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Fungi have traditionally been the source of several useful chemical substances starting with the well known ethyl alcohol from yeast, which continues to influence human civilization all over the world. In 1928 Alexander Fleming discovered Penicillin opening up the era of antibiotics (Jacobs, 1985). Even though actinomycetes became the more important source of antibiotics in the years to come, some new antibiotics are still being sourced from fungi. Following the antibiotics era, in the latter part of 20th century, scientists isolated from fungi many more products important in agriculture, industry and medicine. However, emphasis started slowly shifting towards other groups of microbes, such as bacteria including actinomycetes. In the 21st century, there are reasons to believe that fungi can again occupy the center stage in bioprospecting novel chemicals useful in industry. In this lecture, I will highlight some of the recently discovered industrial and pharmaceutical applications of fungi, to highlight the premier role fungi will play as source for the production of several new chemicals, through classical as well as biotechnological methods involving cloning of genes.

Protein based therapeutic agents are emerging as the largest class of new chemicals in drug industry. Most proteins being large molecules necessitate their production in living systems, mostly by recombinant DNA technology. The choice of expression hosts for the recombinant drugs has been the subject of current ongoing evaluation. Yeasts and filamentous fungi have been extensively used for production of industrial enzymes and human therapeutic proteins by most industries in the last few years. The ability of these organisms to grow in chemically defined medium in the absence of animal-derived growth factors (e.g., calf serum) and to secrete large amounts of recombinant protein, together with ease of    scale-up and low cost of production have made these organisms the systems of choice for producing many industrial enzymes and therapeutic proteins. 

Antimicrobials from Fungi


The first antimicrobial agent (antibiotic) to be produced was Penicillin, and it was discovered through the sheer serendipity of Alexander Fleming in 1928. This was derived from the ascomycetous fungus Penicillium notatum. The antibiotic was put into mass production and large scale therapeutic use because of the scale up work subsequently carried out by Howard Florey and Ernst Chain in the 1940s, and this work was spurred by the necessity to cure wounded soldiers of infections during the II world war (Abraham, 1981; Bottcher, 1964; Jacobs, 1985). With the discovery of Streptomycin from an actinomycete, by Selman Waksman in 1944, the era of antibiotics truly began, and during this period extending over two decades, more than 1000 antibiotics were discovered, many of them from actinomycetes, and some from fungi.

As on today, the important antibiotics derived from fungi, other than Penicillin, are: Cephalosporin from Cephalosporium spp., Griseofulvin from Penicillium griseofulvum, Lentinan from Lentinus sp., and Schizophyllan from Schizophyllum commune. Penicillin and Cephalosporin are antibacterial antibiotics acting against Gram-positive bacteria, whereas, Griseofulvin is an antifungal antibiotic useful in treating dermatophyte infections. Lentinan is active against Mycobacterium tuberculosis, Listeria sp., and Herpes Simplex Virus-1 (HSV-1). Schizophyllan is both antibacterial and antifungal in activity. It is useful in controlling Candida albicans and Staphylococcus aureus.


Mushrooms and polypores are rich source of natural antibiotics. The cell wall glucans are well known for their immunomodulatory properties, and the secondary metabolites are active against bacteria (Benedict and Brady, 1972; Kupra et al., 1979) and viruses (Suzuki et al., 1990; Brandt and Piraino, 2000). Exudates from mushroom mycelia are active against protozoa such as the malarial parasite Plasmodium falciparum (Lovy et al. 1999; Isaka et al., 2001). Since humans and fungi share common microbial antagonists such as Escherichia coli, Staphylococcus aureus and Pseudomonas aeruginosa, humans can benefit from the natural defense strategies of fungi to produce antimicrobials (Hardman et al., 2001). The general hypothesis increasingly substantiated is that polypores provide a protective immunological shield against a variety of infectious diseases (Chihara, 1992; Hobbs, 1986; Mizuno et al., 1995). 

Two other polypores are notable, Fomes fometarius and Piptoporus betulinus, both of which were found in the high Alpines near the border of Italy, buried along with the legendary ‘ice man’ 5300 years ago (Peintner et al., 1998). Scientists believe that the use of these fungi was for their antimicrobial properties.
In a recent in vitro study, more than 75% of polypore species surveyed showed antimicrobial property (Suay et al., 2000). In particular, this study showed species of the genus Ganoderma such as G. applanatum, G. lucidum, G. pfeifferi and G. resinaceum to be effective against Gram-positive bacteria. In contrast, gilled mushrooms such as Psylocibe semilanceata, Pleurotus eryngii, and Lactarius delicious all strongly inhibited the growth of Staphylococcus aureus (Smania et al., 2001). Going in more detail about this aspect is out of the scope of this article; however, one could understand that the mushroom and polypore genome stands out as a virtually untapped resource for novel antimicrobials.
Non-antibiotic Therapeutics from Fungi


There are non-antibiotic therapeutic agents obtained from fungi that have revolutionized medical practice. Cyclosporin is an important immunosuppressant drug that is used in organ transplantation surgery. Cyclosporin-A is derived from Tolypocladium inflatum, and Aspergillus sp. Isopenicillin-N is a common precursor of Penicillin and Ensuphulosporan antibiotics and this is produced by T. inflatum. About 20% of the drugs produced by pharmaceutical industry today are derived from fungi (Churchill, 2001).


Lovastatin is a cholesterol biosynthesis inhibitor derived from Aspergillus terreus. It is one of the many drugs used as a cholesterol reducing agent. A similar cholesterol reducing drug is produced from Penicillium citrinum, and it is called Pravastatin. 

Fungi are the source of vitamin B12 (Saccharomyces cerevisiae) and other vitamins (S. cerevisiae, Ashbya sp., Blakeslea sp.), hallucinogens (Psylocybe sp.), and steroids useful in fertility regulation (Rhizopus spp.). 
Bulk Enzymes from Fungi

There are several multinational companies having stake in manufacturing industrial enzymes from fungi. Biocon India Ltd. is a major bulk enzyme producer in India, but not a major at global level. The top 14 companies at the global level are listed in table 1. 

Table-1. Major bulk Enzyme producing Companies ( from Ratlege and Kristiansen, 2001)

1. Amano Pharmaceutical Co., Japan

2. Biocatalysis  Ltd., Wales

3. Enzyme Development Corp., USA

4. Danisco Cultar,  Finland

5. DSM-GIST, Netherlands

6. Meito Sankyo Co.,  Japan

7. Nagase Biochemicals Ltd., Japan

8. Novo Nordisk, Denmark

9. Rhone-Poulenc,  England

10. Rohm gmbh, Germany

11. Sankyo Co.,  Japan

12. Shin-Nihon Chemical Co., Japan

13. Solavy Enzymes gmbh,  Germany

14. Yakult Biochemical Co., Japan
The bulk enzymes produced have found use mainly in the areas mentioned in table-2 (from Ratlege and Kristiansen, 2001).
Table-2.Use of Enzymes for different purposes


Food


45 %

Detergent

34 %

Textile


11 %

Leather

  3 %

Pulp/paper

  1 %

Others


  6 % 

The major enzymes sourced from fungi are listed in table-3.
Table-3. The major enzymes sourced from fungi
ENZYME



SOURCE

· Acid, alkaline &

Aspergillus oryzae; A. niger

neutral proteases

A. flavus; A. sojae



· Cellulase


Trichoderma koningi

· Diastase


Aspergillus oryzae

· Glucoamylase


Aspergillus niger; A. oryzae

· Invertase


Saccharomyces cerevisiae

· Lactase


S. lactis; Rhizopus oryzae

· Ligninase


Phanerochaete chrysosporium
· Lipase



Rhizopus spp.

· Pectinase


A. niger; Sclerotinia libertina

Organic acids from Fungi

There are several organic acids produced on a commercial scale from fungi. These will not be discussed in detail in this paper. More information is available in the articles by Kubicek (2001). However, some examples are given in table 4.

Table-4. Organic acids produced from fungi

Organic acid


Source


Citric acid 


Aspergillus niger

Fumaric acid


Rhizopus nigricans

Gluconic acid


Aspergillus niger

Itaconic acid


A. terreus

Kojic acid 


A. oryzae
Use of Fungi as Expression Hosts for Therapeutic proteins

The most important recent development in microbial biotechnology is the use of fungi as expression hosts for recombinant proteins used as therapeutic agents for human diseases. A good expression host for recombinant proteins should have the following properties:

· It should have the ability to produce the product in large quantities.

· It should not have proteolytic enzymes which destroy the product.

· It should be easy to cultivate in large volumes in fermenters.

· Its biology should be thoroughly understood.
· It should be able to carry out post-translational modifications such as protein folding, disulfide bond formation and glycosylation (needed for human proteins).

Bacteria are good expression hosts and Escherichia coli has been extensively used for the expression of heterologous proteins. However, bacterial expression hosts suffer from certain disadvantages with regard to the production of human therapeutic proteins. Bacteria are easy to cultivate and do produce large quantities of recombinant proteins, but being prokaryotes, they do not have the metabolic machinery to carry out post-translation protein modifications such as protein folding with disulfide bond formation, and glycosylation. Besides, bacteria cannot synthesize large mammalian proteins. Some recombinant proteins (e.g. insulin) produced from E. coli work well in the human system without glycosylation. However, most recombinant proteins cannot be active in the mammalian system, without glycosylation. Glycosylation not only improves solubility of the protein but also enhances its movement and overall activity in the mammalian system.
The eukaryotic expression hosts are different from bacteria in that they possess endoplasmic reticulum (ER) and Golgi apparatus. The major function of ER and Golgi is to glycosylate proteins as they pass through them. Glycosylation leads to the formation of glycoproteins by the addition of oligosaccharides (such as glucose, glucosamine, galactose or mannose) either to NH2 group of asparagine (N-linked glycosylation) or OH group of serine (O-linked glycosylation). 


Among eukaryotes, the use of insect cell cultures for production of recombinant proteins has some disadvantages. The gene coding for the recombinant protein can be inserted into the genome of the baculovirus, Autographic californica. It will very efficiently infect insect cells, and use the protein synthesis machinery to produce large amounts of protein (about 500mg of protein per liter of culture) within 2-3 days after infection. Therefore, this system is very suitable to obtain recombinant proteins rapidly for feasibility studies. However, the system is not suitable for scaling up for industrial production, as the post-translation processing differs from the mammalian systems (Kresse, 2001).
The other eukaryotic expression hosts are the animal cell cultures and these are  obvious first choice for expression of human proteins. Their glycosylation system is very close to that of the human system. The current choice is Chinese Hamster Ovary (CHO) cell cultures, or preferably Baby Hamster Kidney (BHK) cell cultures. Usually the proteins are secreted into the medium in properly folded active form and in most cases post-translational modifications and glycosylation occur in a ‘human-like’ manner, although minor differences may exist (Kresse, 2001). However, development of a stable cell line that expresses the therapeutic protein at high level may take several months, and the overall manufacturing costs are high. The system is useful when the therapeutic protein involved is crucial for a particular purpose, irrespective of cost.    

Among eukaryotes, fungal cell cultures have the advantage that they are easy to grow and inexpensive to maintain. Major revolution in fermentation technology has helped us to grow yeasts and filamentous fungi in very large volumes and we are now in a position to take advantage of the accumulated knowledge in the novel route. The glycosylation system of fungi is slightly different from that of humans as all the glycosylating enzymes present in human cells are not present in fungi (Table-5). However, there are ways of overcoming this deficiency as we will discuss later.

Table-5. Glycosylation enzymes of Golgi apparatus of humans and the yeasts (The yeast


   in question is Pichia pastoris)
HUMAN

     

YEAST

α 1,2 Mannosidase-I  
             
1,6 Mannosyl transferase

Mannosidase-II

   
1,2 Mannosyl transferase

β 1,2 N-acetylglucosaminyl 


transferase –I

β 1,2 N-acetylglucoaminyl 


transferase-II

β 1,4 galactosyltransferase

Sialyltransferase

Because of the presence of two mannosyl transferases in yeasts, yeast glycosylation is of high-mannose type, i.e., it attaches around 10 times more mannoses than required, and this confers a short in vivo half life to the protein and may even render the protein immunogenic. Several ways of humanizing the glycosylation pathways in yeasts have been tried (Gerngross, 2004). 
The glycosylation pathways in some fungi can be slightly closer to the human glycosylation pathways. For example, Trichoderma reesei was able to secrete glycoproteins intermediate between human and fungal glycoproteins. Such glycoproteins are amenable to further glycosylation in vitro through mammalian glycosyl transferases (Maras and Contreras, 1994). 

Humanizing the Glycosylation Pathways:


The other option is to genetically engineer the human glycosylation pathway into the fungal cell. Technically this is a very complex and demanding task. However, the first step has already been taken with scientists having cloned the human glycosylating gene for β 1,4-N-acetylglucoaminyl transferase in the filamentous fungus Aspergillus nidulans.

Yeasts have been the expression vectors for more than 500 mammalian proteins. The important therapeutic recombinant proteins expressed by Saccharomyces cerevisiae are given in tabe-6.

Table-6. Some therapeutic recombinant proteins expressed by Saccharomyces cerevisiae
BRAND NAME
RECOM. PROTEIN

COMPANY             
· Actrapid

Insulin


NovoNordisk

· Ambrix

Hepatitis-B     

GlaxoSmithKline





surface antigen 

· Comvax

…….”…….


Merck

· Elitex


Urate oxidase


Sanofi-Synthlabo

· Glucagen

Glucagon


Novo Nordisk

· HBVAXPRO

Hepatitis-B


Aventis Pharma





Surface antigen

· Leukine

Granulocyte


Berlex





macrophage CSF

· Regranex rh

Platelet-derived

Ortho-McNeil





Growth factor

& Janssen-Cilag
Note: Data from Tilman U. Gerngross, Nature Biotechnology, 2004


The important therapeutic recombinant proteins expressed in the methylotrophic yeast Pichia pastoris are listed in table-7.

Table-7. Some important therapeutic recombinant proteins expressed in Pichia pastoris
Protein

Indication


Firm 
· Angiostatin
  
Anti-angiogenic   

EntreMed

· Elastase  
  
Cystic fibrosis

Dyax

· Endostatin

Anti-angiogenic

EntreMed

· Epidermal 
  
Diabetes


Transition


growth factor





Therapeutics

· Hepatitis-B

Serum hepatitis

Glaxo


surface antigen




-SmithKline

· Human serum
Stabilizing


Mitsubishi


albumin

blood in


Pharma





burn/shock

· Insulin-like

Deficiency of


Cephalon


growth factor-1
of the same


Note: Data from Tillmann U. Gerngross, Nature Biotechnology, 2004

Production of Hepatitis-B Vaccine from Pichia pastoris
Pichia pastoris expression vector has been the classical example of how a fungal expression host can reduce the cost of a vaccine considerably. Earlier, a single dose of Hepatitis-B vaccine was costing about Rs. 800/- but now the cost has been reduced to Rs. 80/- per dose. This is because P. pastoris can be grown easily and economically in large bioreactors. Development of P. pastoris as a host organism for the production of heterologous proteins would provide a means of achieving high yields of fully active products. 
The methodology of using P. pastoris as expression host has been fully described (Glick and Pasternak, 1998), and is summarized here. To begin with, the gene for Hepatitis-B Surface Antigen (HbSAg) was cloned between the promoter region of the alcohol oxidase gene 1 (AOX1p) and the termination and polyadenylation signal region of the same gene (AOX1t). The AOX1 gene is regulated by methanol in P. pastoris. In the presence of methanol, alcohol oxidase can represent as much as 30% of the total cellular protein because of the strength of AOX1 promoter. In the absence of methanol, no alcohol oxidase is synthesized.
A plasmid construct was developed for the incorporation of HbSAg gene into P. pastoris cells. It is in fact a shuttle vector that can exist in E. coli (a prokaryote) as well as P. pastoris (an eukaryote). The plasmid (Fig. 1) consists of the following components:

· AOX1p-HbSAg-AOX1t unit

· Origin of replication that functions in P. pastoris (ORI pp)

· Part of the plasmid pBR 322 with the E. coli origin of replication (ORIE). This sequence enables the vector to be maintained in E. coli, so that cloning steps are carried out in E. coli.
· An E. coli selectable ampicillin resistance marker (Ampr).
· A segment of DNA that lies downstream from the AOX1t sequence (3’-AOX1) that facilitates the inserted gene (HbSAg) into the specific chromosomal site in P. pastoris.
· A functional histidinol dehydrogernase gene (HIS4) which encodes an enzyme that is required for the synthesis of amino acid histidine. This gene acts as a selectable marker in P. pastoris (when histidine non-producing mutants are used for transformation).
 →Ori pp→ AOX1p---HBsAg---AOX1t→

↑                                                                ↓                                                                 
↑                                                                ↓                                                                
  ←Amp r ← OriE←3’AOX1←HIS4←←
Figure-1. Components of P. pastoris expression vector
To avoid the problem of plasmid  instability within the recipient host cell, the strategy is to integrate the gene (AOX1p-HbSAg-AOX1t unit) with the host genome. To do this, histidinol dehydrogenase deficient (HIS4-) mutant strains of P. pastoris are transformed with the vector construct. A double cross over between the AOX1p and the 3’-AOX1 sequences of the vector DNA and the host chromosomal DNA leads to the integration of the AOX1p-HbSAg-AOX1t gene segment as well as the HIS4 gene. The chromosomal segments involved in the crossing over are lost, and the integrated genes remain. The transformed cells can be selected on a medium lacking histidine. The transformed cells grow on this medium as they have acquired the HIS4 gene from the plasmid vector. 

In the presence of methanol which activates the AOX1 promoter, a transformant carrying integrated DNA unit, could synthesize large amounts of HbSAg. The protein was capable of eliciting in the human body antibody response. When the clone was grown in 240 liter batch cultures, the yield was approximately 9x106 doses of vaccine. This is the biggest success story of a vaccine produced from a fungal expression system.

There are several recombinant proteins, including mammalian proteins that cannot be derived from E. coli, and in such cases yeasts have been found to be the answer. Yeasts have been used to express mammalian proteins at very high concentrations, as exemplified by the production of 14.8 g/l of gelatin in Pichia pastoris culture. This yeast has also been the source of Hepatitis-B surface antigen (HbSAg), the recombinant vaccine against the lethal virus Hepatitis-B that causes serum hepatitis. The list of human therapeutic proteins sourced from genetically modified fungi is growing by the day, and this development will challenge the animal cell culture business. 


Most of the yeast based therapeutic proteins are now being obtained from genetically modified baker’s yeast, Saccharmyces cerevisiae. The next yeast of choice now is the methylotrophic Pichia pastoris. This yeast was originally grown on large scale as single cell protein, but later its potential for the expression of recombinant proteins was realized. More than 120 recombinant mammalian proteins have now been expressed in this host.  Many of these proteins have now entered the market. The other methylotrophic yeast tried is Hansenula polymorpha which is being developed for the production of recombinant vaccines.


Among the filamentous fungi used for expression of recombinant proteins,  Aspergillus niger, A. nidulans, and Trichoderma reesei have been found to be useful for the large-scale production of enzymes. A. niger has also been used for the development of antibodies.

Use of P. pastoris for production of Immunotoxin

Recombinant immunotoxins are used in the treatment of various cancers. Right now most of these are in experimental stage. These are recombinant fusion proteins constructed from a cell binding part (mostly the antigen binding part of the antibody), a translocation domain mediating transfer through the cell membrane, and a cytotoxic portion (mostly the bacterial toxin protein such as Diphtheria toxin or Pseudomonas exotoxin). Here we have a new approach that uses Pichia pastoris as detailed below.
· A protocol has been developed leading to the new concept of immunotoxin production from GM yeast (Gurkan and Eller, 2003).

· Bacillus thuringiensis toxin gene was cloned in Pichia pastoris. 

· Toxin belongs to the Cry family, active against insects, generally used for production of Bt- plants. Cloning the genes in E. coli is not possible, but can be achieved in yeast.
· Toxin in question acts as an immunotoxin for use as an antitumor agent in humans.

· Chimeric molecules (cell binding ligands + immunotoxin) are derived from genetically engineered cells of P. pastoris. 
Gene Transfer from Fungus to Fungus!

Pigs and poultry lack the enzyme phytase to cleave phytates (myo-inositol phosphates); they are not able to utilize phosphorus locked in plant material as phytates. This leads to environmental pollution of phosphorus, as the phytates are released in feces. 
Thus, it becomes necessary to supply the enzyme phytase in the feed given to these animals. Phytase is now derived from the filamentous fungus Aspergillus niger. However, when A. niger is used for phytase production, the yield is poor and enzyme less stable and less efficient.

Recently scientists from the University of Tennessee (pers. comm.), cloned the gene for phytase from A. niger in the yeast Pichia pastoris (Pers. comm.). The GM yeast produced 6.1 g/L of phytase, 14.5 times higher than A. niger. The recombinant phytase had better activity, and higher temperature optimum of 60oC.

Agaric farming (pharming) for production of human proteins


Agaric farming was originally carried out for harvesting edible mushrooms. Now the new concept has arisen, which visualizes an agaric farm as a recombinant protein farm, as the mushrooms can be made to express several recombinant proteins, including vaccines. Here the requirement of a fermenter, and expensive scale-up procedure are dispensed with, and the process can be used by small scale industry. ‘Farming’ becomes ‘pharming’ when the products are pharmaceuticals.
Basidiomycetes such as Schizophyllum commune, Agaricus bisporus, Pleurotus sp. and Phanerochaete chrysosporium are candidates for protein pharming. However, difficulties are there in gene manipulation. The molecular strategies in Agaricus breeding were recently reviewed by Horgen (1992) and Khush et al. (1999).

Environmental Applications

In the area of environmental applications, harnessing of fungi in bioremediation of industrial effluents contaminated with heavy metals and other toxic substances is a major new development. Fungi have the ability to adsorb heavy metals on their surface because of the charge on their cell walls. They are also able to bind metals because of their ability to produce certain metal binding peptides and proteins. They are also able to degrade complex carbon compounds such as pesticides by virtue of an array of enzymes they normally possess. It is, however, beyond the scope of this article to discuss the role of fungi in bioremediation, as separate review has been published recently on the topic (Sullia, 2005).
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