes, are shown in Table 2.1. The quantitative screening showed 

significant extracellular secretion of amylase, cellulase (endoglucanase), laccase, 

pectinase (polygalacturonase) and xylanase. The production level of amylase from B. 

bassiana SAN01 while utilizing wheat bran as the sole carbon source under unoptimized 

conditions was 18.62 ±0.41 UmL-1. Recently, Ryali et al., (2020) demonstrated amylase 

production in a Beauveria strain, though at a lower level (~6.5 UmL-1). However, while 

the study by Ryali et al., (2020) made use of glucose as the main carbon source in addition 

to yeast extract and peptone, B. bassiana SAN01 amylase production was achieved with 

wheat bran as the sole carbon source.  

The production of endoglucanase was demonstrated previously in B. bassiana both 

qualitatively (Petlamul et al., 2017) and quantitatively (Petlamul and Boukaew 2019). 

However, endoglucanase production by B. bassiana SAN01 is significantly higher than 

the production level of 3.59 UmL-1 recorded previously (Petlamul and Boukaew 2019). 

The production level of endoglucanase observed in this study was 15.73 ±0.81 UmL-1.  

Furthermore, unlike the wheat bran used in this study, carboxymethylcellulose, a pure 

synthetic compound was used to support endoglucanase production in the previous study 

(Petlamul and Boukaew 2019).  

Laccase, a multi-copper oxidase involved in biomass deconstruction was also shown to 

be produced by B. bassiana SAN01 at a production level of 1.41±0.06 UmL-1. 

Furthermore, it is significant that laccase production was achieved using wheat bran as 

the sole energy source and without any laccase inducer, such as copper. Recently, a B. 

bassiana strain was shown qualitatively to secrete laccase during its pathogenicity on 

insects to evade the host’s immune defences (Lu et al., 2021). Hence, this is the first 

study to determine the laccase from B. bassiana quantitatively. The production of 

polygalacturonase (pectinase) by B. bassiana SAN01 was also assessed. According to 

the available literature, the polygalacturonase activity observed in the study, 25.68 ± 1.16 

UmL-1, is the highest achieved so far. However, the production of polygalacturonase 

from B. bassiana was shown qualitatively in a previous study by Fernandes et al., (2012). 

Notably, a high production level of xylanase was recorded with B. bassiana SAN01 in 

this study. The production level of 292.56 ± 13.37 UmL-1 observed in B. bassiana SAN01 
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the most assimilated carbon sources were in Cluster III while the least assimilated ones 

were grouped in Cluster IV. The medium assimilated carbon sources were in Clusters I 

and II. The top thirteen highly assimilated carbon sources by the fungus were xylitol, N-

acetyl-D-glucosamine, D-ribose, D-sorbitol, turanose, D-xylose, D-melibiose, β-methyl-

D-glucoside, glycyl-L-glutamic acid, sucrose, D-gluconic acid, L-proline and L-

phenylalanine in that order.  

Polyols such as sorbitol and xylitol have been widely distributed in fungi, serving various 

metabolic roles. A fungal consortium was shown previously to utilize xylitol at a rate 

higher than all other carbon sources used (Gryta, Frąc and Oszust 2020); a similar 

observation was also made in a Trichoderma strain (Wang and Zhuang 2020). Likewise, 

sorbitol has been shown to promote increased growth rate in different fungi (Patriarca et 

al., 2011). The ability of a B. bassiana strain to metabolise N-acetyl-D-glucosamine, D-

sorbitol and turanose at a relatively high rate in FF microplates has been reported 

(Canfora et al., 2017). The highest utilization of N-acetyl-D-glucosamine observed in 

this study is not unexpected as it is the building block of chitin, the main component of 

fungal cell walls, as well as a major component of B. bassiana’s target hosts such as 

insects. This sugar has been shown to support the highest respiration and growth in 

different fungal species including Benjaminiella poitrasii, Mycotypha microspora and 

Saksenaea oblongispora (Pawłowska et al., 2019).  

Turanose, which was more metabolized than its isomer, sucrose, has been highlighted as 

a potential indicator of virulence in various studies, as well as a promoter of mycelial 

growth (Loesch, Hutwimmer and Strasser 2010; Kaur et al., 2015). It was observed that 

more than 50% of the most metabolized carbon compounds were sugars while the 

remaining metabolites were amino-acids and dipeptides. Of all the metabolites evaluated 

in this study, the least metabolizable and least growth supporting carbon sources were 

glucuronamide, D-galacturonic acid, α-methyl-D-glucoside, N-acetyl-D-mannosamine, 

sedoheptulosan, β-cyclodextrin, α-cyclodextrin, uridine, D-glucuronic acid, D-psicose, 

L-lactic acid, D-lactic acid methyl ester, gentiobiose, succinamic acid and β-methyl-D-

galactoside. Previous studies have recorded low respiration and slow biomass growth in 

fungi utilizing cyclodextrin (Zhu et al., 2020), glucuronamide (Fuentes and Quiñones 

2016) as well as, N-acetyl-D- mannosamine and sedoheptulosan (Canfora et al., 2017). 

Furthermore, the inhibitory effects of some of these metabolites on fungal growth across 

different strains have been highlighted in many studies (Deepthi et al., 2016; Wang et 
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al., 2016a; Mamat et al., 2018; Shehata et al., 2019). Similar patterns of sugar 

assimilation were also observed in the biomass growth analyses, except that the 

classification in the biomass growth analyses has been widened. For instance, the most 

highly assimilated sugars clustered together in cluster III of the assimilation plot have 

been included in the larger cluster I of the biomass growth plot. Thus, this biomass 

growth plot cluster I contain the highest growth supporting carbon sources. This notion 

was confirmed by the very high correlation between the rate of sugar assimilation and 

the rate of biomass growth shown in the correlation scatter plots (Figure 2.4, 

respectively). From the scatter plot, the positive correlations between the respiration rate 

and assimilation rates of the different analytes are highlighted by the simultaneous 

increase in the values on both the x- and y-axes. The strength of the positive relationship 

is also demonstrated by the fact that the data points on the plot are clustered closely 

tending to form a straight line with a slope of ~ +1. The Pearson correlation coefficient 

between carbon assimilation and biomass growth was also computed to be 0.93, which 

further reinforces the high correlation between the two variables. Compared to some 

other fungal strains, B. bassiana SAN01 exhibited high substrate utilization efficiency. 

The high efficiency may be used as an indicator of the ecological role of the strain as 

such microbes have been noted to be biomass-degrading or endophytic or parasitic as the 

case may be (Wang and Zhuang 2020). In this regard, B. bassiana has been shown in 

different studies to belong to all of the afore-mentioned ecological classes. 
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Figure 2.4: Scatter plot showing the correlation between data from assimilation and 

biomass growth  

 

2.3.4 Transcriptomic analysis  

2.3.4.1 Overview of the sequencing data obtained from B. bassiana SAN01 

transcriptomic analysis 

To elucidate the dynamic transcriptional reprogramming in B. bassiana SAN01 under 

different trophic states, genome-wide transcriptome analysis was performed using RNA-

Seq.  In total, paired-end sequencing of cDNA libraries generated a total of 347,059,856 

raw reads, and approximately 31,710,101, 36,809,435 and 33,093,009 clean reads were 

obtained from the endophytic, fermentation and laboratory control groups, respectively. 

The genome of the reference strain, B. bassiana ARSEF 2860, comprises 10,366 protein-

coding genes (Xiao et al., 2012). After mapping to the gene models of the B. bassiana 

reference genome, 10,365 putative genes were quantified from the three different trophic 
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A considerable modulation of gene expression in B. bassiana SAN01 following growth 

under the three different growth conditions is elucidated in the global heatmap 

representation of its gene expression profile (Figure 2.6). The gene expression clustering 

analysis of DEGs across the trophic conditions effectively established the commonalities 

in the DEGs. Also, it estimated the similarity of gene functions based on the similarity in 

expression. Hierarchical clustering analysis of the differentially expressed genes across 

the three groups indicated that the samples could be divided into two clusters. Cluster I 

contains the two biological replicates of the fermentation conditions and cluster II 

encompasses both replicates of the endophytic and control conditions. The results 

showed that the expression pattern of DEGs under endophytic conditions was closely 

related to that under control conditions, as was earlier shown in the correlation analysis 

and the scatter plot. The heatmap also showed that the DEGs could be divided into two 

main clusters of expression patterns, which consist of the highly expressed genes, BBA 

05586 (heat shock protein 70-2), BBA 06516 (heat shock protein Hsp90), BBA 02388 

(translation elongation factor 1 alpha) and BBA 08907 (plasma membrane ATPase 

(Proton pump). The other main cluster group subdivided into 7 smaller clusters consists 

of the other DEGs, which are moderately and lowly transcribed compared to the first 

main cluster. 
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Furthermore, a pairwise comparison was made between the 3 experimental conditions using the volcano plot. The plots show that the number of DEGs is 

significantly higher between the endophytic and fermentation groups (Fig 2.7 b) compared to the other paired groups (Fig 2.7a & c). Similarly, there are also 

more highly upregulated genes in the endophytic vs fermentation group (Fig 2.7 b). 

 

Figure 2.7: Volcano plots of differentially expressed genes (DEGs) in the interaction transcriptome of B. bassiana SAN01. The abscissa denotes the fold change 

in gene expression in different samples while the ordinate represents the statistical significance of the difference in gene expression. (a) control vs endophytic; 

red and blue dots represent upregulated genes in control and endophytic state respectively (b) endophytic vs fermentation; red and blue dots represent upregulated 

genes in endophytic and fermentation state respectively (c) control vs fermentation; red and blue dots represent upregulated genes in control and fermentation 

state respectively. In all of the charts, green dots represent lowly up/regulated genes while grey dots represent non-significant genes. 
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2.3.4.3 DEGs between endophytic vs fermentation trophic states of B. bassiana 

SAN01 

The analysis of the DEGs in the endophytic vs fermentation group showed that most of 

the regulated genes were the genes involved in the metabolism and transportation of 

amino acids, nucleotides, simple sugars, fatty acids, metal ions, low molecular weight 

organic substances as well as pH balance. In addition, the genes responsible for the 

metabolism of carbohydrate polymers were also differentially transcribed. Specifically, 

the twenty most upregulated genes in the endophytic state relative to the fermentation 

state are represented in Table 2.4.  It ranged from the gene for calcium-transporting 

ATPase to that of GATA transcription factor which was ~380 and 20 folds higher in the 

endophytic state. Different ATPases including the calcium-transporting ATPase 

(Log2FoldChange; LFC=8.57) and the potassium/sodium efflux P-type ATPase 

(LFC=5.35), were mostly upregulated in the endophytic state.  

The roles of endophytic microbes in plants uptake of metal ions have been highlighted in 

previous studies (Ren, Li and Gao 2011; Ortiz et al., 2019), and the ATPases have been 

shown to contribute significantly to these uptakes (Benito et al., 2004). Many of the 

major facilitator superfamily transporters were also observed to be highly transcribed in 

the endophytic state. These transporters are actively involved in the trafficking of simple 

substances across bio-membranes including amino acids, simple sugars, inositols, drugs, 

nucleosides, organophosphate esters, etc. (Wang et al., 2020a). Hence, the fungus needs 

these transporters to assimilate the simple compounds prevalent in the endophytic media. 

Furthermore, these transporters have also been observed to significantly modulate metal 

ion homeostasis in organisms, reinforcing the heightened increase in ATPases (Lee et 

al., 2021). It was also observed that the transportation mechanism of the fungal strain 

was supported by different ABC transporters as well as the general substrate transporters 

as a result of their significant upregulation. Members of the ABC transporters have been 

identified previously as important factors in plant growth-promoting endophytes 

(Taghavi et al., 2010; Ali et al., 2014).  

A variety of kinases were also observed to be significantly more expressed under the 

simulated endophytic condition. A notable example is the acetate kinase (LFC=4.94), 

while others are glycerol kinase (LFC=2.34), hexokinase (3.38), and 

phosphoenolpyruvate carboxykinase (LFC=2.15). The acetic acid kinase is responsible 
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for converting acetic acids to acetyl-CoA; in this regard, the high organic acid content of 

root exudates and plant may be responsible for its observed upregulation. The 

upregulation of different kinase has also been shown in the fungus Phomopsis 

liquidambari, while in its endophytic state (Zhou et al., 2018). In response to the content 

of the endophytic growth medium, the genes responsible for the metabolism of amino 

acids, simple sugars, organic acids and even aromatic compounds were significantly 

upregulated. For amino acid and peptide metabolism, some of the upregulated genes 

include indoleamine c3-dioxygenase, general amino acid permease, amino 

acid/polyamine transporter I, argininosuccinate lyase while for simple sugar malate 

dehydrogenase.  
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The 20 most upregulated genes in the fermentation state relative to the endophytic state 

are shown in Table 2.5. It was observed that the genes for the hydrolysis of complex 

polymers including proteins, carbohydrates and lipids form a major part of the genes 

upregulated in the fermentation state. Non-ribosomal peptide synthetases (NRPS) 

catalyze the synthesis of highly diverse products in fungi. Although the biological 

functions of NRPS are largely unknown, they have been shown in some studies to be 

involved in cell surface properties, morphological and reproductive development, 

nutrient acquisition, virulence as well as protection against oxidative stress (Iqbal et al., 

2019). However, in B. bassiana, some products of these genes, such as beauvericin and 

bassianolide, are involved in host pathogenesis and stress response (Harith-Fadzilah 

Iqbal et al., 2020). Hence, the significant upregulation of these genes (LFC= 8.53, 7.89 

& 7.66) in the fermentation state is not unexpected as it is believed that there is a thin 

line between host pathogenicity and saphrophytism in B. bassiana. This fact was recently 

described in another group of entomopathogenic fungi belonging to the Metarhizium 

genus (St. Leger and Wang 2020). Further buttressing this point is the upregulation of 

the gene for cytochrome P450 CYP6001C8 (LFC=8.41). This cytochrome which was 

also found upregulated in a B. bassiana while under stress, was directly involved in cell 

rescue, cell defence and antioxidative response, which are all key components of its 

entomopathogenicity (Chu, Feng and Ying 2015).  

A large repertoire of proteases was also found to be significantly upregulated in the 

fermentation/saprophytic state. From Table 2.5, four different proteases were highlighted 

among the top 20 upregulated genes, signifying their importance under this 

environmental state. It was also posited that fungal proteases are essential for the 

activation of hydrolytic enzymes such as β-1,4-endoglucanase (Miao et al., 2019).  In 

addition, the metabolism of the protein component of the plant biomass necessitates the 

action of different proteases. Furthermore, B. bassiana has been known to be a major 

producer of different proteolytic enzymes, as these enzymes are one of the principal 

factors in its entomopathogenicity (Gu et al., 2020; Shahriari et al., 2021).  

Adhesin and hydrophobins are 2 groups of cell wall proteins that are important for fungal 

adherence to substrate or host by creating hydrophobic surfaces (Litwin, Nowak and 

Różalska 2020; Nene and Joshi 2020).  In this study, adhesin proteins and hydrophobins 

were among the highly expressed genes in the fermentation group relative to the 

endophytic condition with LFC of 6.94 and 8.22, respectively. The function of these 
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proteins in the adaptation of different fungi to lignocellulosic biomass before subsequent 

hydrolysis has been shown in previous studies (Nene and Joshi 2020). The genes of these 

proteins have also been shown to be highly upregulated during the adherence and 

degradation of biomass (Brown et al., 2016).  

The degradation and utilization of plant biomass require an array of enzymes that act 

synergistically on the various polysaccharides such as cellulose, hemicelluloses, pectin 

and starch. The potential of B. bassiana SAN01 in the deconstruction of biomass is 

evident from the diversity of enzymes belonging to glycosyl hydrolase which were 

upregulated. Prominent among the upregulated carbohydrate depolymerases are different 

isoforms of a-glucosidases, β- glucosidases, polygalacturonase, endoglucanases, pectin 

lyase and α-xylosidase. Other biomass-degrading enzymes that were observed to be 

upregulated in the fermentation group are a-glucosidases, cellulases and different 

hemicellulolytic enzymes. In addition to these glycosyl hydrolases, several other 

ancillary proteins involved in biomass hydrolysis were also upregulated in the fungal 

strain. These include laccases, multicopper oxidase, catalase/peroxidase and several 

glycosyl transporters. This suggests that a significant number of transcripts have 

differential expression of carbohydrate acting enzymes at the transcript level. An earlier 

report on the B. bassiana genome has revealed 417 genes for the carbohydrate-active 

enzymes making this fungus a rich repository of biomass-degrading enzymes (Xiao et 

al., 2012). The transcriptome of the fungus has shown that it encodes potential genes for 

the digestion of the three major classes of plant cell wall polysaccharides, i.e., cellulose, 

hemicelluloses, and pectin, as well as the main plant storage polysaccharide, starch.  
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2.3.4.4 DEGs between endophytic vs control trophic states of B. bassiana SAN01 

The top 20 upregulated genes in the endophytic state relative to the control are 

highlighted in Table 2.6. The gene for GATA transcription factor (LFC=6.71) was 

observed to be the most upregulated gene in the endophytic state. This transcription factor 

has been linked to the utilization of nitrogen sources and is upregulated during nitrogen 

starvation (Scazzocchio 2000). Wang, Hu and Leger (2005) showed that nitrogen-

starvation-responded protein was upregulated 3.07-fold in root exudates by M. anisopliae 

due to nitrogen starvation. Generally, it was observed that most upregulated genes were 

the ones involved in the inward and outward transportation of extracellular substances. 

These include a putative peptide transporter, the calcium-transporting ATPase, the TBC 

domain-containing protein, SOM1 protein, major facilitator superfamily transporter, 

polyamine transporter TPO5, calcium-transporting ATPase, and the potassium/sodium 

efflux P-type ATPase. The expression of various pH regulatory proteins was also 

upregulated in the endophytic state; however, there are no specific metabolic roles for 

these proteins according to available literature.  
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Table 2.7 depicts the 20 most upregulated genes in the control state relative to the 

endophytic state. The P450 CYP6001C8 (LFC=6.23) gene was highly expressed in the 

control state in relation to the endophyte state. Previously, the same gene was also 

significantly downregulated in the endophytic state (Table 2.5). Some of the other 

upregulated genes in this state have been involved in synthesizing different secondary 

metabolites and other natural products by microorganisms. Examples of these genes 

include the thioester reductase domain-containing protein (LFC=6.17) and nonribosomal 

peptide synthase putative (LFC =5.32) (Mullowney et al., 2018; Iqbal et al., 2019). 

Different transporters involved in the transportation of sugars and sugar metabolites were 

found to be upregulated in the control media group. It is believed that the high content of 

both simple and complex sugars (such as starch) in potato dextrose broth which served 

as the control growth medium warrants these. These genes include the 

glycosyltransferase family 22 (LFC=5.56) glucanosyltransferase-like protein (LFC 

=5.55) and a transferase family protein (LFC=5.8). 
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2.3.4.5 DEGs between fermentation vs control trophic states of B. bassiana SAN01 

A summary of the top 20 upregulated genes in the fermentation (lignocellulose biomass 

degradation) relative to the control state is given in Table 2.8. Many of the upregulated 

genes under this trophic condition are involved in depolymerization reactions (biomass 

degradation), cell wall synthesis, morphogenesis and transport of hydrolytic 

intermediates and products. A WSC domain-containing protein (LFC= 6.21) was 

identified as the gene with the highest transcription under this state. This is probably due 

to the upregulation of exoglucanases essential for the degradation of the cellulose 

component of the biomass as the WSC domain is present in fungal exoglucanases (Oide 

et al., 2019). A mediator of RNA polymerase II transcription was highly upregulated 

during plant biomass metabolism relative to the control media (LFC=6.11). Mediator 

complexes link transcriptional regulators to RNA polymerase II, and they have been 

shown to have different biological roles. However, some transcriptional regulators are 

involved in carbohydrate metabolism, biofilm formation, and morphogenesis (Moran et 

al., 2019). The increased transcription of the gene for beta-1-3 exoglucanase precursor 

(LFC=5.61) is also notable. The beta-1-3 exoglucanases have important nutritional roles 

in both saprobic and parasitic fungi, where they represent primary biochemical offensive 

weapons for cell wall degradation (Martin et al., 2007). As observed earlier in endophytic 

vs fermentation, the upregulation of various proteases including the family S53 protease, 

vacuolar protease A and protease S8 tripeptidyl peptidase I with LFC of 5.8, 5.12 and 

5.08, respectively, was also recorded. These proteases are believed to be involved in the 

deconstruction of plant biomass, as shown recently (Wang, Hart and An 2019). The other 

notable upregulated genes under this condition include b-glucosidase, pectin lyase, 

oxoglutarate dehydrogenase, and various transporters. 
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The 20 most upregulated genes in the control state relative to the fermentation state are 

displayed in Table 2.9. As shown previously in the endophytic vs control group, a 

significant portion of the upregulated genes, including thioester reductase domain-

containing protein (LFC=6.29), are involved in the microbial synthesis of different 

secondary metabolites and other natural products (Mullowney et al., 2018). They are also 

noted to be involved in nitrogen metabolism and protein folding. Ubiquitin proteins were 

also upregulated with a LFC of 6.29 relative to the fermentation group. Although 

ubiquitins have been recognized as a diverse group of proteins with largely unknown 

function, in fungi, they are highly active during nitrogen deprivation (Staszczak 2008). 

The presence of these transcripts might be due to the low nitrogen content of the PDB 

medium (Mustafa and Kaur 2009), which served as the growth media under control 

conditions. This could also give an insight into the upregulation of heat-shock proteins, 

such as Hsp 70 and Hsp 90, under these conditions. Heat-shock proteins are highly 

expressed during conditions of stress to fungi, thus, the nitrogen-deprived basal media 

might be considered as a form of abiotic stress to the Beauveria strain (Chen et al., 

2018b). Other notable upregulated genes under the control condition relative to the 

fermentation condition include actin-like proteins, amidohydrolases, beta-tubulins, 

protein-disulphide isomerase and multi-copper oxidase. It is also remarkable that many 

hypothetical proteins were found to be upregulated in the control group.  
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2.3.5 Gene ontology 

The whole transcriptome of the fungus under biomass degradation (fermentation) 

condition was functionally classified according to Gene Ontology (GO) consortium, an 

international standard gene functional classification system. In this regard, a total of 

5,746 non-redundant unigenes were grouped into the major functional ontologies. Three 

independent ontologies, which are ‘biological process (BP)’, ‘cellular component (CC)’ 

and ‘molecular function (MF)’, are used as GO terms to describe gene products according 

to their functional annotations (Wang et al., 2017a). Thus, based on the InterPro 

functional annotation, the GO functional categories of the B. bassiana SAN01 under 

fermentation condition is represented in Figure 2.8a-c. The biological process category 

(Figure 2.8a) occupied the largest proportion (50 terms), followed by the Molecular 

Function (Figure 2.8b) category (38 terms) and Cellular Component (34 terms) category 

(Figure 2.8c). For biological process (BP), it was observed that the dominant 

subcategories were biosynthetic process (1,441), response to stress (1,205) and cellular 

nitrogen compound metabolic (826), demonstrating the dominated biological activities 

taking place in B. bassiana SAN01 transcriptome. In addition, catabolic process (533), 

lipid metabolism (448), carbohydrate metabolism (278), amino acid metabolism (253) as 

well as transport (174) were also highlighted under BP. The afore-mentioned activities 

are believed to be directly involved in the fungal degradation of lignocellulosic biomass 

in this study. Under the molecular function category, ion binding (955), molecular 

function (613), enzyme binding (413) and transmembrane activity (410) were the top 4 

most represented. Furthermore, hydrolase activity on glycosyl bond (85), hydrolase 

activity on non-peptide carbon-nitrogen bonds (54), enzyme regulator activity (196), as 

well as transferase activity (109) were also observed under the MF category which is also 

directly involved in biomass degradation. 

For the cellular component category, however, the dominant subcategories were protein-

complex (1290), cytosol (895), plasma membrane (821), and cytoplasm (789). The 

extracellular region (247), the extracellular space (39) as well as the extracellular matrix 

(27) were also annotated under this category. The enzyme code distribution (EC) for B. 

bassiana SAN01 under fermentation condition was also analysed. Mapping contigs from 

the B. bassiana transcriptome to enzyme codes identified sequences from EC classes for 

hydrolases (862), transferases (757), translocases (456), oxidoreductases (389), ligases 

(120), lyases (108) and isomerases (84) as shown in Figure 2.9a. The EC subclass for 
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hydrolases was made up of hydrolytic enzymes acting on acid anhydrides, ester bonds, 

glycosyl bonds, peptide bonds and carbon-carbon bonds in that order (Figure 2.9b). It 

was also observed that for the transferases group, enzymes transferring phosphorus-

containing groups were the dominant, followed by acyltransferases, glycosyltransferases, 

enzymes transferring one carbon, alkyl/aryl groups and those transferring sulphur 

containing groups, in descending order (Figure 2.9c). In addition, a few enzymes 

transferring molybdenum/tungsten containing groups were also recorded.  
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Figure 2.8a: Gene ontology (Biological processes) of B. bassiana SAN01 transcriptome under the biomass-degrading condition 
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2.3.6 CAZy annotation of B. bassiana SAN01 biomass-degrading enzymes  

As the main aim of this study was the biochemical elucidation of the carbohydrases from 

B. bassiana SAN01, selected CAZymes in the fungal transcriptome with significant 

contribution to the lignocellulose degradation were examined in depth. The total number 

of CAZyme-encoding genes identified in B. bassiana SAN01 during its growth on plant 

lignocellulosic biomass was found to be 367. This is higher than the 350 and 251 

CAZyme-encoding genes observed previously in A. niger and Trichoderma reesei, 

respectively, which are both well-recognized fungi of industrial importance with 

significant biomass-degrading abilities (Borin et al., 2017). The biomass-degrading 

enzymes encoded by these B. bassiana SAN01 genes were found to belong to different 

families including the auxiliary activities, carbohydrate-binding module, glycoside 

hydrolase, glycosyl transferase and carbohydrate esterases. This wide array of 

carbohydrases results from the need of the fungus to metabolize the different components 

of the complex growth substrate, wheat bran. Wheat bran has been shown to contain 

different polysaccharides including celluloses, hemicelluloses, starch, pectin, lignin and 

others in varying proportion (Onipe, Jideani and Beswa 2015). Hence, the most notable 

of the B. bassiana SAN01 carbohydrase genes involved in the depolymerization and 

metabolism of polysaccharides are summarised in Table 2.10.  

Cellulose has been estimated to make up to 10% of wheat bran (Rahman et al., 2017). In 

this study, five enzymes were observed to be responsible for cellulose metabolism which 

includes b-glucosidase, Cel3 proteins, cellobiose dehydrogenase, endoglucanases and 

exoglucanase. While the b-glucosidases, endoglucanases and exoglucanases have been 

well characterized for their collaborative ability to degrade cellulose, the Cel3 proteins 

and cellobiose dehydrogenases are not as well known. The Cel3 proteins have been 

shown in Penicillium piceum to possess the ability to hydrolyze cellobiose to glucose 

(Gao et al., 2013). While in Phanerochaete chrysosporium, cellobiose dehydrogenase 

has been revealed to hasten cellulose degradation by attenuating cellulase inhibition via 

oxidation of cellobiose to cellobionic acid (Kracher and Ludwig 2016). The CAZy 

annotation also revealed the production of some starch metabolising enzymes under the 

fermentation condition. The starch-degradation machinery of B. bassiana SAN01 was 

made up of glucoamylase which breaks down the starch component of the biomass to 

maltose, and a-glucosidase which converts the maltose to glucose. Hemicellulases 
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consist of various types of hydrolytic enzymes that breakdown the more complex 

hemicellulolytic polysaccharides. Hence, this consortium of enzymes is typically 

involved in the breakdown of hemicellulolytic polymers, including xylans, 

arabinoxylans, glucuronoxylan, glucomannans, and xyloglucans (Houfani et al., 2020). 

In B. bassiana SAN01, hemicellulases such as acetyl esterase, alpha-mannosidase, 

acetylxylan esterases, arabinofuranosidase, beta-galactosidase, and carbohydrate 

esterases were identified in the degradation of hemicellulolytic component of wheat bran. 

However, it was noticed that the gene encoding for xylosidase, which is responsible for 

the degradation of xylooligosaccharides to xylose, was absent in the CAZy annotation. 

However, the xylosidase gene was elucidated in the list of DEGs (XM_008597041.1), 

with a log2-fold change of 1.05 relative to the endophytic trophic state (data not shown). 

The absence of xylosidase may be due to the higher arabinoxylan content of the growth 

substance (wheat bran) relative to xylan, which also explains the expression of 

arabinofuranosidase, the debranching enzyme, which removes arabinose substituents 

from arabinoxylan and arabinoxylooligomers.  

Lignin has been identified as one of the most abundant polymers in nature, forming the 

major components of the plant cell walls along with cellulose and xylan. Previous studies 

have estimated the lignin content of wheat bran to be 10% (Theander et al., 1995; Merali 

et al., 2015). Hence, many genes responsible for the degradation of lignin were 

upregulated in the B. bassiana under study. These lignin metabolizing CAZymes were 

annotated to be aryl-alcohol oxidase, catalase/peroxidase, glucose–methanol–choline 

oxidoreductase, laccases and multicopper oxidase. Laccases have always been a 

recurring decimal in the microbial degradation of lignin, representing the most abundant 

protein expressed during the degradation of high lignin-containing biomass (Rytioja et 

al., 2017). The important roles of aryl-alcohol oxidase, catalase/peroxidase, glucose–

methanol–choline oxidoreductase and multicopper oxidase in biomass degradation by 

fungi have also been shown previously (Brenelli et al., 2019; Sützl et al., 2019; Serrano, 

Carro and Martínez 2020).  

Pectinases including pectin lyase, polygalacturonase and rhamnogalacturonase were also 

shown to be induced in this study. Even though pectinases have been annotated in the B. 

bassiana genome (Xiao et al., 2012), there has been no other study to show the 

upregulation or production of pectin-degrading enzymes in B. bassiana. However, it is 

believed that these genes were upregulated due to the moderate level of pectin in the 
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Cutin Cutinase 3.1.1.74 CE 5 3 (Gui et al., 2018) 

Lignin Laccase 1.10.3.2 AA 1 1 (Brenelli et al., 2019) 

 Multicopper oxidase 1.10.3.1 AA1 8 (Liu et al., 2020b) 

 Catalase/peroxidase 1.11.1.6 AA 2 2 (Kumar et al., 2018a) 

 Glucose–methanol–choline 
oxidoreductase 

1.1.3.13 AA 3 5 (Sützl et al., 2019) 

 Aryl-alcohol oxidase 1.1.3.38 AA4 1 (Serrano, Carro and 

Martínez 2020) 

Pectin Pectin lyase/ 

Polygalacturonase 

3.2.1.15 GH 28 3 (Bonnin and Pelloux 

2020) 

 Rhamnogalacturonases  3.2.1.71 GH 28 1 (Bonnin and Pelloux 

2020) 

Starch Alpha-glucosidase  3.2.1.20 GH 31 1 (Kawano et al., 2019) 

 Glucoamylase 3.2.1.3 GH 15 1 (Tanaka et al., 2020) 

Trehalase Neutral trehalase 3.2.1.28 GH 37 2 (Sakaguchi 2020) 

Xylan Arabinofuranosidase  3.2.1.55 GH 54 1 (Terrone et al., 2020a) 

 Beta-galactosidase 3.2.1.23 GH 35 2 (Herlet et al., 2018) 

  Acetylxylan esterases 3.1.1.72 CE 3 1 (Alalouf et al., 2011) 

 Carbohydrate esterases 1 & 

4 

3.1.1.72 CE 1 & 4 3 (Sista Kameshwar and 

Qin 2018) 

 Alpha mannosidase 3.2.1.24 GH 47 2 (Jiménez, 

Maruthamuthu and van 

Elsas 2015) 

 Acetyl esterase 3.1.1.6 CE 16 1 (Poutanen and 

Sundberg 1988) 

 Polysaccharide deacetylase 3.1.1.72 CE4 1 (Razeq et al., 2018) 

 Beta-mannosidase 3.2.1.25 GH 2 2 (Jović et al., 2020) 

Laminarin Beta-1,3-glucanase 3.2.1.58 GH 55 1 (Rodríguez-Mendoza et 

al., 2019) 

 Glucan endo-1,3-beta-

glucosidase 

3.2.1.39 GH 17 3 (Gelain et al., 2020) 

Glucans Mixed-linked glucanase 3.2.1.6 GH 16 1 (Li et al., 2017) 
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2.4 Conclusion  

The phylogenetic relationship between B. bassiana SAN01 and other closely related 

filamentous fungi was established in this study. These closely related fungi are generally 

entomopathogenic fungi, including different B. bassiana strains and other species 

belonging to the Beauveria genus. Different fungi have been shown previously to possess 

significant ecological plasticity and the ability to derive their energy from various sources 

such as their insect prey as entomopathogens, recalcitrant lignocellulosic substrates as 

saprotrophs, and within living plants as non-clavicipitaceous endophytes. In this regard, 

B. bassiana SAN01’s ability and pattern of utilization of a standardized array of sugars 

were investigated. The phenotypic microarray revealed that B. bassiana SAN01 had a 

very high respiration rate and concomitant biomass growth while utilizing xylitol, N-

acetyl-D-glucosamine, D-ribose, D-sorbitol and turanose, in descending order. These 

results further enriched the knowledge of the metabolic characterization of B. bassiana 

SAN01, particularly its ability to utilize nutritional substrates and its adaptability in 

different environments.  

Furthermore, the genetic bases of the metabolic versatility of the fungus with a special 

focus on its switch between its observed endophytic and saprophytic (fermentation) 

trophic modes were studied. The gene expression profile of the fungus revealed the 

systematic and dynamic phenomena happening at the molecular level during the 

interaction of organisms with their simulated environments. Hence, this study presents 

for the first time the transcriptome of B. bassiana while utilizing lignocellulosic biomass 

as its sole nutrients, as well as its transcriptomics under simulated endophytic conditions 

and while growing on basal media (potato dextrose broth). The data show that despite 

the more popular entomopathogenic and endophytic roles of B. bassiana, the fungus can 

also secrete a wide array of hydrolytic enzymes which can deconstruct different 

carbohydrate polymers. These enzymes include amylases, cellulases, glucosidases, 

pectinases, xylanases and lignin-degrading enzymes. Furthermore, a closer relationship 

was also established between the fungus in its endophytic state and its cultured state using 

PDB. It is anticipated that the full value of this dataset will be revealed in the nearest 

future as the genes identified in this study will provide the foundation for prospective 

targeted investigations such as microarray studies, RT-qPCR, fermentation studies and 

genetic manipulation, all aimed at a better understanding of the highly versatile 

endophytic fungal entomopathogen. 
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Abstract 

This study was undertaken to explore alternative applications of the widely known 

entomopathogenic/endophytic fungus, Beauveria bassiana, besides its sole use as a 

biocontrol agent. B. bassiana SAN01, isolated locally, was investigated for the 

production of four glycoside hydrolases, viz., amylase, endoglucanase, polygalacturonase 

and xylanase, under submerged conditions using readily available agricultural residues. 

Among the different plant biomass tested, wheat bran was the best carbon source for the 

production of all the enzymes, and their production levels were further enhanced using 

response surface methodology. Under optimized conditions, heightened yields of 34.82 

UmL-1, 23.03 UmL-1, 51.05 UmL-1, and 1061 UmL-1 were observed for amylase, 

endoglucanase, polygalacturonase and xylanase, respectively, which were approximately 

1.79-, 1.35-, 1.87- and 3.44- folds higher than their initial yields. These are the highest 

ever production levels reported for the four glycosyl hydrolases from any B. bassiana 

strain or any known entomopathogenic fungi. The significant activities of the hydrolytic 

enzymes recorded with B. bassiana thus present other promising avenues for the use of 

the entomopathogen as a new source of industrial enzymes and by extension, other 

biotechnological applications. 
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3.1 Introduction 

Beauveria bassiana SAN01 strain was observed to proliferate on different plant biomass 

and secrete biomass-degrading enzymes, viz., amylase, cellulase (endoglucanase), 

pectinase and xylanase, at significantly high levels. This is quite unusual for a typical 

entomopathogen or endophytes like B. bassiana which propelled the quest to explore this 

fungus as a novel source for industrially important enzymes, particularly biomass-

degrading enzymes. Amylases (3.2.1.1) are hydrolases that catalyze the hydrolysis of 

internal α-1, 4-glycosidic linkages in starch to yield low molecular weight products, 

which include glucose, maltose and maltotriose units. Microbial amylases, in particular, 

have been used in different industries including the food industry (bakery and juice 

processing), biofuel, textile, detergents, paper and fine chemicals (Sundarram and 

Murthy 2014). Endo-(1,4)-β-D-glucanase (EC 3.2.1.4) are cellulases that randomly 

attack the internal O-glycosidic bonds of the cellulose chain, releasing glucan chains of 

different lengths. Besides their use in the production of biofuels, cellulases have found 

wide applications in the paper/pulp, textile, animal feed, recycling, food processing and 

agricultural industries, amongst others (Keshk 2016; Wang et al., 2019b).  

On the other hand, pectinases (polygalacturonase) (E.3.2.1.15) are a special group of 

enzymes that catalyze the degradation of pectic polymers found in plant cell walls. This 

unique group of enzymes are important in juice extraction/processing, paper/pulp 

industry, breweries, oil extraction, and wastewater treatment, to mention a few 

(Kavuthodi and Sebastian 2018; Radha et al., 2019). Similarly, xylanases (EC 3.2.1.8) 

are enzymes that cleave the β-1, 4 backbone of the complex plant cell wall polysaccharide 

xylan. They are found useful in biopulping, biobleaching, as food additives and in 

improving the quality of baked products (Chen et al., 2019c). The production of all of 

these polysaccharide-degrading enzymes have been observed in different microbes, both 

in submerged and solid-state fermentation conditions (Chadha et al., 2019; Tai et al., 

2019). Fungal organisms, in particular, have been a valuable source of these enzymes as 

a result of their ecological roles as the major recycler of the planet and their adaptation 

to grow on various biomass and obtain their growth nutrients therein (De Beeck et al., 

2020). However, maximal enzyme production is required to reduce their cost as well as 

enhance their applicability in various industrial processes, thus the need for the 

optimization of production parameters of these biocatalysts is necessary.  
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Response surface methodology (RSM) is one of the most common optimization 

techniques employed in diverse academic, industrial and research fields. The RSM 

process is a group of statistical and mathematical methods used in developing and 

optimizing process in which a response of interest is influenced by several variables 

(Manojkumar, Muthukumaran and Sharmila 2020). Typically, response surface models 

are based on fitting an experimental model to experimental data obtained in regard to an 

experimental design. It is a valuable tool with important applications in experimental 

designs, product design and development, as well as in the optimization of existing 

products and process designs. The major benefit of RSM is the reduced number of 

experimental runs required to provide sufficient information for a statistically acceptable 

model. Thus, it is faster and less resource consuming than the traditional “one factor at a 

time approach” of optimization (Chollom et al., 2020). Furthermore, unlike conventional 

methods, RSM also puts into consideration the real-time interactions of the different 

factors as they affect the involved process (Jasni et al., 2020).  

Several different methodologies for the response surface process were first introduced by 

Box and others in the 1950s (Box 1952; Myers 1999) and they have since found 

applications in many industrial processes, including biotechnology, biochemistry, food 

science/technology and engineering, amongst others (Anfar et al., 2020; Botinestean et 

al., 2020; Wu et al., 2020b). These multivariate optimization techniques usually involve 

an initial stage to screen factors in order to determine and choose the important 

independent variables out of a possible many. This stage is required to streamline the 

optimization process to increase efficiency and reduce the number of runs or tests. A 

second stage involves the evaluation of the major contributing factors resulting in a value 

for the response to achieve near-optimum output. Subsequently, mathematical/statistical 

models of the data generated from the experimental design are developed by fitting linear 

or quadratic polynomial functions, followed by the identification of the optimum values 

(stationary points) of the evaluated variables.  

RSM has been effectively applied in evaluating multiple production variables to predict 

the optimal conditions necessary for microbial enzyme production processes (Yolmeh 

and Jafari 2017; Adetunji and Olaniran 2020; Aziz, Elgammal and Ghitas 2020). Hence, 

the study was aimed at investigating the optimum conditions for the production of 

extracellular amylase, endoglucanase, pectinase and xylanase by B. bassiana SAN01 

under submerged fermentation using readily available agricultural residues. The 
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carbohydrases were selected based on previous research (Petlamul and Boukaew 2019; 

Ryali et al., 2020), and results obtained from the transcriptomic study described in 

Chapter 2. In addition, the choice of these enzymes was based on other pilot experiments 

in our laboratory as well as their documented industrial importance from literature. Two 

stepwise optimization strategies were employed which included Plackett-Burman design 

to identify the significant production parameters and Central Composite Design to 

optimize the levels of the significant variables. To the best of our knowledge, this is the 

first study to optimize the production of any glycoside hydrolase in B. bassiana using 

lignocellulosic biomass.  

 

3.2 Methodology 

3.2.1 Chemicals and reagents 

The lignocellulosic materials used in the study were obtained locally in Durban, South 

Africa. Beechwood xylan, carboxymethyl cellulose (CMC), citrus pectin and 3, 5-

dinitrosalicylic acid (DNS) were purchased from Sigma-Aldrich (South Africa). All other 

chemicals and reagents used were of analytical grade and were obtained from validated 

suppliers. 

3.2.2 Microorganism 

The fungus was isolated locally from onion leaves and identified by the amplification of 

its rDNA ITS region (Gene Accession Number: MN544934). The strain designated as 

Beauveria bassiana SAN01 was grown on potato dextrose agar (PDA) slants at 30°C for 

five days and subsequently stored at 4°C. The inoculum was prepared by suspending the 

spores on sterile 0.1% Tween-20 to give a final count of 1x 107 spores mL-1. 

3.2.3 Screening of lignocellulosic biomass 

Seven different, readily available biomass (bambara haulms, banana peel, corn cob, spent 

tea leaves, sugarcane bagasse (SB), wheat bran and wheat straw) were evaluated as 

potential substrates for B. bassiana SAN01 amylase, endoglucanase, polygalacturonase, 

and xylanase production. The substrates were dried at 40°C in a drier until constant 

weight, pulverized to 1.0 mm mesh size and used for media preparation. Fermentation 

was carried out in 250 mL Erlenmeyer flasks containing 100 mL mineral salt solution 

and 50 gL-1 of the respective plant biomass at pH 5.0, which had been autoclaved at 
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121°C for 20 min. The flasks were inoculated with B. bassiana spores (1 x 107 spores) 

and incubated at 30°C and 150 rpm for 12 days. Subsequently, the culture broth was 

filtered and centrifuged at 10,000 x g for 15 min at 4°C. The supernatant thus obtained 

was used as the crude enzyme for subsequent analyses. 

3.2.4 Enzyme assay 

Amylase, endoglucanase, polygalacturonase and xylanase activities were measured using 

soluble starch, carboxymethylcellulose (CMC), orange peel pectin and beechwood xylan, 

respectively at 1% level. The reducing sugars released in the reactions were determined 

by the DNS method according to (Bailey, Biely and Poutanen 1992). One unit (U) of 

amylase, cellulase, polygalacturonase and xylanase activity is defined as the amount of 

enzyme liberating 1 µmol of the respective monomer from the respective substrate per 

min under standard assay conditions (40°C, 50 mM acetate buffer, pH 5.5). 

3.2.5 Statistical optimization of production parameters  

The optimization of production parameters for the four enzymes was carried out using 

Response Surface Methodology (RSM) at two stages. The first stage involved the 

screening of production parameters, while the second stage involved the optimization of 

the selected significant variables (Qadir et al.,2018). 

3.2.5.1 Plackett-Burman design (PBD) 

The Design Expert 11.0 (Stat-Ease, Minneapolis, USA) Plackett-Burman design was 

employed for the screening of important media components and culture parameters. 

Eleven factors were selected from earlier reports (Feng and Ying, 2002; Petlamul and 

Boukaew 2019; Ryali et al., 2020) and each factor was tested at two levels, high (+) and 

low (-), resulting in a set of 12 experimental runs (Table 3.1) (Ghosh and Ghosh 2019). 

The design was intended to demonstrate the individual effect of these variables rather 

than their cumulative or interactive effect on responses and can be represented by the 

first-order polynomial equation:  

! 		β0 +	&βi'i  

Where Y is denoted as the predicted response, while βo and βi are the model intercepts 

and the linear coefficients, respectively, Xi is defined as the level of the independent 

variable. 
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between the selected variables for the maximization of enzyme production (Table 3.2 & 

3.3). All other variables were maintained at zero points as stated in the 2-level factorial 

design. A full 23 factorial design was constructed, leading to 20 experimental runs which 

consisted of 14 runs for factorial design and 6 runs for the replication of central points. 

Quantitative data generated from these experimental runs were subjected to regression 

analysis through response surface methodology to solve multivariate equations. This 

methodology allows the modelling of a second-order equation that describes the process. 

! 	β0 +	&βi'i +&βii'i
! +	&i&βij'i 'j

#

$%&

#

$%&
 

Where Y denotes the predicted response, k the number of factor variables, β0 the model 

constant, βi the linear coefficient, βii the quadratic coefficient and βij the interaction 

coefficient. 

The three selected parameters having significant effects on the simultaneous production 

of both amylase/polygalacturonase and endoglucanase/xylanase were further optimized 

using CCD at 5 levels (−1.68, −1, 0, +1, +1.68) for the maximization of enzyme 

production (Table 3). All other variables were maintained at zero points as stated in the 

2-level factorial design. A full 23 factorial design was constructed to give 20 experimental 

runs which consisted of 14 runs for factorial design and 6 runs for central point 

replication. Quantitative data generated from these experimental runs were subjected to 

regression analysis through response surface methodology to solve multivariate 

equations. This methodology allows the modelling of a second-order equation that 

describes the process. 

! 	β0 +	&βi'i +&βii'i
! +	&i&βij'i 'j

#

$%&

#

$%&
 

Where Y denotes the predicted response, k the number of factor variables, β0 the model 

constant, βi the linear coefficient, βii the quadratic coefficient and βij the interaction 

coefficient. 
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and other metabolic activities of the cells. Proximate studies have shown the substrate to 

contain various polymers including starch, cellulose, xylan, arabinoxylans, pectin, and 

sufficient protein to serve as a much-needed nitrogen source (Beaugrand et al., 2004; 

Babu et al., 2018). Recently, significant amylase production has been recorded in 

different fungi while utilizing wheat bran as the sole energy source without any 

supplementation (Oshoma, Okonkwo and Obasuyi 2019; Fadel et al., 2020).  In this 

regard, amylase activities of 140.28 Ug-1 and 238.61± 4.72 UmL-1 were recorded with 

Aspergillus awamori (Fadel et al., 2020) and A. niger (Oshoma, Okonkwo and Obasuyi 

2019), respectively. Cellulase production levels of 10.2 UmL-1 and 20 UmL-1 were also 

observed from A. niger (Akula and Golla 2018) and Cotylidia pannosa (Sharma, 

Garlapati and Goel 2016), respectively with wheat bran as the sole carbon source.  

Wheat bran has also been recorded in some studies as the most productive sole carbon 

source during pectinase production. Pectinase levels of 1.12 UmL-1 in A. oryzae (Dange 

and Harke 2018) and 800.0 ± 16.2 Ug-1 in Bacillus subtilis (Oumer and Abate 2018) were 

observed in two of such studies. While xylanase levels of 474 UmL-1 and 1500 UmL-1 

were recorded from A. terreus (Bakri et al., 2020) and Bacillus sp. TC-DT 13 (Rodrigues 

et al., 2020), respectively. Furthermore, the high production levels of these enzymes 

during fermentation with wheat bran might be attributed to the high content of non-starch 

carbohydrates which have been estimated as 70% arabinoxylans, 4% cellulose and 6% 

β-(1,3) (1,4)-glucan (Sun et al., 2008).  

Interestingly, high production levels of the four enzymes (19.48±1.01 UmL-1 for 

amylase, 13.85±0.41 UmL-1 for endoglucanase, 17.85±0.33 UmL-1 for polygalacturonase 

and 206.19±4.1 UmL-1 for xylanase) were observed while utilizing bambara biomass, an 

underutilized plant crop grown extensively throughout sub-Saharan Africa. Though B. 

bassiana has been previously shown in different studies to utilize animal by-products 

(Svedese et al., 2013) and other complex media (Mascarin et al., 2018) for growth and 

the industrial production of its spores and other important bioproducts, there are currently 

no studies on B. bassiana amylase, cellulase, pectinase or xylanase production using 

plant biomass.  

B. bassiana SAN01 xylanase production was also observed with corn cob, spent tea 

leaves and banana peel, which were 40-50% of the production levels observed with wheat 

bran. However, despite using sugarcane bagasse and wheat straw which are known to 

support high xylanase production in some other fungi (Sanghvi, Koyani and Rajput 2010; 
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Pandya and Gupte 2012), B. bassiana SAN01 produced a relatively lower amount of 

xylanase using these substrates. Endoglucanase production was also observed with corn 

cob, spent tea leaves and banana peel as the sole carbon source, though at relatively lower 

levels. Furthermore, B. bassiana SAN01, unlike some other organisms, was unable to 

utilize sugarcane bagasse and wheat straw for the production of endoglucanase. 

Similarly, significant production levels of amylase and polygalacturonase (pectinase) 

were recorded using the banana peel, corn cob and spent tea leaves, while production of 

both the enzymes was not detected with sugarcane bagasse and wheat straw. It is posited 

that the presence of relatively higher amounts of inhibitors present in sugarcane bagasse 

and wheat straw might be responsible for the inability of the fungus to utilize the agro-

residues for significant enzyme production (Nouri, Azin and Mousavi 2018; Yuan, Li 

and Hegg 2018; Soares et al., 2020). Although very low amounts of xylanase were 

recorded in this study with sugarcane bagasse and wheat straw, the mechanisms that 

govern the selective secretion of xylanolytic enzymes using the biomasses is not yet 

understood. Previous studies have overcome the impediment placed on microbial 

fermentation due to endogenous inhibitors by pretreating these biomass using different 

methods (Patel, Divecha and Shah 2017; Maibam and Maiti 2020). However, for a fair 

comparison, in this study, the potentials of sugarcane bagasse and wheat straw along with 

other biomass were evaluated for enzyme production in their untreated, natural state. 

Another factor believed to be responsible for this observation is the low carbon/nitrogen 

ratio of these biomass, as fungi and other microbes require copious amounts of nitrogen 

and other limiting nutrients during cultivation, especially for fermentation purposes 

(Bonturi et al., 2017).  

It is also noteworthy that the production levels of xylanase enzymes were significantly 

higher than that of amylase, endoglucanase and polygalacturonase in all the biomass 

used. This trend is corroborated by other studies where higher xylanase activities relative 

to endoglucanase (cellulases in general) have been observed in fungi (Iram, 

Cekmecelioglu and Demirci 2020; Veloz Villavicencio et al., 2020), and even in bacteria 

(Iram, Cekmecelioglu and Demirci 2020; Yadav et al., 2020). Although the mechanism 

behind this relationship is not fully known, however, it has been noted that the structure 

of xylan is less stable and not as tightly packed as that of cellulose, making it more 

accessible to enzyme action (Sheng et al., 2019). Similarly, higher xylanase production 

relative to amylase synthesis during the simultaneous release of both the enzymes have 
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The significance of the observed factors on the production of the four glycosyl hydrolases 

from B. bassiana SAN01 is highlighted in the Pareto charts (Appendix 3 & 4).  The 

respective charts have bars of length proportional to the value of the estimated effects, 

divided by the standard error (Cao et al., 2012). The bars are presented in order of the 

magnitude and significance of the effects on the enzyme production levels, with the most 

significant factors coming first. Furthermore, positive effects are illustrated by orange-

coloured bars while negative effects are shown by the blue bars. Hence, inferring from 

the plot for amylase, the factors arranged in the order of significance are temperature > 

wheat bran > pH; the same order of significance was observed for polygalacturonase. 

However, for endoglucanase and xylanase, the order observed were temperature > wheat 

bran > yeast extract and temperature > yeast extract > wheat bran, respectively. 

Regression analyses were performed to fit the response function with the experimental 

data. The summaries of the student t-distribution, the corresponding P-values, and the 

parameters estimated are presented in Appendix 5a & b. The analysis of variance for the 

PB models derived for amylase and polygalacturonase (Appendix 5a) confirmed the 

observation from the Pareto plots. It revealed that the incubation temperature, pH of the 

fermentation media and the concentration of wheat bran had the most significant impacts 

with p-values of 0.0007, 0.0284, 0.0201, respectively for amylase and 0.0004, 0.0097, 

0.0027 for polygalacturonase in the same order. The ANOVA for the PB models derived 

for xylanase and endoglucanase (Appendix 5b) also showed that the incubation 

temperature, concentration of wheat bran, and yeast extract were the most significant 

parameters with p-values of 0.0016, 0.0152 and 0.0021 respectively for xylanase 

production and 0.0018, 0.0081 and 0.0096 for endoglucanase production in a similar 

order. These low p-values indicate the significance of the respective factors on the 

production of the four enzymes (Balaji, Chittoor and Jayaraman 2020). The selection of 

these factors is also in agreement with the previous optimization studies that have 

identified wheat bran (Das et al., 2013; Hammami et al., 2020), yeast extract (Das et al., 

2013; Satti et al., 2019), pH (Gafar et al., 2020; Yazici et al., 2020) and fermentation 

temperature (Huang et al., 2018; Deng et al., 2020) as important factors affecting enzyme 

production at the first level in different organisms.  

In addition, the interdependence of amylase/polygalacturonase, as well as 

endoglucanase/xylanase, can be deduced from the observation that the production of the 
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concomitantly produced enzymes was affected by the same production parameter. 

Previous studies have shown the significant effects of temperature, pH and substrate 

concentration on the simultaneous production of amylase and polygalacturonase in some 

microorganisms (Dalvi and Anthappan 2007; Juwon and Emmanuel 2012). A similar 

trend was also observed during the simultaneous production of xylanase and 

endoglucanase from other fungi, Coprinopsis cinerea (Huang et al., 2018) and 

Trichoderma viride (Huang et al., 2013), where temperature, nitrogen source, substrate 

concentration, and pH were identified as critical factors affecting the enzyme yields 

(Huang et al., 2018).  

Furthermore, the significant positive or negative effects of different parameters on B. 

bassiana enzyme production were also confirmed from the coefficient estimates for the 

models for each enzyme (Appendix 6a & b). An increase in the incubation temperature 

and pH of the media had negative coefficients, which amount to negative effects on 

amylase and polygalacturonase production while increasing wheat bran concentration 

had a positive coefficient that translates into a positive effect. For 

endoglucanase/xylanase production, increasing temperature and yeast extract affected 

production negatively as deduced from their coefficient estimates, while increasing 

wheat bran concentration impacted the enzyme production in a positive manner.   

From the analysis of variance, the observed model F-values for the polynomial model of 

amylase (14.52), endoglucanase (14.85), polygalacturonase (21.63) and xylanase (17.05) 

implied that the models were significant (Appendix 5a & b); thus, there were very low 

probabilities that the model F-values could have occurred due to noise. The 

determination coefficient R2 of the amylase model was found to be 0.8449, 

endoglucanase was 0.8478, while the polygalacturonase and xylanase models were 

0.8902 and 0.8648, respectively. Likewise, the signal to noise ratio of the models were 

10.861, 11.451, 13.587 and 12.206 for amylase, endoglucanase, polygalacturonase and 

xylanase, respectively, which are all within the acceptable ranges (Ghosh and Ghosh, 

2019). 

Thus, the experimental results for the production of the B. bassiana glycosyl hydrolase 

were fitted into first-order models by the equations given below: 

Amylase activity = 17.76 – 4.56A + 2.3B + 2.49D 

Polygalacturonase activity = 28.87 – 3.77A – 2.15B – 2.73D 
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Where A, B and D are coded values for incubation temperature, pH and concentration of 

wheat bran, respectively.  

Xylanase activity = 109.57 – 44.52A + 29.38D – 42.64E 

Endoglucanase activity = 10.33 – 1.29A + 0.9883D – 0.955E 

Where A, D and E are coded values for the incubation temperature, concentration of 

wheat bran and concentration of yeast extract, respectively.  

Hence, the analysis of variance and all other significant measures established that the 

models predicted for the production of the four carbohydrases from B. bassiana SAN01 

were sufficient for elucidating the significance of the three chosen factors. 

3.3.3 Central composite design 

The significant factors obtained from PB were optimized further using CCD. 

Experimental results obtained at the end of the runs indicated a close agreement between 

the observed and predicted enzyme activities for both responses (Tables 3.6a & b). Thus, 

these results highlight the accuracy of RSM in the optimization of fermentation 

parameters for enhanced enzyme production in B. bassiana SAN01. Experimental values 

showed that amylase production levels are between 10.21 and 36.02 UmL-1 while 

polygalacturonase levels were between 19.34 and 52.63 UmL-1 (Table 6a). Furthermore, 

xylanase activities ranged from 222.93 to 917.34 UmL-1 and endoglucanase between 6.38 

to 19.42 UmL-1 (Table 6b).   
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The results presented in Tables 3.6a & b were also confirmed by the Predicted versus 

Actual value plots. The predicted versus actual value plots of outputs for the CCD plots 

of amylase, polygalacturonase, endoglucanase, and xylanase are presented in Appendix 

7 & 8. These diagnostic plots also indicate close agreements between actual data and the 

data predicted by the models. Hence the observed tendencies in the linear regression fit 

of these plots were considered adequate enough to validate the model within the 

experimental range studied (Ghafari et al., 2009; Elkelawy et al., 2020). 

The magnitude, as well as the respective positive and negative effects of the parameters 

on the production of the individual enzymes were deduced from the Coefficient estimate 

analysis (Appendix 9a-d). Positive linear effects were observed for all the three optimized 

parameters with regards to amylase and polygalacturonase production. However, while 

pH with a coefficient estimate of 3.40 had the highest effect on amylase production, 

wheat bran concentration with an estimate of 4.30 was shown to be the most effective on 

polygalacturonase production. In addition, the positive linear effect of wheat bran and a 

negative linear effect of temperature and yeast extract on the production levels of both 

endoglucanase and xylanase were recorded.  Moreover, the concentration of yeast extract 

showed the highest effect in both cases (coefficient = -120.96 (xylanase), -2.53 

(endoglucanase). 

The models generated for the responses were quadratic, and the selected P-levels of 

linear and interactive variables were then fitted into the quadratic polynomial equations 

shown below: 

Amylase activity = 34.63 +2.26A + 3.40B + 3.18C – 3.14AB + 1.83AC – 0.684BC – 

5.34A2 – 4.642 – 4.48C2 

Polygalacturonase activity = 50.73 +1.49A + 4.19B + 4.30C – 4.96AB + 2.40AC – 

1.48BC – 6.78A2 – 6.11B2 – 6.49C2 

Where A = Incubation temperature; B = pH and C= Wheat bran concentration 

Likewise, the quadratic models generated for endoglucanase and xylanase activities are 

given below: 

Xylanase activity = 859.56 – 69.33A + 48.4B – 120.96C – 23.08AB + 32.38AC + 

17.93BC – 152.12A2 – 191.33B2 – 69.44C2 

Endoglucanase activity = 19.05 – 0.8517A + 0.9418B – 2.53C – 0.5400AB + 0.6525AC 

+ 1.02BC – 2.97A2 – 3.76B2 – 1.07C2 
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Where A = Incubation temperature; B = Wheat bran concentration and C= Yeast extract 

concentration 

The characteristics of the four generated models were evaluated to determine their 

reliability, which showed that both the models were adequate. The F- and p-values as 

deduced from the ANOVA (Table 3.7a & b) also highlighted the reliability of the models. 

The model F-values, 146.68 (amylase), 49.47 (polygalacturonase), 192.68 

(endoglucanase) and 145.58 (xylanase) and their respective low p-values confirmed the 

significance of the models, thereby overcoming the probabilities that the model F-values 

could occur due to noise (Tarrsini et al., 2020). The models, as well as their terms (A, B, 

C, AB, AC, BC, A2, B2, C2), were found to all have p- values less than 0.1, thus are all 

considered significant and reliable (de Castro et al., 2015). However, the BC in the 

xylanase model (p-value = 0.1134) was the only term found to be insignificant. The 

goodness of fit of the model was confirmed by the R2 values, which are the determination 

coefficient (Table 7). The closer the values of R2 to 1, the more the models can explain 

the variability between the experimental and predicted values (Long et al., 2019).  

In the present study, the models showed a high R2 value for the production of the 

enzymes. R2 values of 0.9926, 0.9943, 0.978 and 0.9924 were recorded for the quadratic 

models of amylase, endoglucanase, polygalacturonase and xylanase production, 

respectively. These indicate that three models (amylase, endoglucanase and xylanase) 

can explain more than 99% of the total variation, while the polygalacturonase model can 

explain above 97% of the variation, thus presenting significant relationships among the 

evaluated variables. Furthermore, the differences between the adjusted R2 and the 

predicted R2 values in all of the models were less than 0.2, while the signal to noise ratios 

was above 4.0, thus showing the aptness of the models and their applicability to the 

design space (Tai et al., 2019). The adequate precision ratio, which is another parameter 

for model adequacy, is defined as a measure of signal to noise ratio and values greater 

than 4 are desirable for adequate signals (Long et al., 2019).  Thus, the computed Adeq 

Precision of 36.084 (amylase), 39.462 (endoglucanase), 20.815 (polygalacturonase) and 

30.456 (xylanase) observed in this study indicate adequate signals for the production 

optimization of the four glycosyl hydrolases from B. bassiana SAN01. 
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Furthermore, contour plot and response surface plots were generated based on the 

quadratic equations derived from the four CCD models to understand the interactions 

among the independent variables and to determine their values for attaining maximum 

enzyme production. These plots represent the interactions of two variables while keeping 

the third variable at its zero levels. For amylase and polygalacturonase production, the 

interaction between the independent variables i.e., the concentration of wheat bran & pH, 

the concentration of wheat bran & incubation temperature as well as pH & incubation, 

all showed significant effects on both responses (Figure 3.1 & 3.2). Similarly, the 

concentration of wheat bran & yeast extract, the concentration of wheat bran & 

incubation temperature as well as yeast concentration & incubation all showed significant 

effects on endoglucanase and xylanase production (Figure 3.3 and 3.4). Distinct peaks 

were observed for all of the responses which indicated that the models encompassed the 

optimum region for the production of the enzymes.  

An increase in amylase and polygalacturonase production was observed with elevating 

pH and incubation temperature until the maximum levels of ~34 UmL-1 and 50 UmL-1 

(Figure 3.6 and 3.7) were reached. The peak of the enzyme production was observed at 

approximately pH 6.0 and 30°C which has been shown previously to be the optimum 

physiological condition for B. bassiana growth and metabolism (Padmavathi, Devi and 

Rao 2003; Mishra, Kumar and Malik 2015). The effects of these factors on the production 

of both enzymes were noticed to diminish beyond these optimum values, which is 

probably due to the decreased metabolic rate of the fungus at higher pH and temperature 

as well as the denaturing effects of these conditions on the enzymes. A steep increase in 

the production of both enzymes was also observed with an increase in substrate 

concentration until the optimum concentration of ~40 gL-1. Increasing the amount of 

wheat bran beyond the optimum level had less significant effects on the production level. 

Furthermore, the interaction between the pH of the media and the incubation temperature 

(Figure 3.1a and 3.2a) had the maximum influence on amylase and polygalacturonase 

production while wheat bran- pH interaction (Figure 3.1e and 3.2e) had the least effect. 

This is because the more elliptical the contour plots, the more significant the interactions 

between corresponding variables, whereas the more circular the less the interactions 

(Bhagwat et al., 2018).  
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In the same vein, an initial increase in xylanase and endoglucanase production was 

observed with increasing wheat bran and temperature until peak levels of ~850 UmL-1 

and ~20 UmL-1, respectively, after which steep declines were observed (Figure 3.3 and 

3.4). Thus, it can be assumed that the production of both enzymes is mainly dependent 

on wheat bran as the carbon source. Furthermore, a wheat bran concentration of 

approximately 44 gL-1 and incubation temperature of around 29°C was considered 

optimum for the simultaneous production of both enzymes in shake flask cultures. These 

results are corroborated by many other studies, where critical components such as the 

carbon source and nitrogen, at lower levels, failed to produce sufficient enzyme yield, 

while further increase up to optimal concentrations showed heightened enzyme 

production, which subsequently diminished at higher concentrations (Bagewadi, Mulla 

and Ninnekar 2018; Thite, Nerurkar and Baxi 2020). It was also observed from plots 

showing the interactions of yeast extract and incubation temperature that higher levels of 

these factors had negative impacts on the production of the two enzymes. Hence, the 

plots showed that a significant increase in yeast extract had a negative effect on the 

accumulation of both enzymes. The negative effects of the high concentration of nitrogen 

sources on carbohydrase production have been suggested in earlier studies (Abdella, 

Segato and Wilkins 2019). In addition, from the graphs, it can be deduced that the 

interaction between wheat bran and yeast extract concentration (Figure 3.3e and 3.4e) is 

shown to be the most significant in both models while that between wheat bran and 

incubation temperature is the least (Figure 3.3a and 3.4a).  
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3.3.4 Validation of the experimental model 

The adequacy of the models was further confirmed and validated by the four enzymes, 

amylase, endoglucanase, polygalacturonase and xylanase using the derived optimal 

conditions. The optimum conditions predicted for amylase and polygalacturonase 

production were pH 6.28, incubation temperature of 30.42°C and wheat bran 

concentration of 47.2 gL-1. The predicted production level of amylase, 35.87 UmL-1 was 

in close agreement with the experimental value of 34.82 ±1.44 UmL-1. A close agreement 

was also observed between the predicted polygalacturonase production 51.98 UmL-1and 

the actual level 51.05 ±1.92 UmL-1. Furthermore, the conditions predicted for xylanase 

production were wheat bran (46.39 gL-1), yeast extract (12.41 gL-1) and incubation 

temperature (29.12°C); while the optimal conditions predicted for endoglucanase 

production were wheat bran (42.0 gL-1), yeast extract (11 gL-1) and incubation 

temperature (29°C). The predicted value of 1061 UmL-1 for maximum xylanase 

production, suggested by the model was in close agreement with the experimental value 

of 1047±42 UmL-1. Similarly, 23.08 UmL-1 predicted for maximum endoglucanase 

production was found to be close to the actual value of 23.21±1.07 UmL-1. Hence, the 

observed proximity between the predicted and experimental values indicate that the 

generated models gave an adequate prediction of both responses. Thus, by applying the 

factorial designs to the fermentation process, there were a 1.79- and 1.87-fold increase in 

amylase and polygalacturonase activity compared to unoptimized production levels of 

19.48 UmL-1 and 27.37 UmL-1, respectively. Similarly, a 3.44- and 1.35-fold increase in 

xylanase and endoglucanase activity compared to unoptimized production levels of 

304.48 UmL-1 and 17.16 UmL-1, respectively, were also recorded. These results are 

remarkable as the enzyme production levels achieved in this study are the highest 

recorded for any Beauveria species or any entomopathogenic fungi, for that matter, based 

on available literature.  

 

3.4 Conclusion 
This study has shown the potential of a novel strain of an entomopathogenic fungus, B. 

bassiana SAN01, to utilize various agricultural residues as substrates for its growth as 

well as for the production of hydrolytic enzymes, specifically cellulolytic and 

hemicellulolytic enzymes. Based on the available literature, it can be said that this is the 

first report giving detailed medium optimization of xylanase and endoglucanase from B. 
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bassiana. After optimizing the production medium, the yield of amylase, endoglucanase, 

polygalacturonase and xylanase were enhanced up to 1.79, 1.35, 1.87 and 3.44 folds, 

respectively, as compared with the unoptimized production medium. Furthermore, less 

than 10% differences between the predicted and experimental production levels of the 

four enzymes are adequate to justify the validity of the response models of the enzymes. 

The optimum enzyme production parameters in this study may serve as a future reference 

for multi-enzyme cocktail production from B. bassiana in subsequent investigations. In 

addition, these findings are expected to stimulate the exploration of B. bassiana for the 

production of industrial enzymes and other bio-based products along with its use as a 

biocontrol agent. 
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CHAPTER FOUR 
Purification and characterization of Beauveria bassiana 

SAN01 carbohydrases 
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Abstract 

The present study describes the purification and characterization of four different 

extracellular carbohydrases, viz., xylanase, amylase, endoglucanase, and 

polygalacturonase from a newly isolated entomopathogenic fungal endophyte, Beauveria 

bassiana SAN01. The B. bassiana SAN01 xylanase was purified to homogeneity with a 

specific activity of 324.2 Umg-1 and SDS-PAGE analysis revealed the molecular mass 

of the enzyme to be ~37 kDa. The purified xylanase performed optimally at pH 6.0 and 

45ºC. The xylanase was observed to obey Michaelis-Menton kinetics towards 

beechwood xylan with apparent Km of 1.98 mgmL-1, Vmax of 6.65    µMmin-1 and kcat of 

0.62 s-1, showing high substrate specificity for xylan containing polymers. The purified 

xylanase was strongly inhibited by Ag2+ and Fe3+ while it was enhanced by Co2+and 

Mg2+. The three other enzymes were partially purified by ammonium sulphate 

precipitation and ultrafiltration to a specific activity of 2.9 Umg-1 (amylase), 2.72 Umg-1 

(endoglucanase), and 3.1 Umg-1 (polygalacturonase). The optimum pH of the partially 

purified amylase, endoglucanase, and polygalacturonase was found to be 6.0, 6.0 and 7.0, 

respectively, while they performed optimally at 35, 35 and 45ºC, respectively.  This work 

presents the first report on the purification and characterization of the four selected 

carbohydrases from B. bassiana.  
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4.1 Introduction  

In line with the continuous search for novel enzymes, some focus has since been shifted 

to entomopathogenic (Mondal et al., 2016; Litwin, Nowak and Różalska 2020) and 

endophytic fungi (Rodriguez, Gonzalez and Rodríguez Giordano 2016; Mandal and 

Banerjee 2019) as novel sources of industrially important biocatalysts. B. bassiana 

appears to be a top candidate in this regard, as the fungus has been shown to produce 

different enzymes in significant quantities and with distinct biochemical properties 

(Borgi and Gargouri 2016; Ryali et al., 2020). A lot of attention has, however, been given 

to the major enzymes produced by B. bassiana, which are the chitinases, lipases and 

proteases (Zhang et al., 2004; Zibaee, Sadeghi-Sefidmazgi and Fazeli-Dinan 2011; 

Zibaee and Ramzi 2018). These principal enzymes have been well elucidated in different 

studies highlighting their roles in the fungus’ entomopathogenicity as well as its 

endophytism.  

Recently, different strains of B. bassiana have been isolated and characterized for the 

production of biomass-degrading enzymes, which is indicative of their less elucidated 

environmental role as a saprophyte (Ntsobi et al., 2020). In this regard, different 

production levels of biomass-degrading enzymes including amylase, beta-glucosidase, 

endoglucanase, and xylanase have been recorded from the fungus in different studies 

(Borgi and Gargouri 2016; Petlamul et al., 2017; Ryali et al., 2020). Amylases (3.2.1.1) 

are depolymerases that catalyze the hydrolysis of internal α-1, 4-glycosidic linkages in 

starch to yield low molecular weight monomeric and oligomeric products such as 

glucose, maltose and maltotriose. In particular, microbial amylases have been used in 

different industries, including the food industry (bakery and juice processing), textile, 

biofuel, detergents, paper, and fine chemicals (Sindhu et al., 2017; Far et al., 2020).  

Endo-(1,4)-β-D-glucanase (EC 3.2.1.4) are cellulases that randomly attack the 

internal O-glycosidic bonds of the cellulose chain, releasing glucan chains of different 

lengths. Besides their prominent use in biofuels production, cellulases have found wide 

applications in the paper/pulp, textile, animal feed, recycling, food processing, and 

agricultural industries, amongst others (Keshk 2016; Wang et al., 2019b). On the other 

hand, pectinases (polygalacturonase; E.3.2.1.15) are a special group of enzymes that 

catalyze the degradation of pectic polymers found in plant cell walls. This unique group 

of enzymes are important in juice extraction/processing, paper/pulp industry, breweries, 

oil extraction, and wastewater treatment, to mention a few (John et al., 2020; Thakur and 
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Mukherjee 2020). Similarly, xylanases (EC 3.2.1.8) are the key enzymes that cleave the 

β-1, 4 backbone of the complex plant cell wall polysaccharide xylan. They are useful in 

biopulping, biobleaching, functional food production, and nutritional improvements of 

lignocellulosic feeds (Chen et al., 2019c; Petry and Patience 2020).  

The production of several polysaccharide-degrading enzymes has been observed in 

different microorganisms, especially bacteria and fungi (Chadha et al., 2019; Tai et al., 

2019; Ezeilo, Wahab and Mahat 2020; Far et al., 2020). However, for the carbohydrases 

to be effectively and efficiently applied in different industrial processes, they need to 

fulfil a number of desirable requirements. These requirements which revolve around their 

robustness under industrial operations may include stability at specific pH or over a wide 

range of pHs, thermostability, high specific activity, strong resistance to different metals, 

solvents and other chemical additives. Other specifications may also include their cost-

effectiveness, eco-friendliness, ease of use and recyclability. Hence, the need arises to 

evaluate the biochemical characteristics of these biological catalysts in order to optimize 

their performance to suit various applications.  

Many studies have evaluated the properties of various enzymes in their crude form 

(Atalla and El Gamal 2020; KC et al., 2020; Steiner and Margesin 2020); however, 

purification of enzymes has been noted to be essential for detailed biochemical, 

biophysical and molecular characterization. Although the ultimate degree of purity of a 

specific protein or enzyme is a function of its end use, purification to homogeneity is 

highly desirable, despite being highly expensive, laborious and time-consuming (Bajpai 

2014). It also helps in the accurate determination of the enzyme's structure at the primary, 

secondary, tertiary and quaternary levels. Hence, this study focused on the purification 

and biochemical characterization of selected glycoside hydrolase, viz., amylase, 

endoglucanase, polygalacturonase, and xylanase from B. bassiana SAN01. Although 

successful attempts have been made at the purification of chitinases (Havukkala et al., 

1993; Fan et al., 2007b), lipases (Zibaee, Sadeghi-Sefidmazgi and Fazeli-Dinan 2011) 

and proteases (Ryali et al., 2020) from B. bassiana, there are currently no reports on the 

purification of any of the selected carbohydrases from the fungus.   
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4.2 Methodology 

4.2.1 Chemicals and reagents 

The wheat bran used in the study was obtained locally in Durban, South Africa. 

Beechwood xylan, carboxymethyl cellulose (CMC), citrus pectin, yeast extract and 3, 5-

dinitrosalicylic acid (DNS) were purchased from Sigma-Aldrich (South Africa). All other 

chemicals and reagents used were of analytical grade and were obtained from validated 

suppliers. 

4.2.2. Microorganism 

The fungus was isolated locally from onion leaves and identified by the amplification of 

its rDNA ITS region (Gene Accession Number: MN544934). The strain designated as 

Beauveria bassiana SAN01 was grown on potato dextrose agar (PDA) slants at 30°C for 

five days and subsequently stored at 4°C. The inoculum was prepared from 5-day old 

cultures by suspending the spores in sterile 0.1% Tween 20 to give a final count of 1 x 

107 spores mL-1. 

4.2.3 Enzyme production 

Fermentation was carried out in 250 mL Erlenmeyer flasks containing 100 mL of 

optimized media for the production of the respective enzymes, as described in Chapter 

3. Briefly, optimum conditions for both amylase and polygalacturonase production were 

wheat bran (47.2 gL-1), pH 6.28 and incubation temperature, 30.4°C. While for 

endoglucanase, the conditions were wheat bran (42.0 gL-1), yeast extract (11 gL-1) and 

incubation temperature (29°C). Furthermore, the conditions used for xylanase production 

were wheat bran (46.39 gL-1), yeast extract (12.41 gL-1) and incubation temperature 

(29.1°C). All media were autoclaved at 121°C for 20 min and subsequently inoculated 

with 1 mL of the spore suspension (1 x 107 spores mL-1). The flasks were then incubated 

at their respective optimum temperatures and 150 rpm for 12 days. Subsequently, the 

culture broths were filtered and centrifuged at 10,000 x g for 15 min at 4°C. The 

supernatants thus obtained were used as the crude enzyme for subsequent analyses. 
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4.2.4 Enzyme assay 

Amylase, endoglucanase, polygalacturonase and xylanase activities were measured using 

soluble starch, carboxymethylcellulose (CMC), orange peel pectin and beechwood xylan, 

respectively at 1% (w/v). The reducing sugars released during the reactions were 

determined by the DNS method, according to Bailey, Biely and Poutanen (1992). One 

unit (U) of amylase, cellulase, polygalacturonase and xylanase activity is defined as the 

amount of enzyme liberating 1 µmol of the respective monomer from the respective 

substrate per min under standard assay conditions (40°C, 50 mM acetate buffer, pH 5.5). 

4.2.5 Protein estimation 

Protein concentration in the culture filtrates was estimated according to a modified Lowry 

method using Bovine serum albumin (BSA) as the standard (Hartree 1972). 

4.2.6 Enzyme purification  

4.2.6.1 Ammonium sulphate precipitation 

The crude enzymes were purified by precipitation, according to Guillaume et al., (2019). 

Solid ammonium sulphate was added slowly to the crude enzyme filtrate with gentle 

stirring to bring to 30% saturation (fraction I), 60% saturation (fraction II), and 90% 

saturation (fraction III) in a sequential manner. The precipitates obtained from each 

saturation were dissolved in a minimal volume of 0.01 M sodium acetate buffer (pH 5.5) 

and dialyzed against the same buffer for 48 h at 4°C. 

4.2.6.2 Ion-exchange chromatography   

Ion-exchange chromatography was performed according to Kohli, Joshi and Varma 

(2020) using an AKTA protein purifier system (GE Healthcare Life Sciences). The 

precipitated and dialyzed enzyme was loaded to Q Sepharose Fast Flow column (5 mL) 

previously equilibrated with 20 mM sodium acetate buffer (pH 5.5). A continuous NaCl 

gradient (0-1 M) was used for elution and 1.5 mL fractions were collected. Fractions 

showing significant xylanase activity were pooled, subsequently concentrated and 

desalted using Amicon Ultra-0.5 Centrifugal Filters, with 3 kDa molecular weight cut-

off. 
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4.2.6.3 Size exclusion chromatography 

Concentrated fractions obtained after ion-exchange chromatography were filtered under 

vacuum through 0.45 μm pore size filters (Millipore) to remove any suspended particle. 

Size exclusion chromatography was carried out on a Superdex® 200 10/300 GL (GE 

Healthcare Life Sciences) column, using the AKTA purifier. A sample volume of 0.5 mL 

was injected into the system, while NaCl (0.15 M) in sodium acetate buffer (20 mM, pH 

5.5) served as the elution buffer (Melnichuk et al., 2020). Fractions (0.2 mL) were 

collected and the ones with significant xylanase activity were pooled and used for further 

analysis. 

4.2.7 Characterization of enzymes 

4.2.7.1 pH optima and pH stability 

To determine the optimum pH of the B. bassiana carbohydrases, the enzyme activities 

were evaluated at different pHs using the following buffer systems: acetate (pH 3.0–6.0), 

phosphate (pH 7.0), Tris–HCl (pH 8.0–9.0) and Glycine–NaOH (pH 10.0). For the pH 

stability evaluation, the enzymes were pre-incubated at the above-mentioned pHs for 30 

to 240 min at 30 min intervals, followed by measuring the residual enzyme activities (Gu 

et al., 2021). 

4.2.7.2 Temperature optima and thermostability 

The enzyme activities of the completely purified xylanase and the partially purified 

amylase, endoglucanase and polygalacturonase were investigated by incubating the 

reaction mixtures at different temperatures. For temperature optima, the enzyme 

activities were determined between 25 and 70°C at 5°C intervals. The thermostability of 

enzymes was evaluated by pre-incubating the enzymes between 25 and 60°C for 30 to 

180 min at 30 min intervals and measuring their residual activities (Ozdemir et al., 2018). 

4.2.7.3 Effect of metal ions and salt concentration on enzyme activity 

The effects of various metal ions including Ag2+ (AgNO3), Ba2+ (BaCl2), Co2+ (CoCl2), 

Cu2+ (CuSO4), Fe2+ (FeSO4), Fe3+ (FeCl3), Hg2+ (HgCl2), Mg2+ (MgSO4), Na+ (NaCl), 

and Zn2+ (ZnSO4) were determined at 1 mM and 10 mM concentration by adding them 

to the enzyme reaction mixture and incubating under standard assay conditions (Mhiri et 

al., 2020).   
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4.2.7.4 Effect of various additives on enzyme activity 

The effects of various additives including β-mercaptoethanol (BME), dithiothreitol 

(DTT), ethylenediamine tetra-acetic acid (EDTA), phenylmethylsulphonyl fluoride 

(PMSF), sodium dodecyl sulphate (SDS), Tween 20 and Triton X-100 were determined 

at 1 mM and 10 mM concentration by adding them to the enzyme reaction mixture and 

incubating under standard assay conditions.   

4.2.7.5 Effects of different solvents on enzyme activity 

The effects of different organic solvents, including acetone, benzene, butanol, 

chloroform, ethanol, hexane, isopropanol, methanol and toluene, were evaluated. 

Enzymes were incubated in solutions containing each solvent (10%, v/v) at room 

temperature with constant agitation at 120 rpm for 1 h. Subsequently, aliquots were 

withdrawn and the relative activities were determined under standard assay conditions 

(Zhu et al., 2020).   

4.2.8 Kinetic study and substrate specificity  

To evaluate the substrate specificity of B. bassiana SAN01 xylanase, different reaction 

mixtures containing the same amount of enzyme and an equimolar amount (10 µM) of 

specific substrate were incubated under the standard assay conditions. The substrate 

included arabinoxylan, beechwood xylan, oat spelt xylan, CMC, pectin from citrus peel, 

and soluble starch. The Michaelis constant (Km) value of the purified enzyme was 

estimated using a range of beechwood xylan concentrations between 0.1-20 mgmL-1. The 

apparent Km value of the purified enzyme was calculated from the Hanes-Woolf plots 

relating [S]/ v to [S] (Ahmed et al., 2020). Furthermore, the kcat (enzyme turnover 

number) and the catalytic efficiency were calculated accordingly (Segel 1975; 

Marangoni 2003). 

4.2.9 Analysis of protein pattern by SDS-PAGE  

The molecular mass of the completely purified B. bassiana carbohydrase, i.e., xylanase, 

was evaluated by SDS–PAGE. The analysis was carried out on a Mini PROTEAN gel 

electrophoresis unit (Bio-Rad) using 12% cross-linked polyacrylamide gels and 5% 

stacking gel (Laemmli 1979). A wide range (6.5-200 kDa) protein ladder (ThermoFisher 

Scientific) was used as the protein marker (Bhardwaj et al., 2020).  
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4.2.10 Zymogram analysis of xylanase 

The sample was prepared in the standard SDS PAGE treatment buffer without boiling 

and without a reducing agent. Afterwards, a zymogram was obtained using a 10% 

polyacrylamide gel containing 0.2% beechwood xylan (Sigma Aldrich). After 

electrophoresis, the gel was immersed for 30 min in 2.5% (v/v) Triton‐X to renature the 

enzyme and washed in 50 mM sodium acetate buffer (pH 6.0) before final incubation in 

the same buffer (Tsai et al., 2019). After 2 h incubation at 40°C, the gel was stained with 

0.2% Congo red (Sigma‐Aldrich) and washed with 1 M NaCl. The gel was finally 

immersed in 1% acetic acid for better contrast.  

4.2.11 Statistical analysis 

All experiments were performed in triplicates, and their average values with standard 

deviation are presented. One-way analysis of variance (ANOVA) and Student’s t-test 

were used for data analysis. The values p < 0.05 were considered significant. 

4.3 Results and discussion 

4.3.1 Purification and characterization of B. bassiana SAN01 xylanase 

4.3.1.1 Purification of B. bassiana SAN01 xylanase 

B. bassiana SAN01 xylanase produced under submerged fermentation was purified to 

homogeneity using a series of purification steps, including ammonium sulphate 

precipitation, ion-exchange chromatography, ultrafiltration and size exclusion 

chromatography. The xylanase was precipitated using ammonium sulphate (30–60% 

saturation) to yield an active pellet with a specific activity of 111.29 and 1.56 purification 

fold. The salt-precipitated enzyme preparation was then dialyzed and purified further by 

ion-exchange and size exclusion chromatography using Q Sepharose Fast Flow and 

Superdex 200 10/300 GL columns, respectively. The specific activity of the xylanase 

increased with each purification step to the maximum value of 369.39 Umg-1 of protein 

after size exclusion chromatography. In addition, a 2.8% yield and a purification fold of 

4.96 were achieved after the final purification step. The overview of B. bassiana SAN01 

xylanase purification is summarised in Table 4.1. 
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(Ryali et al., 2020) and pH 6.5 (Petlamul and Boukaew 2019). It was also observed that 

the enzyme showed greater stability at an acidic range than alkaline range, as the enzyme 

retained more than 60% of its activity at pH 5.0-6.0 after 2 h incubation (Figure 4.3).  

Furthermore, the enzyme retained 70% of its initial activity at its optimum pH (pH 6.0) 

after 4 h incubation. The pH stability of xylanolytic enzymes between pH 5.0 and 7.0, 

5.0–8.0, 4.5–8.0, and 4.5–7.5 have been reported from Penicillium sclerotiorum (Knob 

and Carmona 2010), Rhizophlyctis rosea (Huang et al., 2019) and Lichtheimia ramose 

(Alvarez-Zúñiga et al., 2017), respectively. Thus, the enzyme properties suit their 

application in the food industry, where most of the production processes are in acidic 

and/or neutral conditions, as well as in the biofuel industry for the hydrolysis of 

lignocellulosic materials which is also carried out at acidic pHs. 

Figure 4.2: Effect of pH on the activity of B. bassiana SAN01 xylanase; each point 

represents the mean (n = 3) ± SD 
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Figure 4.3: Effect on pH on the stability of B. bassiana SAN01 xylanase; each point 

represents the mean (n = 3) ± SD 

The optimum temperature of the xylanase was observed to be 45°C; however, it exhibited 

remarkable activity between 35 and 60°C (Figure 4.4). Beyond the optimum temperature 

range, the enzyme activity decreased with increasing temperature, and the xylanase was 

significantly denatured at 70°C, with only 30% of the optimum activity retained. The pH 

optima of the B. bassiana SAN01 xylanase is close to the optimal temperature of 50°C 

recorded earlier with crude Beauveria sp. MTCC 5184 (Ryali et al., 2020). Other 

microbial xylanases that are active in the mesophilic range as well as in the lower 

thermophilic range have been described recently. Examples include xylanases from 

Penicillium roqueforti (Marques et al., 2018), Pediococcus acidilactici (Adiguzel et al., 

2019), Pleurotus ostreatus (Zhuo et al., 2018) and Streptomyces rochei (Li et al., 2018b) 

with optimal temperatures of 35, 40, 55 and 60°C, respectively. Thermal inactivation of 

enzymes has been identified as a major drawback during the utilization of enzymes in 

different industrial applications, hence there is a need to evaluate the thermal stability 
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under varying conditions. The purified xylanase was found to be highly stable between 

25 and 45°C (Figure 4.5), retaining half of the activity within this range after 120 min. 

The enzyme was most stable at room temperature, retaining 90% of initial activity after 

240 min of incubation; it was observed to retain only 50% of its initial activity after 120 

min at its optimum temperature, 45°C. At temperatures over 45°C, the xylanase stability 

decreased with respect to the incubation time. However, the xylanase from B. bassiana 

SAN01 was more stable than some of the other xylanases reported. For example, from 

Penicillium sclerotiorum (Knob and Carmona 2010), Streptomyces cyaneus (Ninawe, 

Kapoor and Kuhad 2008), and Penicillium chrysogenum (Terrone et al., 2018), a larger 

percentage of their activities were lost within a similar time frame. Hence, B. bassiana 

xylanase is expected to be most suitable for industrial processes carried out between 25 

and 45°C. 

 

Figure 4.4: Effect of temperature on the activity of B. bassiana SAN01 xylanase; each 

point represents the mean (n = 3) ± SD. 
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Figure 4.5: Effect on temperature on the stability of B. bassiana SAN01 xylanase: each 

point represents the mean (n = 3) ± SD 

The activating and inhibitory effects of different compounds including metal compounds, 

modulators, as well as organic solvents, on B. bassiana SAN01 xylanase were evaluated. 

The enzyme activity was stimulated by Ba2+, Co2+ and Mg2+ and inhibited by Ag2+, Fe3+, 

Hg2+, Na+ and Cu2+, while Fe2+ and Zn2+ did not alter it significantly (Table 4.2). It is 

noteworthy that the enzyme’s activity was increased by Ba2+, Co2+ and Mg2+ (10 mM) to 

107.92, 144.49 and 114.97% of its original value. Generally, it can be said that the 

xylanase was not affected much by the metal ions, as it retained >70% of its enzymatic 

activity in the presence of most of the ions investigated in this study, at both 1 mM and 

10 mM concentrations. The positive effects of Ba2+, Co2+ and Mg2+ on the activity of 

xylanase from Streptomyces thermocerradoensis (Gama et al., 2020), Aspergillus 

ochraceus (Michelin et al., 2014) and Halomonas meridiana (Palavesam 2015; Lin et 

al., 2018), respectively, have been reported previously. Similarly, previous research has 

also highlighted the inhibitory effects of Ag2+, Fe3+, Hg2+ and Na2+ on xylanases from 
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Paenibacillus sp. (Zheng et al., 2014; Lin et al., 2018), Halomonas meridiana 

(Palavesam 2015) and Thermomyces lanuginosus (Souza et al., 2018), respectively. It is 

believed that Hg2+ inhibition may be as a result of the ion’s interaction with sulfhydryl 

groups within the xylanase, suggesting the presence of cysteine residue in or around the 

enzyme’s active/binding site (Wu et al., 2018a). Metal ions have been known to influence 

the activity of enzymes through various means. The metallic ions accept or donate 

electrons, activating electrophiles or nucleophiles in the process. They can also act as 

electrophiles or mask the influence of nucleophiles, thus preventing unwanted side 

reactions (de Cassia Pereira et al., 2017). Besides, they may facilitate enzyme-substrate 

binding through the co-ordinate bond formation and holding the reacting groups in the 

optimum orientation. They may also stabilize the catalytically active conformation of 

enzymes (Bajaj and Manhas 2012). Industrial processes are usually run in big metallic 

reactors, with several production processes involving various metal ions. Hence, it is 

considered that the relative stability of B. bassiana SAN01 xylanase in the presence of 

the metal ions mentioned in the study is a remarkable advantage in its potential industrial 

applicability. 
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The effect of various alcoholic and non-alcoholic solvents on B. bassiana SAN01 

xylanase activity is presented in Table 4.4. The activity of the enzyme was enhanced in 

the presence of isopropanol (120%), ethanol (110%), and hexane (120%). In contrast, it 

was inhibited in the presence of acetone, butanol, benzene, methanol and toluene. 

Similar observations for xylanase stimulation in the presence of isopropanol, ethanol 

(Adhyaru, Bhatt and Modi 2014), and hexane (Gaur et al., 2015) were recorded 

previously. Similarly, xylanases from various sources have also been recently 

demonstrated to be susceptible to the inhibition by acetone, butanol, benzene, 

methanol and toluene (Hamid and Aftab 2019; Saleem et al., 2021).  In this study, the 

solvents that significantly enhanced the activity of the xylanase (ethanol and isopropanol) 

were more polar than the inhibitory solvents such as benzene and toluene. The 

relationship between the polarity of solvents and enzyme activity has been highlighted 

previously (Gupta 1992; Kim, Clark and Dordick 2000; Silva et al., 2018a). The 

stimulatory effect of polar organic solvent on an enzyme was attributed to the creation of 

an appropriate biphasic interface between the organic solvent and water, creating more 

accessibility of the substrate for the enzyme (Khamessan, Kermasha and Marsot 1994). 

It has also been noted that increased or reduced structural flexibility of enzymes is 

primarily responsible for the stimulation or inhibition of enzymatic activities, 

respectively, in organic solvents (Klibanov 2001; Li et al., 2020). Hence, it is posited that 

the xylanase from B. bassiana SAN01 may contain a high proportion of random coils, 

thus increased structural flexibility, which might be responsible for its relative significant 

stability in some organic solvents. Biocatalytic reactions in the organic phase offer 

several advantages such as increased solubility of hydrophobic substrate facilitating 

effective reactions, lower microbial contamination and recyclability (Adhyaru, Bhatt and 

Modi 2014). Hence, the results from this study provide essential data for the applicability 

of B. bassiana SAN01 xylanase in industrial reactions involving organic solvents. 

Particularly, its significant ethanol-tolerance could endear its use in simultaneous 

saccharification and bioethanol fermentation as well as in the clarification of alcoholic 

beverages.  
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significant enzyme turnover and perform efficiently under the investigated reaction 

conditions. However, it is difficult to make a logical comparison between the kcat and kcat/ 

Km of B. bassiana SAN01 xylanase and other xylanases due to the various computation 

and units employed in other studies. The various limitations in comparing the two 

constants have also been highlighted previously (Eisenthal, Danson and Hough 2007; 

Carrillo, Ceccarelli and Roveri 2010). For instance, the kcat of fungal xylanases from 

Pichia stipitis (Ding et al., 2018), Scytalidium candidum (Eneyskaya et al., 2020) were 

estimated as 1354 s−1, 12.6 ± 0.63 s−1 while their kcat/ Km were estimated as 301 

mLs−1mg−1 and 57.27 ± 2.86 s·mM−1 respectively. However, ignoring the limitation 

mentioned earlier, the xylanase in this study has lower catalytic efficiency compared to 

the ones from P. stipitis (Ding et al., 2018), S. candidum (Eneyskaya et al., 2020)  . The 

efficiency of B. bassiana SAN01 xylanase can be improved upon by protein engineering 

especially through directed evolution. 

 

 
 

Figure 4.6: Hanes-Woolf plot ([S]/v vs [S]) for B. bassiana SAN01 xylanase activity 
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pH 8.0. B. bassiana SAN01 amylase was observed to be active, between 60 and 100%, 

within this pH range (Figure 4.7). Beyond this range, the enzyme lost close to 60% of its 

activity at a low pH of 3.0 and high pH of 9.0.  At pH 10.0, the enzyme lost more than 

80% of its initial activity. An amylase from another strain, Beauveria sp. MTCC 5184 

(Ryali et al., 2020) was shown to have a similar optimal pH as B. bassiana SAN01 

amylase. The optimal pH range observed for the amylase in this study also falls within 

the physiological pH range of the fungus. In this regard, B. bassiana strains have been 

shown in various studies to display robust growth within pH 4.0 and 10.0 (Karthikeyan, 

Shanthi and Nagasathya 2008; Luo et al., 2018). In addition, recent studies have shown 

amylases from various fungal sources with an optimum pH of 6.0. For example, amylases 

from Rhizomucor miehei (Wang et al., 2020b) and Fomitopsis palustris (Tanaka et al., 

2020). It was also observed that B. bassiana SAN01 amylase showed greater stability at 

pH 4.0-8.0 as the enzyme retained more than half of its initial activity within this pH 

range after 2 h (Figure 4.8).  The amylase also showed significant stability at its optimal 

pH as it was observed to retain approximately 90% of its initial activity at this pH, after 

240 min. The stability profile of B. bassiana amylase is consistent with recent data 

obtained on amylases from Aspergillus niger (Wang, Li and Lu 2018), Bacillus 

amyloliquefaciens (Du et al., 2018) and Streptomyces fragilis (Nithya et al., 2017).  

Enzyme activity and stability at low pH values have been noted to be desirable for 

amylases, especially for their industrial saccharification of starch which has a natural pH 

of 5.0 (Wu et al., 2018b). This shows that the use of acid-stable enzyme such as B. 

bassiana SAN01 amylase might eliminate the need for additional pH adjustment during 

saccharification processes as well as reduce by-products formation. 
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Figure 4.7: Effect of pH on the activity of B. bassiana SAN01 amylase; each point 

represents the mean (n = 3) ± SD 
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Figure 4.8: Effect of pH on the stability of B. bassiana SAN01 amylase; each point 

represents the mean (n = 3) ± SD 

 
The optimum temperature of B. bassiana SAN01 amylase was observed to be at 35°C 

and it exhibited significant activity in the mesophilic range of 35 to 45°C (Figure 4.9). 

Compared to its maximum activity at 35°C, the enzyme exhibited 74, 78 and 60% activity 

at 30, 40 and 45°C, respectively. Beyond the optimum temperature range, the enzyme 

activity was observed to decrease with increasing temperature, and it was almost 

completely inactivated at 70°C. It is observed that the optimal temperature of the B. 

bassiana SAN01 amylase is within the physiological temperature of the fungus which 

varies geographically between 28 and 35°C (Fargues et al., 1997; Seid et al., 2019). 

Furthermore, the observed optimum temperature is also close to that recorded earlier for 

an amylase from another B. bassiana strain which performed optimally at 40°C (Feng 

and Ying, 2002). Recent investigations have also shown different fungal amylases with 

optimal activity at the mesophilic range, such as amylases from A. niger (Wang et al., 
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Figure 4.10: Effect of temperature on the stability of B. bassiana SAN01 amylase; 

each point represents the mean (n = 3) ± SD 

 
4.3.3 Purification and characterization of B. bassiana SAN01 endoglucanase 

(cellulase) 

B. bassiana SAN01 endoglucanase was purified by a two-step strategy which includes 

ammonium sulphate precipitation and ultrafiltration. Subsequent to the partial 

purification of the endoglucanase, a specific activity of 2.72 Umg-1, purification fold of 

1.7 and a yield of 30.7% was attained. The endoglucanase from B. bassiana SAN01 

showed optimal activity at pH 6.0 and was significantly active between pH 3.0 and pH 

8.0. The endoglucanase can be regarded as acidophilic as it exhibited above 50% of its 

total activity at the acidic pH range (Figure 4.11). In addition, B. bassiana SAN01 

showed 93 and 68% of its optimum activity at pH 7.0 and 8.0, respectively. In accordance 

with results from this study, a B. bassiana endoglucanase with optimal pH of 6.0 was 

reported recently by Petlamul and Boukaew (2019). Other fungal endoglucanases such 
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as Fusarium spp. (deb Dutta et al., 2018) and Trichoderma longibrachiatum (Pachauri et 

al., 2020) endoglucanases were also shown recently to be optimally active at pH 6.0.  

The pH stability of the endoglucanase was also evaluated by preincubating the enzyme 

for 4 h at various pHs and measuring the remaining activity (Figure 4.12). The residual 

activity was observed to be 92, 82, 75 and 54% of the control at pH 6.0, 7.0, 5.0 and 8.0, 

respectively, after 240 min. However, the enzyme was rapidly inactivated after 150 min 

at lower pHs of 3.0 and 4.0 and higher pH of 9.0.  Recent research has shown the 

endoglucanase from Botrytis ricini to be stable within a similar pH range as B. bassiana 

SAN01 endoglucanase (Silva et al., 2018b). 

 

Figure 4.11: Effect of pH on the activity of B. bassiana SAN01 endoglucanase; each 

point represents the mean (n = 3) ± SD 
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Figure 4.12: Effect of pH on the stability of B. bassiana SAN01 endoglucanase; each 

point represents the mean (n = 3) ± SD 

 
The optimum temperature of B. bassiana SAN01 endoglucanase was observed to be 

35°C while also exhibiting significant activity between 30 and 60°C (Figure 4.13). It was 

noticed that the enzyme activity increased with increasing incubation temperature until 

the maximum value was attained at 35°C. A further increase in temperature led to a 

reduction in the activity of the enzyme. In this regard, 70% of the enzyme activity was 

lost at 70°C. It could be inferred that the pH optima of B. bassiana SAN01 endoglucanase 

recorded in this study is close to the physiological temperature of the fungus (Seid et al., 

2019). According to available literature, very few fungal endoglucanases perform 

optimally at 35°C, as most of them have an optimal temperature between 40 and 50°C. 

However, endoglucanases from other microbes that have been shown to perform 

optimally at 35°C include endoglucanase from Ganoderma lucidum (Manavalan et al., 

2015) and Salinivibrio sp. (Wang et al., 2009).  





146 
 

 
 

Figure 4.14: Effect of temperature on the stability of B. bassiana SAN01 endoglucanase; 

each point represents the mean (n = 3) ± SD 

 

4.3.4 Purification and characterization of B. bassiana polygalacturonase SAN01 

(pectinase) 

The polygalacturonase enzyme produced by the submerged fermentation of B. bassiana 

SAN01 cultures was partially purified by a combination of ammonium sulphate 

precipitation and ultrafiltration. The partial purification led to a specific activity of 3.1 

Umg-1, purification fold of 1.4 and a yield of 37.5%. Results demonstrated that the 

maximum activity of the pectinase enzyme produced from B. bassiana SAN01 was 

observed at pH 7.0 (Figure 4.15). Furthermore, the enzyme showed significant activity 

between pH 5.0 and pH 9.0. Compared to the maximal activity at pH 7.0, the relative 

activities at pH 5.0, 6.0, 8.0 and 9.0 were 60, 95, 78 and 52%, respectively. At pH 10, the 

enzyme lost approximately two-thirds of its optimum activity.  
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The pH optimum of B. bassiana SAN01 is similar to the value reported 

for polygalacturonase from Aspergillus niger (Ahmed et al., 2016) and Penicillium 

occitanis (Sassi et al., 2016).  The stability of the enzyme was also assessed at pH 3.0-

9.0. It was also observed that B. bassiana SAN01 polygalacturonase showed greater 

stability between pH 5.0 and 8.0. The enzyme retained more than half of its initial activity 

within this pH range after 2 h (Figure 4.16). Furthermore, the enzyme retained close to 

90% of its initial activity at its optimum pH after 240 min. The higher stability of fungal 

pectinases in acidic and neutral media has been highlighted previously by some authors 

(Pedrolli and Carmona 2010; Sassi et al., 2016). Polygalacturonases from Aspergillus 

niger MTCC 478 (Anand, Yadav and Yadav 2017a) and A. flavus MTCC 7589 (Anand, 

Yadav and Yadav 2017b) were shown recently to exhibit significant stability within pH 

5.0 and 9.0, similar to B. bassiana SAN01 polygalacturonase, although the enzymes were 

more stable at pH 3.0 and 4.0. 

 

Figure 4.15: Effect of pH on the activity of B. bassiana SAN01 polygalacturonase; each 

point represents the mean (n = 3) ± SD 
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Figure 4.16: Effect of pH on the stability of B. bassiana SAN01 polygalacturonase; each 

point represents the mean (n = 3) ± SD 

 
The optimum temperature of B. bassiana SAN01 polygalacturonase was recorded at 

45°C and it exhibited significant activity between 25 and 65°C (Figure 4.17). The enzyme 

activity increased from 62% at 25°C till it reached the maximal activity at 45°C. Beyond 

the optimum temperature, the enzyme activity decreased with increasing temperature. 

Polygalacturonase from Sckrotinia sclerotiorum (Riou, Freyssinet and Fevre 1992) and 

Penicillium janczewskii (Amin et al., 2020) were shown previously to possess maximum 

activity at 45°C. Other fungal polygalacturonase with varying optimal temperatures 

ranging from psychrophilic to thermophilic range have also been shown recently. 

Tetracladium sp. (Carrasco et al., 2019), Aspergillus tamarii (Munir et al., 2020) and 

Calonectria pteridis (Ladeira Ázar et al., 2020) were described to produce 

polygalacturonase with optimal activities at 15°C, 35°C and 60°C, respectively. The 
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Figure 4.18: Effect of temperature on the stability of B. bassiana SAN01 

polygalacturonase; each point represents the mean (n = 3) ± SD 

4.4 Conclusion 

In this chapter, the biochemical characteristics of four carbohydrases, i.e., amylase, 

endoglucanase, polygalacturonase and xylanase from B. bassiana SAN01 were 

evaluated. All of the glycoside hydrolases were observed to be active and stable over a 

wide range of pH, from acidic to slightly alkaline. Furthermore, the enzymes were also 

shown to be generally mesophilic in nature. The xylanase, which was purified to 

homogeneity, was found to be stable in the presence of various metal compounds, organic 

solvents and other additives. However, further studies are required to optimize the 

purification processes for amylase, endoglucanase, and polygalacturonase and their 

physicochemical characterization.  The biochemical characteristics of the enzymes 

highlighted in this study form a strong basis for enhancing future biotechnological 

applications of B. bassiana SAN01 carbohydrases as well as their structural 

characterization. 
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CHAPTER FIVE 
Application of Beauveria bassiana SAN01 carbohydrases 
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Abstract 

This chapter focuses on the applications of four selected carbohydrases, viz., amylase, 

endoglucanase, polygalacturonase and xylanase, from the fungus Beauveria bassiana 

SAN01. The efficacy of partially purified B. bassiana SAN01 endoglucanase-xylanase 

cocktail and its amylase-polygalacturonase cocktail in the saccharification of sugarcane 

bagasse and in the clarification of pear juice, respectively, were evaluated. In addition, 

the potential of purified B. bassiana SAN01 xylanase in the deinking of wastepaper was 

also assessed. Results showed that the crude endoglucanase-xylanase cocktail released 

the highest amount of reducing sugar from the biomass at 30°C after 8 h incubation. In 

the same vein, the partially purified amylase-polygalacturonase cocktail was 

demonstrated to effectively clarify pear juice with a 1.37-fold improvement in clarity 

recorded under optimal conditions. The enzyme-assisted pear juice treatment 

significantly lowered browning index (-14.34%), turbidity (-19.72%) and viscosity (-

33.08%), while it elevated reducing sugars release (9.55%). Furthermore, the enzymatic 

clarification of the pear juice did not show any detrimental effect on the antioxidant 

potential of the juice, unlike in some other methods employed for juice clarification. For 

the deinking study, the purified B. bassiana SAN01 xylanase was effective in deinking 

wastepaper through its enzymatic disassociation of the fibre-ink bonds as demonstrated 

by scanning electron microscopy and infrared spectroscopy. Under optimal reaction 

conditions of 40.17°C incubation temperature, 17.7 h incubation time and an enzyme 

load of 983.6 UmL-1, the rate of deinking was recorded to be 106.72% when compared 

to the control. The significant potential of the B. bassiana SAN01 glycoside hydrolases 

recorded in this study presents other promising avenues for using the entomopathogen as 

a new source of important biocatalysts and by extension, other biotechnological 

applications.  
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5.1 Introduction 

B. bassiana is a widely known entomopathogen globally used as a biopesticide to control 

insects, nematodes, and arachnids (Youssef, El-Nagdi and Lotfy 2020; Sayed et al., 

2021). For example, blastopores from the fungus are used commercially for biocontrol 

applications in agriculture. Various strains of the fungus have also been isolated as 

endophytes from plants, existing symbiotically with different plant hosts (Mattoo and 

Nonzom 2021; Mwamburi 2021). Furthermore, endophytic B. bassiana has also been 

shown to confer protection on its host plants against pathogens and pest (Barra-Bucarei 

et al., 2020a; Qin et al., 2020), as well as additional benefits such as growth promotion 

(Barra-Bucarei et al., 2020b) and drought tolerance (Kuzhuppillymyal-Prabhakarankutty 

et al., 2020). However, research has shown that the fungus, like many other 

entomopathogens and endophytes, possesses many other potentials that could be 

explored for industrial purposes. Specifically, B. bassiana has been noted to be a source 

of many secondary metabolites such as beauvericin, oosperin, tricyclic diterpenoid, 

bassianolide A-C, etc., with diverse industrial potentials (Ávila-Hernández et al., 2020; 

Du et al., 2020). Furthermore, the entomopathogen has also been shown in different 

studies to secrete a wide array of hydrolytic enzymes (Petlamul and Boukaew 2019; 

Alves et al., 2020; Ryali et al., 2020). However, among the enzymes reported from B. 

bassiana, most attention has been placed on chitinases, lipases and proteases, which have 

all been well characterized and evaluated for industrial applications (Mancillas-Paredes 

et al., 2019; Gonçalves et al., 2020; Schmaltz et al., 2021). Similar to the whole fungus, 

the insecticidal effects of the three enzymes have also been highlighted in various studies 

(Gu et al., 2020, Kim and Je 2010). In addition, the potential of B. bassiana lipase in 

biodiesel catalysis (Gonçalves et al., 2020), as well as that of the proteases in tissue 

culture experiments (Shankar, Rao and Laxman 2011) and as a broad range detergent 

have been demonstrated (Pal and Ghosh 2017).  

Recently, researchers have highlighted the ability of different B. bassiana strains to 

produce other enzymes besides the above- mentioned three enzymes. Of particular 

interest is the ability of the fungus to secrete copious amounts of different carbohydrases 

such as amylases, cellulases, glucosidase, and xylanase (Petlamul and Boukaew 2019; 

Ryali et al., 2020). These are all industrially important biocatalysts with diverse 

applications in the food, bioenergy, paper, and animal feed industries, to mention a few. 

Although these enzymes have been sourced from various bacteria and fungi, the relative 
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safety of B. bassiana for human and animal use justifies its use as a notable source of the 

enzymes (Zimmermann 2007). Preliminary investigations have revealed that a novel 

strain of the fungus, B. bassiana SAN01 isolated in our laboratory, can secrete some 

glycosyl hydrolases, including amylase, cellulase (endoglucanase), pectinase 

(polygalacturonase) and xylanase. Despite the significant potentials of these enzymes 

from a non-toxic microbe, the industrial applicability of these B. bassiana glycosyl 

hydrolases has not been assessed in any study. Hence, this study was focused on 

evaluating the applicability of the B. bassiana SAN01 carbohydrases in three different 

applications i.e., biomass saccharification, deinking of wastepaper and juice clarification. 

The study investigated the potential of crude endoglucanase-xylanase enzyme cocktail 

from B. bassiana SAN01 in the hydrolysis of alkaline-pretreated sugarcane bagasse 

under different conditions. Similarly, the efficacy of the partially purified B. bassiana 

SAN01 amylase-polygalacturonase cocktail in the clarification of pear juice was also 

evaluated. Finally, the potential of the purified xylanase from the same fungus in the 

deinking of wastepaper was also assessed. 

5.2 Methodology  

5.2.1 Preparation and purification of the enzymes 

Different enzyme preparations were used for the three different applications investigated 

in this study. Protein purification is a highly expensive and onerous task, hence, the scope 

of the study was restricted to the complete purification of one of the enzymes, xylanase, 

as shown in Chapter 4, Section 4.3.1.1, while the other three enzymes were partially 

purified. In this regard, enzyme cocktails of amylase-polygalacturonase and xylanase-

endoglucanase were prepared because of their concomitant production by B. bassiana 

SAN01 as shown in Chapter 3 of this study. While crude xylanase-endoglucanase 

cocktail was used for biomass saccharification, the amylase-polygalacturonase enzyme 

cocktail used for fruit juice clarification was partially purified shown previously in 

Chapter 4, Section 4.3.2. In addition, the amylase-polygalacturonase enzyme cocktail 

was further subjected to decolourization and filter sterilization. Briefly, 1% activated 

charcoal was added to the amylase-polygalacturonase enzyme solution and incubated at 

4°C for 30 min with continuous stirring (Kareem et al., 2011). The mixture was then 

centrifuged at 5000 xg for 10 min to recover the clear supernatant. Finally, it was passed 

through sterile syringe filters (0.2 µm) to remove microbial contaminants and other 
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suspended solids. B. bassiana SAN01 xylanase which was earlier purified to 

homogeneity in this study (Chapter 4, Section 4.3.1.1), was used for the deinking of 

wastepaper.  

5.2.2 Enzymatic hydrolysis of lignocellulosic biomass using B. bassiana SAN01 

xylanase-endoglucanase cocktail 

Enzymatic saccharification of sugarcane bagasse was carried out using the B. bassiana 

SAN01 xylanase-endoglucanase cocktail. The biomass was chopped into small pieces, 

oven-dried at 70°C for 24 h, ground in a hammer mill and sieved to get a particle size of 

2–5 mm. The powdered biomass was subjected to alkali pretreatment in 4% NaOH 

solution and neutralized using 1 M HCl (Shahabazuddin et al., 2018). For enzymatic 

hydrolysis, 1% (w/v) of biomass residues was incubated with a crude enzyme cocktail 

(~500 U xylanase and 10 U endoglucanase) in 20 mL of sodium acetate buffer (0.1 M, 

pH 5.0) for 12 h and incubated at different temperatures (30, 40 and 50°C) with 

continuous agitation at 120 rpm in a shaking water bath (Dutra et al., 2017). The enzyme 

dosage was selected based on a previous study (Thomas, Parameswaran and Pandey 

2016) and preliminary experiments conducted in our laboratory. Sodium azide (0.005%) 

was added to the reaction mixture to prevent microbial contamination.  Samples were 

withdrawn every two hours and analysed for the reducing sugars released, using the DNS 

method (Bailey, Biely and Poutanen 1992).  

5.2.3 Juice clarification with B. bassiana SAN01 amylase-polygalacturonase cocktail 

5.2.3.1 Juice processing  

Pears (Forelle varieties) weighing ~170 g on average were purchased from a local store 

in Durban, South Africa. The fruits were washed thoroughly to remove surface dirt and 

deseeded manually. The fruits were subsequently chopped, and the juice was extracted 

using a juicer. The extract was strained through a stainless-steel sieve with a pore 

diameter of 3 mm to accomplish the separation of most of the suspended matter. 

Subsequently, the extract was subjected to vacuum filtration for further removal of any 

suspended pulp. The final juice was pasteurized at 95∘C for 1 min (Petruzzi et al., 2017).  

5.2.3.2 Enzyme-assisted pear juice clarification  

For each treatment, 50 mL of pear juice was subjected to different enzyme treatment 

conditions (Table 5.1) using the amylase-polygalacturonase cocktail. The three process 
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5 mL of juice sample was mixed with 5 mL of 95% ethanol and centrifuged at 4000 x g 

for 10 min. The supernatant obtained was passed through a 0.45 μm membrane filter, and 

the absorbance was measured at 420 nm (Uçan, Ağçam and Akyildiz 2016). While the 

turbidity of the juice was determined using a Turbidometer (Turbiquant 1100, Germany) 

and the results were reported in nephelometric turbidity units (NTU) using 

hexamethylenetetramine solution as a standard (Pradhan, Abdullah and Pradhan 2020).  

5.2.3.3.2 Reducing sugars, total dissolved solids and titratable acidity 

Reducing sugars released after the enzymatic treatment of pear juice was determined 

using the DNS method (Bailey et al., 1992). Total soluble solids were measured using a 

digital refractometer with automatic temperature compensation (Atago, USA) and 

expressed as °Brix (%). The pH of the juice was measured using a benchtop pH-meter 

(Hanna Instruments, Inc. USA), while the titratable acidity was estimated by titrating 10 

mL of the diluted juice (1:10; juice: distilled water) with 0.1 N NaOH solution, using 

phenolphthalein as an indicator. The acidity value was calculated as citric acid (0.0064 

acid factor) equivalents (Santana et al., 2020). 

5.2.3.3.3 Viscosity and colour measurement 

The viscosity of the samples was measured using a Brookfield LVDV-III digital 

rheometer (USA) at 25°C fitted with a steel cone-plate (C40/4) under a constant shear 

rate of 100/s (Domingues et al., 2011). The colour parameters (CIE L* a* b*) of the raw 

and treated pear juice samples were measured using a ColourFlex EZ Spectrophotometer 

(Hunter Associates Laboratory Inc., USA), where L value indicates lightness while a* 

denotes the red/green value ((+): red; (−): green) and b* the yellow/blue value ((+): 

yellow; (−): blue). Furthermore, the chroma (C*) of the samples were calculated 

according to the formula   C ∗	= &(( ∗)! +	(+ ∗)! (Uçan et al., 2016). 

5.2.3.3.4 Antioxidant activities of enzyme-clarified juice 

5.2.3.3.4 1 Total antioxidant capacity 

Reaction mixtures containing pear juice sample (100 µL) and DPPH (3.9 mL, 50 μM) in 

methanol were incubated in a water bath at 37°C for 30 min. The change in absorbance 

was measured at 517 nm using a spectrophotometer, and the radical scavenging activity 

was analysed by the equation:  

DPPH (% inhibition) = [(Abs0 − Abs1)/Abs0] × 100  
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where Abs0 and Abs1 are the absorbance values of blank and test samples, respectively 

(Wang, Vanga, & Raghavan, 2019). 

5.2.3.3.4.2 Total phenolic content 

The total phenolic content of juice samples was analysed using a modified Folin-

Ciocalteu method. Each sample (0.1 mL) was mixed with 0.75 mL of diluted Folin-

Ciocalteu reagent (10% v/v) and incubated for 5 min at room temperature and 0.75 mL 

of 2% sodium carbonate solution was added. After incubation for 15 min at room 

temperature, the absorbance of the solution was read at 750 nm. Gallic acid was used as 

the standard, and the total polyphenol was expressed as gallic acid equivalents (mg GAE 

L−1) (Romero-González et al., 2020). 

5.2.3.3.4 3 Total flavonoid content 

The total flavonoid content (TFC) of juice samples was estimated spectrophotometrically 

based on the aluminium chloride colourimetric method (Cheng et al., 2016). A 0.5 mL 

of the juice sample was added to 4.5 mL of aluminium chloride reagent consisting of 

10% aluminium chloride (0.1 mL), 1 M potassium acetate (0.1 mL), 95% ethanol (1.5 

mL) and distilled water (2.8 mL). The absorbance of the reaction mixture was measured 

at 415 nm after incubation at room temperature for 30 min. The TFC in each solvent was 

calculated based on a standard calibration curve of quercetin while the TFC was 

expressed in quercetin equivalent (mg QE L−1). The aluminium chloride reagent mixture 

alone, without the addition of the sample was used as a blank. 

5.2.3.3.4.4 FRAP (Ferric reducing ability of plasma) assay 

The FRAP assay was performed using a modified Wang et al. (2019) method. Briefly, 

FRAP reagent was prepared from a combination of 300 mM acetate-glacial acetic acid 

buffer (pH 3.6), 20 mM ferric chloride and 10 mM 4,6-tripryridyl-s-triazine (prepared in 

40 mM HCl) in ratio 10:1:1 respectively. The FRAP assay was performed by incubating 

1 mL of dH2O, 25 μL sample and 1 mL of the FRAP reagent at 37°C. The absorbance at 

time zero and after 40 min was recorded at 593 nm (Kumar et al., 2020). Ferrous sulphate 

was used as the standard while the FRAP activity was expressed as μmol Fe (II) mL-1. 
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5.2.4.2 Release of ink  

The deinking of the printed paper was evaluated by recording the absorbance at 596 nm 

for the release of colour (diazo reactive black 5) (Thomas, Ushasree and Pandey 2014). 

All experiments were conducted in triplicate, and their mean values are presented. The 

reducing sugar released for each sample was also evaluated using the DNS method 

(Bailey, Biely and Poutanen 1992). 

5.2.4.3 Scanning Electron Microscopy  

Pulp samples were gradually dehydrated with different gradients of acetone, followed by 

absolute alcohol, according to Chutani and Sharma (2015). Subsequently, samples were 

air-dried, coated with a thin gold film and viewed under a scanning electron microscope 

(SEM) (Zeiss; EVO 18, Germany) at 20 kV to observe the surface morphology. Electron 

micrographs were taken at X500, X1000, X2000 and X5000 magnifications.  

5.2.4.4 FTIR analysis 

The surface functional groups of the enzyme-treated pulp and non-treated control was 

studied by Fourier transformed infrared (FTIR) spectrometry using the attenuated total 

reflectance (ATR) measuring cell. The infrared spectrometer (FT-IR CARY 630, Agilent 

Technologies) with a range of 650 to 4000 cm-1 was used for the samples with an average 

of 32 scans (Borges et al., 2020). 

5.3 Results and discussion 

5.3.1 Biomass saccharification 

The deconstruction of different lignocellulosic biomass by B. bassiana, especially in the 

utilization of the biomass for its nutrition and growth, has been described in various 

studies (Nuñez-Gaona et al., 2010; Alves et al., 2020). In this regard, the enzymatic 

machinery necessary for this degradation has also been identified (Petlamul and 

Boukaew 2019; Ryali et al., 2020). However, the potential of these enzymes in the 

hydrolysis of lignocellulosic biomass and the simultaneous production of reducing sugar 

has not been demonstrated in any previous studies. Thus, the suitability and efficacy of 

selected B. bassiana SAN01 carbohydrases in the saccharification of sugarcane bagasse 

(SB) was evaluated in this study.  

The sugarcane bagasse was initially subjected to alkaline pretreatment to reduce its lignin 

component. Alkaline pretreatment has been routinely used to enhance subsequent 
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enzymatic hydrolysis of biomass as it has been noted to produce fewer inhibitors in 

comparison to acid pretreatment (Kim, Lee and Kim 2016; Kucharska et al., 2018). This 

pretreatment method was also selected because of the higher xylanolytic activity of the 

fungal strain under investigation. Studies have shown that alkali pretreatment 

significantly increases the availability of hemicelluloses for further hydrolysis (Asgher, 

Ahmad and Iqbal 2013). Subsequently, the efficiency of B. bassiana SAN01 xylanase-

endoglucanase enzyme cocktail on SB saccharification was investigated. The enzymatic 

hydrolysis of the pretreated SB resulted in a significant release of reducing sugars across 

different time intervals and incubation temperatures (Figure 5.1). The highest amount of 

reducing sugars (200.64 ± 8.67 mg/g of biomass) was released at 30°C, which is around 

the growth temperature for the fungus. A significantly high amount of reducing sugars 

was observed at 40°C; sugars released at this temperature were approximately 80-90% 

of that released at the optimum temperature. Surprisingly, a significantly lower amount 

of the desired products was noticed at 25°C (122.47 ± 5.29 mg/g of biomass). The 

enzymatic saccharification at room temperature is believed to be low, due to the reduced 

molecular movement and minimized effective collisions between the enzymes and the 

substrate at low temperatures. 

Similarly, a relatively lower amount of the desired products was also formed at 50°C, 

which suggests the impaired activity of B. bassiana SAN01 enzymes at a higher 

temperature. Furthermore, irrespective of the incubation temperature, reducing sugar 

release increased with increased reaction time until it peaked at 8 hours. Thus, it was 

observed that the enzyme cocktail from B. bassiana SAN01 could hydrolyze SB 

optimally at 30ºC after 8 h. In contrast to our results, most enzymatic saccharification of 

biomass has been shown at a higher temperature of 40ºC and more (Lamounier et al., 

2018; Prajapati et al., 2020). It is believed that saccharification at high temperature 

increases the cost of production of reducing sugars from lignocellulosic biomass due to 

the higher energy input required to produce heat for increased temperature. In addition, 

a higher temperature could also enhance the faster denaturation of enzymes which limit 

enzyme action. Hence, pragmatically the xylanase-endoglucanase enzyme cocktail from 

B. bassiana SAN01 with an optimum hydrolysis temperature of 30ºC substantiates its 

application potential. For instance, these enzymes cocktail could be very effective in 

simultaneous saccharification and fermentation for ethanol production from 

lignocellulose. This process could lead to different advantages including reduced end-
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product inhibition of the enzymatic hydrolysis as the production of reducing sugar will 

be accompanied by an instantaneous bioconversion to ethanol. In addition, the 

investment costs will be reduced as a result of the coupling of enzymatic biomass 

saccharification and ethanol production by the fermentative microbes, especially yeasts. 

Unlike in many other hydrolytic enzymes (Olofsson, Bertilsson and Lidén 2008), the 

optimum temperature observed for B. bassiana SAN01 enzymatic saccharification is 

similar to that of yeast. In addition, the B. bassiana SAN01 crude carbohydrase cocktail 

also compares favourably with results from studies with other fungi such as Aspergillus 

fumigatus (Lamounier et al., 2018), Penicillium chrysosporium, Pycnoporus sanguineus, 

Tramates versicolor (Cardoso et al., 2018) and Phanerochaete chrysosporium 

(Waghmare et al., 2018). 

 

 

Figure 5.1: Total reducing sugar profile of B. bassiana SAN01 xylanase-endoglucanase 

saccharified sugarcane bagasse 
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5.3.2 Enzyme-assisted clarification of pear juice 

5.3.2.1 Optimization of pear juice treatment 

The efficacy of the amylase-polygalacturonase cocktail in the clarification of pear juice 

was evaluated by RSM using a CCD design. The clarity under different conditions was 

measured as the response (Table 5.3). In the design of 20 experimental runs, pear juice 

clarity, taken as a response, varied greatly from 25.46% and 100% with varying process 

conditions (Table 5.3). Compared to the control, the highest clarity at 100% was recorded 

at ~34ºC, after 2.6 h incubation at an enzyme load of 35.77/47.57 UmL-1 (amylase/ 

polygalacturonase activities). The results showed that juice clarity was significantly 

affected and improved by the optimization of the enzyme load, incubation temperature 

and incubation time.  It is posited that the amylase-polygalacturonase enzymes 

hydrolysed the starch and pectin in the juice into different monomers and oligomers, 

causing protein-sugar complexes which aggregated into larger particles and settled, thus 

improving the juice clarity. Similar findings from previous studies corroborate the 

current study results (Sorrivas, Genovese and Lozano 2006; Ahmed and Sohail 2020). 
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The reliability of the model was confirmed from the F -value (41.06) and p-values as 

observed from the ANOVA (Appendix 10). The model, as well as some of the terms (A, 

B, C, AB, AC, A2 & B2), were found to be significant judging from their p- values (de 

Castro, Castilho and Freire 2015). However, exceptions were noticed in BC and C2 with 

p-values greater than 0.1, which suggests that the interactive effect of B and C are not 

consequential. The model showed a high R2 value of 0.9685 (Appendix 10), which 

demonstrates that the model can account for approximately 97% of the total variation 

and represent significant relationships among the selected variables i.e., the enzyme load, 

incubation temperature as well as incubation time.  

 
In addition, the interactions between the selected factors, as it affects the optimized 

clarification of pear juice, were also represented in contour and response surface plots. 

The interaction between A (enzyme load) and B (incubation temperature) was found to 

be moderately significant (p-value 0.0726) where, with the increasing dose of enzyme, a 

simultaneous increase in juice clarification was observed. While with increasing 

temperature, the clarifications seem moderately increasing (Figure 5.2a). The interaction 

between A (enzyme load) and C (incubation time) was most significant (p-value < 

0.0001), where both incubation time and enzyme load were found to be interacting 

considerably with each other (Figure 5.2b). A lower dosage of the enzyme (20 UmL-1) 

and incubation time (1 h) failed to clarify the juice effectively while a sharp increase in 

clarification was observed with a steady increase in both the factors studied, keeping the 

temperature at zero levels (40°C). While the interaction among B (incubation 

temperature) and C (incubation time) was found to be statistically insignificant (p-value 

0.8473) suggesting little interactions of the components with each other (Figure 5.2c), 

where the level of enzyme dosage studied (30 UmL-1) might be responsible for the 

observable interactions amongst studied components suggesting enzyme dose again as 

the most critical factor which is corroborated by the lowest p-value.
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The colour of food products is a major determining factor in customer preference, 

especially in fruit juices. The lighter or brighter the juice, the better. Browning, both 

enzymatic and non-enzymatic, has been noted for its detrimental effects on the nutrition 

and sensory appeal of fruit products, such as pear juice (Bharate et al., 2014). The dark 

colour of pear juice has been noted to be responsible for its non-preference by consumers, 

as dark coloured fruit products are usually associated with deterioration; hence, a 

reduction of this dark colour is desirable (Beveridge and Wrolstad 1997; Singh, 

Jawandha and Gill 2020). In this study, the browning index of the untreated pear juice 

was reduced from 0.258 to 0.221 after the enzymatic clarification. Hence, a ~14% 

reduction in browning subsequent to enzymatic treatment was recorded which is both 

significant and desirable (Table 5.5). A similar trend has also been shown in a previous 

study on carrot juice (Tadakittisarn et al., 2007). Enzymatic browning in fruit juices has 

been ascribed to the action of polyphenol oxidase and has been identified to be a major 

concern in the processing of pear for juice production (Jiang et al., 2016).  

A significant improvement in the colour (lightness) of the juice was recorded subsequent 

to enzyme treatment as the L-value has increased from its initial value of 14.23 to 17.53, 

after treatment (Table 5.5). The increase in L-value was also observed in a recent study 

on pectinase application in extracting juices from pears (Gani et al., 2020). Furthermore, 

an increase of 32.52% and 69% in the redness and yellowness, respectively, of the 

enzyme-treated pear juice was observed in comparison to control (Table 5.5). The 

positive changes in the a* and b* values of food samples have also been recorded in 

previous studies (Lachowicz, Oszmiański and Kolniak-Ostek 2018). The increase in the 

colour intensity and the brightness of the processed juice was also shown by the 

significant increase in the chroma value from 3.91 to 6.33. This trend was also observed 

previously by Pathare, Opara and Al-Said (2013).  

Viscosity and turbidity have been a quality discriminant in fruit juice processing, as it 

affects food product stability (Sharma, Patel and Sugandha 2017; Salehi 2020). A 

reduction in the viscosity of fruit juice is considered important as it prevents problems 

such as fouling of membrane surfaces encountered during the subsequent filtration 

process. Besides, consumers have shown a preference for juice products with relatively 

lower viscosity (Salehi, 2020). With the fungal enzyme treatment, the viscosity of pear 

juice was reduced by one-third of its initial value of 3.87 mPa.s to 2.59 mPa.s (Table 

5.5). A similar reduction has also been highlighted in previous clarification studies of 
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various juices, including apricot, banana, and sapodilla (Sharma, Patel and Sugandha 

2017).  

It has been noted that turbidity in fruit juice results from unhydrolyzed complex 

carbohydrates; hence the hydrolysis of pectin and starch has been identified as a major 

step in reducing the turbidity (Sorrivas, Genovese and Lozano 2006). The efficacy of the 

B. bassiana SAN01 carbohydrase cocktail in the clarification process was highlighted by 

~ 20% reduction in the turbidity of the pear juice. The enzyme clarification decreased the 

turbidity of the juice sample from 1410.72 to 1132 NTU (Table 5.5). A similar reduction 

in juice turbidity was also observed in apple, grape and peach juices, using fungal 

polygalacturonase (Amin et al., 2017) and amylase (Sorrivas, Genovese and Lozano 

2006).  

The pH, titratable acidity and total dissolved solids (Brix %) have been noted to be 

important in the quality control of fruit juices, especially as it concerns their stability on 

storage (Adedeji and Ezekiel 2020). However, in this study, only minor fluctuations were 

observed between the pH, titratable acidity and total dissolved solids of the control and 

the treated juice (Table 5.5). While the pH of the control juice was 3.93, the treated juice 

was shown to be 3.79. Similarly, the titratable acidity of the control and treated samples 

were observed to be 0.28 and 0.29, respectively. Furthermore, the Brix values of the 

untreated and treated samples were 8.9 and 9.2%, respectively. Similar trends were 

observed for titratable acidity and total dissolved solids in previous enzymatic treatments 

of banana and strawberry juices, where the pH, titratable acidity and total dissolved solids 

were barely affected (Barman et al., 2015; Sandri and Silveira 2018). The observed 

reduction in the pH and increase in titratable acidity is believed to be due to the release 

of galacturonic acid which is the hydrolytic product of pectin while the increase in Brix 

(%) could be due to the enzyme-facilitated degradation of the carbohydrate complex in 

the cell walls (Kyamuhangire et al., 2002; Bora, Handique and Sit 2017).  

The effect of the amylase-polygalacturonase treatment is also demonstrated by the ~10% 

increase in reducing sugars after processing (Table 5.5).  The expected increase in 

reducing sugar is a result of the hydrolytic action of the glycosyl hydrolase on the 

carbohydrate polymers (pectin and starch) present in the raw juice. The increase in sugars 

has also been observed in different studies (Yang et al., 2019; Adedeji and Ezekiel 2020). 

The increase in reducing sugar complements the reduction in the viscosity and turbidity, 

as a linear relationship exists between the clearance of complex sugars (substrates) and 
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juice sample to 68.17 DPPH % in the enzyme-treated fruit juice (Table 5.6). The effects 

of different food processing methods on the bioaccessibility and bioavailability of 

antioxidants have been highlighted in previous studies (Castro et al., 2020). Hence, it is 

hypothesized that the amylase-polygalacturonase enzyme cocktails were involved in the 

different interactions between pear juice antioxidants and its pectin, as well as the 

amylose and amylopectin molecules (Ribas-Agustí et al., 2018).  

Phenolics, including flavonoids, contribute the most to the antioxidant activities observed 

in fruits and their products (Shah et al., 2015). In this study, the total phenolics were not 

significantly affected while there was a significant increase in total flavonoids. A non-

significant change from 318.02 mg GAE L-1 in the control juice to 312.95 mg GAE L-1 

in the treated sample was observed in the phenolic content (Table 5.6). However, the 

total flavonoids increased from their control value of 118.64 to 136.81 mg QE L-1 

subsequent to enzyme clarification (Table 5.6). Pear juices are very rich in phenolic 

compounds, including arbutin, chlorogenic acid, epicatechin, quercetin-3-glucoside, 

quercetin-3-galactoside, and quercetin-3-rutinoside (Schieber, Keller and Carle 2001). It 

is posited that the hydrolytic action of the enzymes might have broken down these 

compounds into their aglycone moieties, thus the observed significant increase in total 

flavonoids. This was highlighted previously in the enzymatic hydrolysis of flavonoids 

from bergamot orange (Mandalari et al., 2006). Furthermore, it has also been noted that 

the enhancement of total antioxidative activity may be a result of an increase in released 

flavonoid aglycones (Gu, Duan and Yu 2019).   

The in vitro FRAP assay has been noted to be one of the best indices of antioxidant 

activity in fruit juices and other fruits products (Sethi et al., 2020). The antioxidant 

activities, as measured using the FRAP method were also shown to be slightly reduced 

due to B. bassiana SAN01 enzyme cocktail treatment. The ferric reducing antioxidant 

power of the treated juice was found to change slightly from the initial value of 133.12 

μmol Fe (II) mL-1 to 132.67 μmol Fe (II) mL-1 after enzymatic treatment (Table 5.6). 

Hence, it can be inferred from these results that B. bassiana SAN01 amylase-pectinase 

treatment has no negative impact on the antioxidant indices of treated pear juice samples 

relative to the untreated control samples. 
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paper fibres by modifying the ink-fibre surface properties through increased relative 

hydrophobicity. Furthermore, hemicellulose hydrolysis on the fibre-ink interphase also 

contributes significantly to the detachment of the chromophores (Pommier et al., 1990; 

Kumar and Satyanarayana 2014). The efficient removal of these ink compounds from 

wastepaper will facilitate their recyclability, thus preserving our fragile natural resources 

by reducing the production of virgin papers from trees and tackling waste generation 

simultaneously. In addition, a significant amount of reducing sugars was released during 

the deinking process, ranging between 140.28 and 212.56 mgg-1 (Table 5.7). Earlier 

studies have also highlighted the simultaneous release of reducing sugars along with ink 

chromophores during enzymatic deinking of paper (Chutani and Sharma 2015; Gupta et 

al., 2015). This can be attributed to the hydrolytic action of the enzyme on the 

hemicellulosic components of the paper fibre. The release of reducing sugar further 

emphasizes the valorisation of wastepaper in the recycling process as this sugar can be 

found useful in other downstream industrial processes. Biofuel production using reducing 

sugars from wastepaper has been noted to be a promising approach towards sustainable 

energy; however, this potential is impeded by the hazardous ink present. Earlier studies 

have demonstrated the enzymatic saccharification of paper pulp subsequent to bioethanol 

(Saini et al., 2020), biohydrogen (Lakshmidevi and Muthukumar 2010), and phenyllactic 

acid (Kawaguchi et al., 2014) production.  
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Statistical analysis of the model was performed with the F-test for analysis of variance 

(ANOVA) as shown in Appendix 11. The model was confirmed to be valid from the 

observed F -value (123.02) and p-values. The significant effect of all of the model terms 

(A, B, C, AB, AC, BC A2, B2 & C2) were also deduced from their respective p- values 

which were all less than 0.1. The model showed a high R2 value of 0.9955, which 

indicates that the model can account for approximately 100% of the total variation and 

also represent significant relationships among the chosen variables.  

 
The effect of the variable changes on the responses can also be observed on the contour 

and surface plots (Figure 5.3a-c) which showed the effects of temperature, time, and 

enzyme dose on ink removal from the printed paper. The incubation time, temperature 

and enzyme load showed significant effects on the deinking process (Figure 3). An 

increase in deinking was recorded with increasing temperature and incubation time until 

the maximum levels of ~100 % were attained at ~40°C and 17 h. The effects of 

temperature were observed to be negative beyond the optimum temperature, while time 

had no significant effects after 17 h. The effects of temperature and reaction time on the 

enzymatic removal of ink from waste paper have been highlighted previously (Chutani 

and Sharma 2015).  The enzyme load and incubation temperature showed that with an 

increase in enzyme load, a simultaneous increase in the deinking was observed; however, 

the efficiency of the enzyme-assisted deinking began to reduce above 40°C. For every 

unit increase in temperature, multiplied the effect of enzyme load on the deinking 

process. As expected, the plots highlighting the interaction between enzyme load and 

time showed an almost linear relationship between the two factors. The observed 

response increased with increasing enzyme load and reaction time, even beyond the 

optimum values. 

5.3.3.2 Validation of the experimental model 

A validation experiment was carried out to establish the validity of the statistical 

experimental strategies. The experimental conditions were 40.17°C incubation 

temperature, 17.7 h incubation time and an enzyme load of 983.6 UmL-1. The observed 

value of deinking, 106.72%, was found to be close to that estimated by the RSM model, 

113.19%. This demonstrates that the RSM with a central composite design analysis is 

efficient in optimizing xylanase-assisted deinking of printed paper. 
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5.3.3.4 FTIR analysis  

The alteration in the structure of xylanase deinked paper samples was characterized using 

FTIR and compared with the untreated controls (Figure 5.5). The distinct peak between 

3600 and 3200 cm-1, which was present in all the paper samples, is ascribed to the 

hydroxyl groups of cellulose as well as hemicellulose (at 1058, 1315, 898–895 cm− 1) 

and lignin content (at 1510–1508, 1605 and 1652 cm− 1). An earlier study has also shown 

higher peak intensity at the same wavenumbers in the control pulp in comparison to the 

treated pulp (Kumar et al., 2018b). The peak at 1434 cm-1 is believed to be indicative of 

the CH2OH group in ink and is observed to be less intense in the test samples. 

Furthermore, the peaks at 2851 and 2920 cm− 1 represent the oil content of the ink and 

they were also of less intensity in the treated samples (Saini et al., 2020). These spectra 

confirm the release of chromophores, hydrophobic compounds and phenolics from 

printed paper fibres, subsequent to the hydrolytic action of the xylanase. FTIR spectra 

obtained in this enzyme-assisted deinking are similar to other spectra observed in earlier 

studies (Desai and Iyer 2016; Kumar et al., 2018b).  

 

 

Figure 5.5: FT-IR spectrum showing the changes in the paper pulp during enzymatic 

treatment in the range of 4000-600 cm-1          Enzyme treated pulp,       Control pulp. 
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5.4 Conclusion 

This study has brought to the fore, for the first time, the applicability of different 

glycoside hydrolases from the widely known entomopathogen, B. bassiana. In this 

regard, the efficacy of amylase, endoglucanase, polygalacturonase and xylanase from the 

novel strain B. bassiana SAN01 were clearly demonstrated in the saccharification of 

plant biomass, fruit juice processing, as well as in wastepaper recycling. The 

saccharification of sugarcane bagasse with significant production of reducing sugars was 

achieved using B. bassiana SAN01 crude xylanase-endoglucanase 

cocktail.  Furthermore, the effectiveness of the amylase-polygalacturonase cocktail in the 

clarification of pear juice has also demonstrated the potential of the fungus. The analysis 

of the physical characteristics as well as the biochemical properties of the enzyme-treated 

juice revealed that the B. bassiana SAN01 amylase-polygalacturonase had no detrimental 

effects on the quality of the pear juice. Finally, efficient deinking of wastepaper with an 

accompanying release of reducing sugars was also recorded using the purified xylanase 

from B. bassiana SAN01. Hence, in addition to the established safety of the fungus and 

its products, findings from this study further underscore the applicability of the fungus in 

many industrial processes. These findings are expected to stimulate the exploration of B. 

bassiana for industrial enzyme production and other bio-based products along with its 

use as a biocontrol agent.  
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CHAPTER SIX 
In silico structural elucidation of Beauveria bassiana 

chitinases and xylanase 
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Abstract  
 

Fifteen different chitinases from various Beauveria bassiana strains as well as one 

xylanase were selected to gain an insight into the structural characteristics of B. bassiana 

carbohydrases. Their physicochemical characteristics, secondary structure evaluation 

and functional analyses were conducted using multiple bioinformatics tools. The 

molecular mass of chitinases varied from 34.25 to 49.27 kDa, while the xylanase was 

predicted to be 37 kDa. Most of the enzymes were hydrophilic, thermostable and 

negatively charged with high in vivo half-life. Nearly all the chitinases were extracellular 

with half of them having the standard secretory peptide; the same was observed for the 

evaluated xylanase. Furthermore, three-dimensional models of a selected chitinase and 

the xylanase were constructed using the SWISS-MODEL server and validated by 

ERRAT, Verify 3D and MolProbity. The presence of approximately 90% of the amino 

acid residues in the Ramachandran plot’s favoured region further established the quality 

of both models. The binding site predictions followed by protein-ligand docking 

suggested Asp-208, Gln-242, Gln-265 and Asn-268 as the most probable active site 

residues for the chitinase and Thr-85, Ser-86 and Asn-220 for the xylanase. The 

information gathered through the in silico approach would be beneficial in unravelling 

the in vitro properties of B. bassiana carbohydrases in general and chitinases and 

xylanases in particular, which could be subsequently exploited for various industrial 

applications. 
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6.1 Introduction 

Studies have shown the importance of the structure-function relationship of different 

biological molecules, especially enzymes and structural proteins. Hence, the elucidation 

of the structure of enzymes at the primary, secondary, tertiary and quaternary level is a 

worthwhile endeavour with immense benefits. The information from structural 

elucidation has served as the framework for modifying enzymes from different 

organisms, primarily through directed evolution and genetic manipulation. However, the 

structural characteristics of several important microbial enzymes are yet to be elucidated. 

B. bassiana, which is considered as both an entomopathogen and an endophyte, is widely 

acclaimed for its use as a biopesticide against insect pests (Das et al., 2021; Singh and 

Tiwari 2021). Interestingly, chitinases from B. bassiana and other entomopathogenic 

fungi have been identified as important virulence factors in their pathogenicity towards 

many arthropods as well as nematodes (Berini et al., 2018). The well-elucidated 

involvement of B. bassiana chitinases in its pathogenesis has raised the possibility of 

their applications in agriculture.  

Hence, various investigations have been dedicated to the production, cloning, expression, 

characterization and the mechanisms of action of chitinases from different B. bassiana 

strains while none has been carried out on the structural and functional properties of the 

chitinases. Furthermore, recent focus has been placed on B. bassiana strains as valuable 

sources of industrial biocatalysts. In this regard, many studies have since highlighted the 

production, biochemical characterization and molecular manipulation of biomass-

degrading enzymes from these fungi. Xylanase, in particular, has been sourced from 

different strains of B. bassiana.  However, like the chitinase, there are no reports on the 

structure of xylanase from the fungus.  

As the biological function and the applicability of proteins are dependent on their native 

three-dimensional structure, the challenge of protein structure prediction is a fundamental 

problem across different disciplines and industries. Nuclear Magnetic Resonance (NMR) 

spectroscopy and X-ray crystallography have long been the ideal techniques for 

determining protein structures due to their exceptional accuracy. However, their high cost 

and requirement of technical expertise limit their use (Sarkar et al., 2020). Furthermore, 

the unavoidable technical limitation where proteins uphold their native state after 

crystallization warrants the necessity for an in silico prediction of protein structures 

(Gupta, Akhtar and Bajpai 2014). Besides complementing the wet lab set up, 
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computational techniques for structural elucidation have achieved significant prediction 

accuracy, increasing their uses in drug design, protein engineering, site-directed 

mutagenesis and virtual screening, amongst other applications. At the molecular level, it 

has made it possible to establish the sequence to structure relationships, unveil the novel 

pathway of protein folding, and determine the active and catalytic sites of different 

proteins (Walker, Yallapragada and Tangney 2020). Thus, in the present study, an array 

of readily available computational tools was employed to gain insights into the overall 

physical parameters; primary, secondary and tertiary structures, functional analysis, 

domains and motifs, and protein model of B. bassiana chitinases and xylanase. In 

addition to setting a foundation for the experimental determination of the enzyme 

structures, this computational study would help gain insights into their biological 

functions and serve as a reference for future protein manipulation to improve their 

industrial applications.  
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6.2 Methodology 
6.2.1 Retrieval of sequence  

The amino acid sequences of 15 chitinases from different B. bassiana strains were 

retrieved from the UniProt Protein Database (https://www.uniprot.org) in FASTA format 

for computational analysis. The amino acid sequence of xylanase from B. bassiana D1-

5 was also chosen from the UniProt database. The choice of a single xylanase sequence 

in this study is based on the proximity of its predicted molecular weight with the actual 

molecular weight of B. bassiana SAN01 xylanase, which was determined previously 

(Chapter 4, Section 4.3.1.1). Hence, the focus was placed on this particular xylanase. The 

accession numbers of these enzymes are listed in Appendix 12. 

6.2.2 Physicochemical characterization of enzymes  

The physicochemical parameters of the selected enzymes, such as the total amino acid 

composition (with negatively and positively charged residues), instability index, aliphatic 

index, and grand average of hydropathicity (GRAVY), were computed using the ExPasy-

ProtParam tool (http://web.expasy.org/protparam/) (Dutta et al., 2021). 

6.2.3 Secondary structure analysis 

Secondary structure prediction was performed using the SOPMA server which evaluated 

the number of helices, sheets, turns and coils present in the protein sequence (http://npsa- 

pbil.ibcp.fr/) (Geourjon and Deleage 1995). To predict all the possible motifs present in 

B. bassiana chitinases and xylanase, SIB MyHits Motif scan was used (myhits.isb-

sib.ch). Furthermore, Pfam (http://pfam.xfam.org/) was used to identify the domains and 

motifs in the sequences (Mistry et al., 2021). 

6.2.4 Functional analysis  

Transmembrane helices; Hidden Markov Model (TMHMM) tool by Krogh et al., (2001) 

was applied to understand the membrane protein topology 

(www.cbs.dtu.dk/services/TMHMM), and SignalP5.0 using cut-off default 

(http://www.cbs.dtu.dk/services/SignalP/index.php) for the prediction of secreted 

proteins (Armenteros et al., 2019). Subcellular localization was predicted using CELLO 

v.2.5 server (http://cello.life.nctu.edu.tw/) (Yu et al., 2006).  
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6.2.5 Tertiary structure analysis  

The tertiary structures of a selected chitinase and the xylanase were predicted using 

ExPASy SWISS-MODEL (ProMod3 version 1.0.2) workspace (Pramanik et al., 2018) 

using the amino acid sequence of the chitinase and xylanase, retrieved from NCBI 

(Accession no: AIT18869.1 and KGQ08014.1, respectively). The 3D crystal structures 

of Saccharomyces cerevisiae endochitinase (PDB ID: 2UY4) and Caldicellulosiruptor 

lactoaceticus ester-xyloside bifunctional hydrolase (PDB ID: 6A60) retrieved from the 

Protein Data Bank served as the template for chitinase and xylanase, respectively. The 

quality of the predicted 3D models was evaluated by the SAVES server using ERRAT 

and Verify 3D tools (https://servicesn.mbi.ucla.edu/SAVES/) while the Ramachandran 

plot constructed using the MolProbity server was used to evaluate the energetically 

allowed regions (Williams et al., 2018). 

 

6.2.6 Docking analysis 

Automated docking simulation of the enzymes and their respective ligands were 

performed using the AutoDock Vina program. For chitinase, the structure of the ligand, 

allosamidin, a pseudotrisaccharide, was extracted from the crystal structure of Serratia 

marcescens chitinase in complex with allosamidin (PDB ID: 1X6N) using the BIOVIA 

Discovery Studio software. While the structure of xylotriose, which served as xylanase 

ligand, was retrieved from PubChem (CID 10201852). The ligands and the previously 

modelled enzyme structures were pre-processed for hydrogen addition, protein 

optimization and energy minimization using the Dock Prep tool of UCSF Chimera 

software. Subsequently, AutoDockTools was used to convert the PDB files of the 

proteins and their ligands to PDBQT format for further analysis. The online servers, 

CASTp and MetaPocket 2.0, and NCBI’s conserved domain search tool were used to 

identify the binding pocket associated with the possible active site (Bhattacharjee et al., 

2017). For chitinase, a grid box with a size of 40 × 40 × 40 points was used in the 

configuration file of Autodock Vina while the box was centred at the coordinates; X: 

43.03, Y: 21.464, Z: 31.161. For xylanase, a grid box with a size of 60 × 36 × 56 points 

was used in the configuration file of Autodock Vina while the box was centred at the 

coordinates; X: 16.104, Y: 12.8, Z: 31.161.  The receptor atom positions were fixed, and 

the torsion angle of the ligand glycosidic bonds was rotated until the rigid docking in 

program AutoDock Vina allowed the favourable docking. Other docking parameters 

were set to default. The best model was chosen, and the interactions were visualized 
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using the BIOVIA Discovery Studio software. The interacting proteins of B. bassiana 

chitinase were predicted by the STRING server (http://string-db.org). 

6.3 Results and discussion 

6.3.1 In silico structural elucidation of B. bassiana chitinase 

6.3.1.1 Physicochemical properties of B. bassiana chitinase 

The predicted physicochemical properties as computed by the ProtParam tool showed 

that the chitinases under investigation had a varied number of amino acids (305 - 449) 

and molecular weights (34.25 kDa - 49.27 kDa) (Table 6.1). The molecular weight of the 

enzyme is a critical characteristic for the selection of an appropriate purification protocol. 

The molecular weight range observed in this study suggests the use of gel exclusion 

chromatography with Sephadex G-75 SF having a fractionation range of 3-70 kDa, best 

suited for the purification of chitinases under investigation. Analyses of the sequences 

showed that the number of negatively charged amino acid residues (aspartate and 

glutamate) was higher than the number of positive residues (arginine and lysine) in all 

the strains, except in B. bassiana ARSEF 2860 (AIT18872.1) and B. bassiana D1-5 

(KGQ11645.1) (Table 6.1). Recent findings have suggested the effects of nascent peptide 

charge on protein translation efficiency and protein expression (Requião et al., 2017). 

Hence it can be predicted that most of the chitinases in this study, being more acidic, will 

be polysome-translated proteins.  

GRAVY values for all the chitinase were predicted to be negative (Table 6.1). This 

variable is used to predict the hydrophobicity or hydrophilicity of a protein over the entire 

amino acid sequence. It was observed that the relationship between the GRAVY score 

and the hydrophilicity of proteins is inverse, hence, a higher GRAVY score signifies 

lower hydrophilicity and vice versa (Kyte and Doolittle 1982). Thus, from the values 

obtained, it could be inferred that all the enzymes are hydrophilic to a large extent, which 

is in line with their globular structures as enzymes (Magdeldin et al., 2012). The aliphatic 

index of the chitinases in this study ranged between 59.30 to 88.46. An increase in the 

aliphatic index is commensurable to the thermostability of globular proteins (Artz et al., 

2015). The aliphatic index of 40% chitinases was above 80, while another 40% chitinases 

were between 61-80 and the rest 20% was around 60. Due to the wide variation in the 

aliphatic index of chitinases from the same source, B. bassiana, it is predicted that the 

enzymes had varying temperature optima and thermostability. 
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The amino acid composition of chosen chitinases from B. bassiana strains was evaluated 

and profiled as depicted in Figure 6.1. The results substantiated that alanine and glycine 

were the most widely distributed amino acids in the selected chitinases. These protein 

sequences were also rich in amino acids such as leucine, serine, threonine, aspartic acid, 

valine, proline and isoleucine. Secondary structures of proteins are governed by the 

inclination of amino acids to form either helix or sheet form. Alanine, leucine, aspartic 

acid and proline have a high propensity to form helix confirmation, while valine, 

isoleucine, threonine, glycine, and serine favours the formation of sheet confirmation 

(Idicula‐Thomas and Balaji 2005). 

 

 

Figure 6.1: Amino acid composition of selected chitinases from B. bassiana 

 

6.3.1.2 Secondary structure analysis of B. bassiana chitinase 

A random coil region dominates the secondary structures of all the analysed chitinases 

as this conformation has the highest mean value of approximately 46.8% (Figure 6.2). 

This was followed by the alpha helix region (30.4%), beta-sheet region (15.9%) and beta-

turn (6.9%). The dominance of random coils and alpha-helix regions among the 
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secondary structures indicates the stability of the enzymes and a significant amount of 

conservation within chitinases from different B. bassiana strains (Neelamathi et al., 

2009; Gouripur, Kaliwal and Kaliwal 2016). 

 

 

Figure 6.2: Percentage of secondary structure elements in B. bassiana chitinases. 

 

The protein signature pattern provides useful biological information associated with the 

protein family, domain, or functional site (Mishra et al., 2015). The analysis of B. 

bassiana chitinases using the MyHits interactive tool showed the presence of signature 

pattern sequences belonging to different motifs (Table 6.2) (Finn et al., 2016). The 

myristoylation sites were the most dominant in all the chitinases under investigation. 

Myristoylation is a lipid anchor modification found in eukaryotic proteins, which targets 

proteins to membrane locations. The presence of a significant number of myristoylation 

sites helps export synthesized chitinases to the extracellular environment as this 

modification has been shown to be essential in apoptosis, signal transduction, 

extracellular protein export, etc. (Varland, Osberg and Arnesen 2015). However, some 

other less occurring motifs, such as the amidation sites, alanine-rich domain, thioredoxin 

II and the potato type II protease inhibitor were also observed in the chitinases under 

study. Some of these fewer occurring motifs have been implicated in different cellular 
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processes, including signal transfer, receptor recognition, and protein maturation 

(Marino, Eckhard and Overall 2015; Randhawa et al., 2018). Notably, the presence of 

the potato type II protease inhibitor motif in the chitinases may indicate their propensity 

to resist proteolytic degradation, which has been observed in some other glycoside 

hydrolases (Hagspiel, Haab and Kubicek 1989). 

Protein phosphorylation is a vital cellular regulatory mechanism as many enzymes and 

other proteins are either activated or deactivated by phosphorylation and 

dephosphorylation events, respectively. Phosphorylation plays a significant role in the 

protein cycle and functions, which is crucial in determining the half-life, subcellular 

location, and interaction of proteins with other cellular molecules (Ardito et al., 2017). 

The occurrence of many phosphorylation sites, including cAMP- and cGMP-dependent 

protein kinase phosphorylation site, casein kinase II phosphorylation site, protein kinase 

C phosphorylation site and tyrosine kinase phosphorylation site, in B. bassiana chitinases 

indicate that they are tightly controlled enzymes. Similarly, glycosylation is a post-

translational modification found in approximately half of all the proteins, particularly in 

secreted and transmembrane proteins of eukaryotes and some prokaryotes (Taylor and 

Drickamer 2011).  

The Asparagine-N glycosylation site was frequently observed in most of the B. bassiana 

chitinases under study. This site has been found to have a consensus AsnXxxSer/Thr/Cys 

sequence, where Xxx can be any amino acid besides proline and it is essential in proper 

folding, oligomerization, solubility and protein stability, as have been shown in some 

other enzymes (Yang et al., 2015; Goettig 2016; Podzimek et al., 2018). Being a 

carbohydrate-active enzyme, it is expected that the motifs for the carbohydrate-binding 

module of glycosyl hydrolases were also found to be present in all the B. bassiana 

chitinases. These modules of different classes with various substrate specificity have 

been noted to promote catalysis by bringing the substrates into intimate and prolonged 

association with the carbohydrate degrading enzymes (Shoseyov, Shani and Levy 2006; 

Zeng et al., 2019). Specifically, the presence of chitinase family 18 active sites was found 

in 46.66% of the enzymes in this study. The GH18 family chitinase is built of a 

multidomain architecture, which includes various combinations of the signal peptide, 

catalytic domains, chitin-binding domains and serine/threonine (S/T)-rich linkers (Huang 

et al., 2011). 
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A protein domain is a conserved, tertiary structural unit of a protein with the ability to 

evolve, function, fold and exist independently of the rest of the protein chain. Thus, most 

proteins are built of one or several domains that serve as the key mediators for their 

functions. The analysis of the domains of B. bassiana chitinases under evaluation 

predicted the presence of glycosyl hydrolases 18 domains (Accession no:PF00704.28) in 

all the fifteen chitinases. This domain is known to include the chitinase class II group 

which encompasses chitinase, chitodextrinase, the killer toxin of Kluyveromyces lactis 

and various mammalian glycoproteins such as cartilage glycoprotein and the oviduct-

specific glycoproteins (Sharma et al., 2016). Besides, some of the chitinases are 

multidomain proteins as they were predicted to possess the fungal cellulose-binding 

domain (Accession no: PF 00734.18). These multidomain chitinases include B. bassiana 

ARSEF 2860 (AIT18872.1, AIT18883.1, AIT18869.1) and B. bassiana D1-5 

(KGQ10005.1). The predicted cellulose-binding domain in the listed chitinases might 

indicate the ability of these enzymes to also catalyze cellulose as have been shown 

experimentally in some organisms (Chen et al., 2019a). Furthermore, this could also be 

due to the fact that cellulose and chitin have closely related polymeric structures and 

cellulose has been shown to bind directly to chitinases (Li and Wilson 2008) 
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6.3.1.3 Functional analysis of B. bassiana chitinase 

The compartmentation and localization of different proteins including enzymes have 

been well linked to their general biological functions and the reactions they catalyze 

specifically (Kim et al., 2017; Shikano et al., 2018). Furthermore, it is believed that 

information on the subcellular localization may provide useful insights into the specific 

enzymatic pathways of proteins and serve as a guide in subsequent wet-lab experiments. 

A large proportion of the chitinases evaluated in this study were predicted to be 

extracellular by the subcellular localization predictor, Cello v.2.5. The server utilizes 

amino acid compositions in discriminating protein sub‐cellular localization sites. In 

agreement with this prediction, chitinases from different strains of B. bassiana have been 

found to be extracellularly secreted as they were detected in culture filtrates (Senthilraja 

et al., 2018), although a few B. bassiana chitinases were predicted to be located in the 

cytoplasm. However, cytoplasmic chitinases have only been observed in bacteria that 

possess transporters to traffic the chitin polymers into their intracellular space for 

degradation (Beier and Bertilsson 2013). It could be possible that the B. bassiana strains 

may possess chitinase that function both in the cells and outside, as a form of enzyme 

multiplicity which has been noted to be a common feature in the degradation processes 

of polymers caused by the structural complexity of the substrate. As a result of the high 

proportion of α-helix structures in B. bassiana chitinases, the likelihood that these 

enzymes are integral membrane proteins was investigated using the TMHMM algorithm.  

TMHMM 2.0 is a tool that estimates the probability of a protein portion embedded in the 

cellular membrane. It also predicts the path that the amino acid chain may follow if the 

protein is membrane-associated (Yan et al., 2017). The algorithm predicted that a large 

proportion of the chitinase protein chains were not membrane-associated. It was noticed 

that approximately the first 30 amino acids of only three of the chitinase sequences had 

a probability of being transmembrane peptides. The remaining residues which constitute 

a very large majority, were predicted to have zero or close to zero probabilities of being 

located in the membrane region. The graphical representation of the two chitinases, one 

with some probability of being transmembrane and the other with zero probability, is 

presented in Figures 6.3 a & b. Fungi, in general, are known to mainly depend on their 

extracellular enzymes for nutrient acquisition from their environment, and even for the 

immune response (Naranjo‐Ortiz and Gabaldón 2019) hence, as suggested by the 

TMHMM analysis, it is less likely that B. bassiana chitinase exists as peripheral 
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2019). This analysis predicted that the signal peptides of 9 out of the 15 chitinase 

sequences were found to be of the standard secretory peptide, Sec/SPI, while the others 

had no N- terminal signal peptide. Besides, the peptidase cleavage site of these enzymes 

was predicted to be within the 18
th

 and 23
rd

 positions of their sequence with a majority 

being between the 18-19
th

 position. The Signal P charts for B. bassiana D1-5 chitinase 

(Accession no: KGQ11645.1) with no predicted signal peptide and B. bassiana ARSEF 

2860 chitinase (Accession no AIT18883.1) with a signal are shown in Figure 6.4 a &b. 

 

 

 

Figure 6.4: SignalP plot for (a) B. bassiana D1-5 (Accession no: KGQ11645.1) (b) B. 

bassiana ARSEF 2860 (Accession no: AIT18883.1) chitinases. 
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6.3.1.4 Tertiary structure analysis of B. bassiana chitinase 

The tertiary structure of proteins is critical in distinguishing the function of proteins, their 

interactions with other compounds such as ligands, other proteins, and nucleotides and 

understanding the phenotypical effects of mutations. The Swiss-Model server was used 

to predict the three-dimensional structure of B. bassiana chitinases based on the known 

crystal structures of homologous proteins. For the 3D structure prediction, B. bassiana 

ARSEF 2860 (Accession no: AIT18869.1) chitinase was selected as it is the only one 

with acceptable sequence homology of 40% with any known protein with 3D structure. 

The 3D structure of Saccharomyces cerevisiae Chitinase 1 complexed with 

acetazolamide (PDB ID: 2UY4) was used as the template for 3D structure prediction of 

B. bassiana chitinase, with 45.36% sequence identity. The predicted chitinase model was 

viewed and analysed using the PyMOL molecular visualization tool (Figure 6.5).  

The analysis revealed that the model (B. bassiana chit) is based on the (β/α)8 TIM barrel 

architecture conserved in the GH18 family. This architecture is formed by the repetition 

of the basic βαβ building block with the β-strands being followed by α-helices eight times 

alternating in sequence. αβ and βα loops connecting α-helices to the β-strands and vice 

versa, contribute significantly to the function as well as the stability of the protein. The 

predicted model was further evaluated using the SAVES server. The overall quality 

factor score predicted by ERRAT was 78.29 while Verify 3D showed that 93.71% of the 

residues had averaged a 3D-1D score of ≥ 0.2 indicating the reliability of model 

prediction. Furthermore, the stereo-chemical quality of the predicted model was 

evaluated using the Ramachandran plot which showed a chitinase model with ~ 90% of 

residues in the most favoured regions and ~ 9% residues in the additional allowed region 

(Figure 6.6). The total distribution of these residues in the favoured region is evaluated 

as 98.1% which reflects acceptable model adequacy. A very low percentage of the 

residues were found in the outlier region (2.5%). 
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Figure 6.5: 3D structure of B. bassiana ARSEF 2860 chitinase showing the (β/α)8 TIM 

barrel architecture 

 

 

Figure 6.6: Ramachandran plot for B. bassiana ARSEF 2860 chitinase showing the 

number of residues in favoured, allowed and outlier region   
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6.3.1.5 Docking analysis of B. bassiana chitinase 

Based on the outputs obtained from the CASTp, MetaPocket 2.0 servers and NCBI’s 

conserved domain search tool, the active pocket of the B. bassiana chitinase may contain 

Tyr-53, Phe-105, Asp-208, Phe-209, Gln-242, Gln-265, Tyr-267, and Trp-344. Previous 

studies have shown that charged (Arg, His, Asp, Glu) and aromatic residues (Tyr, Trp, 

Phe) occur more frequently within chitinolytic active sites than elsewhere in the enzyme 

structure, indicating significant roles related to enzyme function. In contrast, with 

increasing diversity, some chitinases were shown to have Asn, Gln, Ser, and Thr in their 

active sites (Liu et al., 2015). Allosamidin is a potent family 18 chitinase inhibitor that is 

active against insects, fungi, and even protista chitinase (Rao et al., 2003). The structural 

interactions of allosamidin with several family 18 chitinases have been determined by X-

ray crystallography (Bortone et al., 2002; Eide and Sørlie 2018).  

The molecular docking of B. bassiana chitinase with allosamidin was carried out to 

elucidate the interacting amino acids from the binding site (Figure 6.7). The docked 

complexes of B. bassiana chitinase with allosamidin showed an affinity score between -

7.2 and -6.6, recorded for the nine models generated from the docking analysis. The best-

suited ligand with a score of -7.2 was chosen for further analysis which revealed that the 

ligand interacted with the active site forming 7 hydrogen bonds between its 

electronegative oxygen atoms and Asp-69, Gln-72, Asp-208, Gln-242, Gln-265 and Asn-

268 (Figure 6.8). These results confirm the presence of highly conserved motif 

DXXDXDXE of the family of GH18 chitinase, where each of the active sites, aspartic 

acid and glutamic acid, were observed in their amide forms i.e., asparagine and glutamine, 

respectively. Asparagine and glutamine residues in chitinase active sites were previously 

shown in a thermostable chitinase from Thermomyces lanuginosus (Khan et al., 2015). 

Asparagine and glutamine residues are well known for their high propensity to hydrogen 

bonds as their amide group can accept two and donate two hydrogen bonds. In contrast, 

aspartic acid can accept hydrogen bonds using its carboxyl group (Scheiner, Kar and 

Pattanayak 2002).  
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Figure 6.7: B. bassiana ARSEF 2860 chitinase-allosamidin complex 

 

 

 

Figure 6.8: Interaction between allosamidin and the ligand sites of B. bassiana ARSEF 

2860 chitinase.  
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Protein-protein interactions linked to the B. bassiana chitinase (XP_008599616.1) were 

confidently predicted by the STRING server (Figure 6.9). The STRING database is a 

powerful tool that uses text mining, coexpression, cooccurrence, and other analyses with 

data compiled from a large number of organisms. The query protein was confirmed by 

STRING to be an endochitinase belonging to the glycosyl hydrolase 18 family. Proteins 

predicted to have the closest interaction with B. bassiana chitinase include β-

hexosaminidase, a putative protein ybbD, an acidic chitinase, β-glucosidase, β-glucanase, 

metallothionein expression activator, glycerophosphodiester phosphodiesterase GDE1 

and a covalently linked cell wall protein. The β-hexosaminidase has the most pronounced 

interaction with B. bassiana chitinase. Besides having the shortest node with the query, 

the enzyme also occupies two distinct nodes out of the total ten nodes. This is explained 

by the fact that β-hexosaminidases are involved with chitinase in the binary chitinolytic 

system responsible for the degradation of chitobiose and chitooligomers in fungal cell 

wall regeneration and hyphae formation (Oikawa et al., 2003). 

 

 

 

 

Figure 6.9: Protein-protein functional analysis of B. bassiana ARSEF 2860 

chitinase 
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The analysis of the B. bassiana xylanase domain predicted the presence of alpha/beta 

hydrolase superfamily and YjeF N-terminal domains in the protein. The alpha/beta 

hydrolase domain is found in the superfamily of hydrolytic enzymes of different 

phylogenetic origin and catalytic function but with a common fold. The common fold is 

an alpha/beta-sheet containing 8 beta strands linked together by 6 alpha-helices. Members 

of this superfamily possess a catalytic triad, which is usually borne on loops, which are 

also the most conserved structural features of the fold (Carr and Ollis 2009). The YjeF 

N-terminal domains have been noted to either exist as single proteins or fusions with 

other domains and are typically found in hydrolytic enzymes. This domain is made up of 

a three-layer alpha-beta-alpha topology with alpha helices surrounding a central beta-

sheet. The active sites of the YjeF N-terminal domains are highly conserved with a large 

proportion of acidic residues, this is also typical of the active sites of many hydrolytic 

enzymes (Carr and Ollis 2009). 

 

6.3.2.3 Functional analysis of B. bassiana xylanase 

B. bassiana xylanase was predicted with a high probability to be extracellular by Cello 

v.2.5, the subcellular localization predictor. Previous studies have shown the extracellular 

secretion of xylanase from B. bassiana (Petlamul and Boukaew 2019; Ryali et al., 2020). 

It has been noted that most microbial xylanases are secreted into the extracellular 

environment mainly because of the large and complex structure of xylan, the substrate, 

which hinders its assimilation into the cell (Collins, Gerday and Feller 2005). 

Furthermore, results obtained earlier in this study confirms this prediction, as B. bassiana 

SAN01 xylanase was amassed from the extracellular secretion in the culture broth 

(Chapter 3, Section 2.3). The likelihood of the xylanase existing as an integral membrane 

protein was also evaluated using the TMHMM algorithm (Figure 6.12). The algorithm 

predicted that no portion of the protein was membrane-associated as all of the amino acid 

residues were predicted with a probability of ~0 to be transmembrane. This result further 

validates earlier experimental data observed in this study as well as earlier predictions. 
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Figure 6.12: TMHMM plot statistics representing the likelihood of B. bassiana D1-5 

xylanase embedded in the cellular membrane 

 

SignalP 5.0-HMM was also used to predict the presence of signal peptides in B. bassiana 

xylanase (Armenteros et al., 2019). The SignalP prediction showed the presence of signal 

peptides in the first 22 amino acid residues of the xylanase N-terminal (Figure 14). The 

standard secretory peptide, Sec/SPI, was the only signal peptide present with a probability 

of 0.9947. Furthermore, a cleavage site between residues 20 and 22 was also predicted.  

 

 

Figure 6.13: SignalP plot for B. bassiana D1-5  xylanase       
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6.3.2.4 Tertiary structure analysis of B. bassiana xylanase 

The three-dimensional structure of the selected B. bassiana xylanase was modelled using 

the Swiss-Model server based on the known crystal structure of a homologous protein. 

The crystal structure of acetyl ester-xyloside bifunctional hydrolase from 

Caldicellulosiruptor lactoaceticus (PDB ID: 6A60), which had the highest sequence 

identity (37%), was used as the template for 3D structure prediction of B. bassiana 

xylanase. Although the commonly accepted sequence identity is ³40%, there is no size 

fit all for all protein modelling. Recent investigations have recorded validated results from 

templates with above 25% with the target sequence (Shahaf et al., 2016; Haddad, Adam 

and Heger 2020). The analysis of the modelled xylanase (Figure 6.14) showed that it is 

made of α/β barrel structural domain, in which α-helices and parallel β-strands alternate 

along the protein backbone. This domain was found common in the NodB-like 

polysaccharide deacetylase family and it is also closely related to the family 10 xylanases 

(Collins, Gerday and Feller 2005). The overall quality factor score predicted by ERRAT 

for the xylanase was 93.84 while Verify 3D showed that 80.37% of the residues had 

averaged a 3D-1D score ≥ 0.2, indicating the reliability of the predicted model. The 

stereo-chemical quality of the model as evaluated using the Ramachandran plot showed 

the xylanase model had 92.6% of residues in the most favoured regions and 6% residues 

in the additional allowed region (Figure 6.15). The total distribution of these residues 

in the favoured region is evaluated as 98.6%, reflecting acceptable model adequacy. A 

very low percentage of the residues were found in the outlier region (1.4%). 

 

Figure 6.14: 3D structure of B. bassiana D1-5 xylanase  



208 

 

 

Figure 6.15: Ramachandran plot for B. bassiana xylanase D1-5 showing the number of 

residues in favoured, allowed and outlier region  
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6.3.2.5 Docking analysis of B. bassiana xylanase 

The probable active/binding sites of the B. bassiana xylanase model were predicted to 

be Thr-85, Ser-86, Asn-120, Ile-218, Asn-220 and Leu-298. Previous studies have 

shown the involvement of some of these amino acids in the catalytic and binding sites 

of fungal xylanases (Sansen et al., 2004; Cheng et al., 2015). Xylotriose is an 

oligosaccharide, which is produced from the hydrolysis of xylan by xylanase, hence it is 

the model ligand used to study xylanase-ligand interaction (Conejo-Saucedo et al., 2017; 

Aronsson et al., 2018; Zheng et al., 2020).  The docking of the xylanase from B. bassiana 

D1-5 with xylotriose revealed the energy-favoured conformations of the enzyme (Figure 

6.16) and further highlighted by the interacting amino acids from the binding site (Figure 

6.17). The xylanase-xylotriose complex showed an affinity score ranging from -6.6 to -

6.1 for the nine different conformations. The highest-ranked ligand with a score of -6.6 

was selected. It was observed that the ligand interacted with the active site forming both 

conventional hydrogen, carbon-hydrogen bonds as well as van der Waals interaction with 

Thr-85, Ser-86, Cys-87, Lys-88, Arg-208, etc. (Figure 6.17). These predicted active 

residues are also in agreement with the previous prediction recorded from the CASTp 

analysis. 

 

 

Figure 6.16: B. bassiana D1-5 xylanase-xylotriose complex 
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Figure 6.17: Interaction between xylotriose and the ligand sites of B. bassiana D1-5 

xylanase. 

 

 

The networking protein partners of the B. bassiana xylanase were predicted using the 

STRING server (Figure 6.18). The query protein was confirmed by STRING to be 

xylanase; however, it was also predicted to have significant polysaccharide deacetylase 

activity and was classified under the Polysaccharide deacetylase 1 family. The strong link 

between the degradation of xylan (and other hemicelluloses) and polysaccharide 

deacetylase such as acetyl xylan esterase has been shown in previous studies (Sista 

Kameshwar and Qin 2018; Hettiarachchi et al., 2019).  Proteins with the closest 

interaction with the xylanase include chitin synthase, endochitinase, glycosyltransferase, 

a putative esterase and other polysaccharide deacetylases. The putative esterase was 

predicted to possess the most significant interaction with B. bassiana xylanase. Esterases 

have been noted to deacetylate the O-acetyl in highly acetylated hemicellulose, making 

them more susceptible to further enzymatic attack and degradation (Beg et al., 2001; 

Yang et al., 2017).  
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Figure 6.18: Protein-protein functional analysis of B. bassiana D1-5 xylanase 

 

6.4 Conclusion  
 
The in silico characterization revealed a remarkable variation amongst chitinases from 

different B. bassiana strains and gave significant insight into the structure of the selected 

xylanase. The lower GRAVY score and higher aliphatic index substantiated the 

hydrophilicity and thermostability of the chitinases. While the ExPasy-ProtParam 

predicted molecular weight and THMMM result of the xylanase was in accordance with 

wet-lab experimental results obtained earlier in this thesis. The 3D models of the 

representative enzymes created by homology modelling and validated by ERRAT, Verify 

3D and MolProbity server revealed the high quality of both the selected chitinase and 

xylanase structures. In addition, some insights were gained into the probable active site 

of the enzymes by docking the selected B. bassiana chitinase and xylanase with 

allosamidin and xylotriose, respectively. This computational approach afforded some 

useful information about the carbohydrases from B. bassiana, which could help in future 

structural and biochemical characterization of the enzymes in vitro. This data would also 

help to understand the possible structure and functions of other hydrolytic enzymes 

produced by B. bassiana, thus increasing the potential of their industrial applicability. 
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7.1  Conclusion 

Recently, scientific inquiry into various classes of fungi, such as the entomopathogens 

and the endophytes, has risen with regards to production of industrially important 

enzymes and other fungal metabolites. Hence, this study was focused on exploiting the 

enzyme production potential of an entomopathogenic fungal endophyte, Beauveria 

bassiana. B. bassiana, isolated in its endophytic state from onion leaves, was 

demonstrated in pilot studies to possess remarkable biomass degradative ability. 

Preliminary results further revealed that the fungal strain produced various glycoside 

hydrolases at copious levels. However, it is believed that in exploring the fungus as a 

viable source of carbohydrases, it becomes imperative to investigate the changes 

occurring in the fungus at the molecular level, during its trophic transition from its natural 

endophytic state to its less known saprophytic/fermentation state. In this regard, some 

significant findings were recorded in this study and they are all summarised in this 

chapter. 

The fungal isolate, which was subsequently referred to as B. bassiana SAN01, was 

confirmed to be a B. bassiana strain by the amplification and sequencing of its rDNA ITS 

sequence. In addition, phylogenetic analysis of the sequences highlighted the close 

relationship of B. bassiana SAN01 with other B. bassiana strains, other species of the 

Beauveria genus as well as other well-known entomopathogens. To further characterize 

the fungus, the carbon utilization profile of B. bassiana SAN01 was enumerated using 

the standard Biolog FF MicroPlate. The respiration rate and biomass growth of the 

fungus, as deduced from the phenotypic microarray, revealed its special preference for 

carbon sources such as polyols, pentoses, N-acetylglucosamine, etc. Hence, the metabolic 

versatility of the fungus, especially its ability to utilize nutritional substrates and its 

adaptability in different environments was demonstrated by the microarray experiments. 

An in-depth analysis of B. bassiana SAN01 transcriptome under simulated endophytic, 

fermentation (saprophytic) and control (basal media) conditions revealed the genetic 

machinery underpinning the versatile nutrition mode of the fungus, observed earlier in 

the pilot studies. In this regard, significant differential gene expression patterns were 

observed in the fungus under the various evaluated trophic conditions. As earlier 

speculated, results from the RNA-seq affirmed that many genes involved in the 

deconstruction, transportation and assimilation of different carbohydrate polymers were 

remarkably upregulated under the fermentation condition. Prominent among these 
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upregulated genes are the genes coding for glycoside hydrolases such as alpha-

glucosidase, amylases, beta-glucosidase, endoglucanase, beta-1,3, glucanases, chitinases, 

pectinases and xylanase. Furthermore, genes for some accessory enzymes involved in 

biomass degradation were also observed to be upregulated and these include the genes 

for catalases, feruloyl esterase, laccases, multi-copper oxidases, and peroxidase. Hence, 

the significant findings from this comparative transcriptomic analysis were able to clarify 

some fundamental questions about the versatility of the fungi. Firstly, it revealed that the 

interaction of B. bassiana SAN01 with its different environment and under its different 

nutritional states is quite dynamic in terms of transcriptional activity and secreted 

proteins. Secondly, the gene expression response of B. bassiana SAN01 under the 

endophytic conditions shared significant similarities with the fungus under the control 

condition (basal media). In contrast, the two aforementioned gene expression responses, 

both differed significantly from the gene response while under fermentation condition. 

Lastly, the basis for the lignocellulose-degrading capabilities of B. bassiana SAN01 was 

also established, as well as its substrate selection and utilization. 

Thus, based on the gene expression profile, previous results, while also considering their 

industrial importance, four biomass-degrading enzymes were selected from B. bassiana 

SAN01 for optimization studies. The production parameters for the selected enzymes, 

viz., amylase, cellulase (endoglucanase), pectinase (polygalacturonase) and xylanase, 

were optimized using response surface methodology. At the end of the two-level 

optimization process, increased yields of 34.82 UmL
-1

, 23.03 UmL
-1

, 51.05 UmL
-1

 and 

1061 UmL
-1 

were observed for the amylase, endoglucanase, polygalacturonase and 

xylanase, respectively. These production levels were found to be 1.79- (amylase), 1.35- 

(endoglucanase), 1.87- (polygalacturonase) and 3.44- (xylanase) folds higher than their 

initial yields prior to the optimization. In addition, it is also significant that these 

production levels are the highest ever reported for the four enzymes from any B. bassiana 

strain.  

Subsequently, the enzymes were subjected to purification and biochemical 

characterization in order to enhance the feasibility of their prospective industrial 

applications. As protein purification is a highly expensive and onerous task, the scope of 

this study was limited to the complete purification of one of the enzymes, xylanase, while 

the other three enzymes were partially purified. B. bassiana SAN01 xylanase, which was 

purified to homogeneity, was found to have a specific activity of 324.2 Umg
-1

 and a 
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molecular mass of ~37 kDa. While the partial purification of the other enzymes led to 

specific activities of 2.9 Umg
-1

 (amylase), 2.72 Umg
-1

 (endoglucanase) and 3.1 Umg
-1

 

(polygalacturonase), respectively. Expectedly, all of the carbohydrases were mesophilic 

in nature which is reflective of the physiological temperature of the fungus in its natural 

state. Similarly, the enzymes all performed optimally in the pH range of 6.0-7.0, which 

is the physiological pH range of the fungus, as well as the typical pH range for most 

fungal enzymes. 

Afterwards, the potential of the B. bassiana SAN01 depolymerases in different industrial 

processes were evaluated and optimized. The purified xylanase was shown to effectively 

deink printed wastepaper as deduced from spectrophotometric analysis, FTIR analysis 

and scanning electron microscopy. In the same vein, significant saccharification of 

sugarcane bagasse was achieved by the hydrolytic action of the partially purified 

endoglucanase-xylanase enzyme cocktail. In the saccharification experiment, results 

showed that approximately 20% of the biomass was converted to reducing sugars at an 

optimum temperature of 30°C after 8 h incubation. The efficacy of the amylase-

polygalacturonase cocktail in the clarification of pear juice was also highlighted in the 

study, with a 1.37-fold improvement in clarity demonstrated under optimized conditions. 

In addition, the enzyme cocktail also lowered the browning index, turbidity and viscosity 

of the juice samples. Similarly, the nutritional qualities of the fruit juice were also 

confirmed to be maintained after the enzyme treatment, as demonstrated by the 

antioxidant potential before and after the enzyme-assisted clarification.  

The study was concluded by the structural characterization of chitinases and a xylanase 

from B. bassiana using computational techniques. This was necessitated by the fact that 

there is little or no information on the structure of B. bassiana chitinase despite the 

importance of chitinase isoforms in the physiology and industrial applications of B. 

bassiana. However, the selected xylanase was chosen for structural analysis based on the 

proximity of its computed molecular weight with the actual molecular weight of B. 

bassiana SAN01 xylanase, which had been established earlier in this study.  The in silico 

analysis predicted that most of the enzymes were hydrophilic, thermostable and 

negatively charged with significant in vivo half-life. Results also revealed that the 

secondary structures of the chitinases and the selected xylanase were composed 

predominantly of random coils. In addition, the stereochemical quality of the modelled 

three-dimensional structures of a selected chitinase and the xylanase were validated using 
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the standard validation servers.  The presence of ~ 90% of the amino acid residues of the 

two enzymes in the Ramachandran plot’s favoured region confirmed the quality of both 

models. Finally, the binding site predictions and protein-ligand docking results suggested 

Asp-208, Gln-242, Gln-265 and Asn-268 as the most probable active site residues for the 

chitinase while it predicted Thr-85, Ser-86 and Asn-220 as the most probable active site 

residues for the xylanase.  

 

7.2  Future Prospects 

Building on the foundation laid by this study, future areas of research are thus 

recommended. As this study has highlighted many candidate genes and metabolites for 

further investigation, their detailed functional characterization will help verify their 

biological roles and gain more insights into the metabolic versatility of the fungus. The 

production of the selected B. bassiana SAN01 carbohydrases under solid-state 

fermentation conditions and with the application of other optimization techniques such 

as artificial neural network, ant colony colonization and differential evolution may yield 

interesting results with regards to the production levels. Furthermore, recombinant 

expression of B. bassiana SAN01 carbohydrases in appropriate host systems will not only 

lead to increased yield of the enzymes but also allow more efficient product recovery. In 

addition, the complete purification of the amylase, endoglucanase and polygalacturonase 

from B. bassiana SAN01 will facilitate further biochemical and kinetic characterization 

of these enzymes. It is also hoped that the tertiary structures of the B. bassiana SAN01 

chitinase and xylanase will be determined experimentally using techniques such as cryo-

electron microscopy, X-ray crystallography, etc. In addition to either 

authenticating/rebutting the current information gathered in this study using 

computational tools, these structural descriptions will go a long way in establishing the 

structure-function relationship of the enzymes. It is believed that the structural 

information from the wet-lab studies will also enhance future modification and control of 

the enzymes through protein engineering, directed evolution, etc., for improved catalytic 

efficiency. Finally, the economic and environmental feasibility of these enzymes are 

required to be well understood before possible industrial applications and 

commercialization. Techno-economic Analysis (TEA) of these biocatalysts and their 

highlighted applications would go a long way in evaluating the potential bottlenecks, 

economic feasibilities, operation targets for process improvement as well as identify 
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further research and development effort requirements during early stages of their different 

biobased applications. Similarly, the Life Cycle Assessment (LCA) of the B. bassiana 

carbohydrases and their potential industrial applications will also aid in assessing the 

potential environmental impacts and also in identifying potential environmental hotspots.  
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Beauveria pseudobassiana ARSEF 3405 NR_111598.1  

Beauveria sungii ARSEF 1685  NR_111602.1  

Beauveria varroae ARSEF 8257 NR_111599.1  

Beauveria vermiconia ARSEF 2922 NR_151832.1  

Blackwellomyces cardinalis NR_159788.1 

Cordyceps cateniannulata CBS 152.83 NR_111169.1 

Cordyceps javanica CBS 134.22 NR_111172.1 

Cordyceps ningxiaensis HMJAU 25074 NR_137117.1 

Gibellula shennongjiaensis GZAC SNJ2012 NR_158478.1 

Lecanicillium araneicola NBRC 105407 NR_121208.1 

Lecanicillium fungicola CBS 992.69 NR_119653.1 

Lecanicillium kalimantanense BTCC F23 NR_121200.1 

Lecanicillium longisporum IMI 021167 NR_111095.1 

Lecanicillium saksenae IMI 179841 NR_111102.1 

Samsoniella hepiali CGMCC 3.17103 NR_160318.1 

Samsoniella inthanonensis TBRC 7915 NR_164420.1 
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Appendix 2 
 Distribution of utilizable carbon sources in the Biolog FF MicroPlate used in this study. 
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Appendix 13 
 
Bovine serum albumin standard curve for Protein estimation (Lowry-Hartree method)  
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Appendix 14 
 
Galacturonic acid standard for Polygalacturonase enzyme activity (DNS method) 
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Appendix 15 
 
Glucose standard for Amylase and Endoglucanase enzymes activity (DNS method) 
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Appendix 16 
 
Xylose standard for Xylanase and Endoglucanase enzymes activity (DNS method) 
 




