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    This book fills a huge gap in our knowledge of microbial lipids, otherwise known as oils and fats but encompasses a much more bewildering array of molecules than just those containing fatty acids. The coverage of lipids of fungi is a vast subject, not least because those microorganisms that make up the kingdom of fungi are amazingly diverse in their own right. Fungi vary in physiological complexity from the fairly simple examples of yeasts and unicellular ‘lower fungi’ to the so-called ‘higher fungi, ’ many of which are able to differentiate and have complex life cycles. Altogether, the number of known fungal species is about 150,000, but some experts have suggested that the total number could be over 3 million, a truly huge array of life forms.




    Professor Song, who many years ago was an exceptionally diligent and hard-working Ph.D. student of mine at the University of Hull in the UK, is, therefore, to be congratulated on producing this long-awaited book that then describes in detail the various lipids that can be found in many fungi. Lipids themselves can be relatively simple molecules, such as hydrocarbons and fatty acids – though these can be very diverse materials, to the more complex steroids, sphingolipids and glycosphingolipids. To bring together such an array of knowledge is a major accomplishment; to present this knowledge in a clear and easily understandable single volume is an achievement that could only have come about by someone who has dedicated much of his professional career to the study of these fascinating molecules.




    But, for all our knowledge of the lipids that can be found in fungi, there are many things that we still do not understand. For example, while it has been known for nearly a century that fungi can produce a large number of different polyunsaturated fatty acids, no one knows with any certainty what role they play: why do fungi devote so much of their available energy-producing molecules that seem to fulfill no useful purpose. But purpose they must have. If they did not participate in some key role within the producing cells, cells would have quickly evolved so as not to produce them. So what could be their role? Signaling molecules or highly specific receptor roles? Similarly, we can ask what is the role of complex molecules, such as cerebrosides and glycosphingolipids. And, perhaps ultimately, ask why some fungi, particularly the basidiomycetes, produce vitamin D? An intriguing question that remains completely unanswered. The role of vitamin D in fungi cannot be involved in calcium metabolism and bone formation as it is in animals, but the role of vitamin D in animals now seems to be much more complex than just having a role in bone metabolism. Some think it has multiple roles in animals, including ourselves, and should be considered more of a hormone than a vitamin. If we could work out the role of vitamin D in fungi, and surely this would be a simpler proposition than trying to work out its role in animals, then we could find something that transcends microbiology and leads us to discover something vital concerning ourselves. Thus, by studying fungi, we could be helping to study ourselves. A study of fungal lipid metabolism, therefore, might be a way to unravel some of the questions surrounding our own biochemistry.




    Also, we still do not completely understand why some fungi can accumulate considerable amounts of lipid – mainly in the form of triacylglycerols – but what controls the actual amount that an individual fungus can produce? Why do some fungi accumulate up to 50 to 70% of their biomass as storage lipids, but other fungi, placed in the same growth environment, will only produce half this amount? If these stored lipids are valuable reserves for a fungal cell to build – as indeed they are, then why do not all fungi not produce the highest amount of lipid possible? Why stop half-way? But, if we could learn more about lipid accumulation in microorganisms, might it not have repercussions for studying obesity in animals, including ourselves? If we could find out the mechanism of high lipid accumulation in fungi, could this lead us to control the extent to which humans accumulate fat? Are there corresponding signal molecules in fungi that will turn out to be related to the hormones in humans that seem to be involved with obesity? These remain intriguing questions, and some of the answers may be hinted at in the chapters of this book. But, we should always remember that a study of lipid biochemistry in fungi could easily reveal what goes on in higher life forms. A study of fungi, and particularly fungal lipids, could therefore be an easier way to unravel the complexities of metabolism in ourselves. Study the simpler forms of life, and this will reveal what goes on in higher life forms.




    This is a book that will be needed by all researchers, teachers and their students who work with, or have an interest in, microbial oils and fats or whose work brings them into occasional contact with lipids within the fungal group of microorganisms. The book will also be of key importance to those working in the industry who are engaged in developing some of the key lipids into commercial biotechnological products. Already a number of fungal lipids are in commercial production, but many others may be found that have applications that will require careful development to achieve large-scale manufacture. The diligent reader may well find key material herein that strikes the vital chord and provokes the response, “Now, that is interesting!” Interesting and potentially valuable?




    This book sets out to give clear information and guidance about an amazing array of lipid molecules; it should become the first source of information for all those who wish to know about this topic. Professor Song has assembled a first-class group of contributors who, between them, have produced this comprehensive coverage. The book is a distinguished contribution to lipid chemistry, biochemistry, genetics, and microbiology itself- a veritable store-house of knowledge and information. Well done, Yuanda.




    

      


      Colin Ratledge


      Lipid Research Centre


      Department of Biological Sciences


      University of Hull, Kingston upon Hull


      United Kingdom
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    Lipids are sources of energy (ATP), carbon and water (hence the hump on the camel). As nutrients, lipids provide fatty acids, many colorants, and flavors that are of value to us. With fungi, some produce long-chain polyunsaturated fatty acids, such as gamma-linolenic acid, arachidonic acid, eicosapentaenoic acid and docosahexaenoic acid, which are beneficial to human health. Fungal lipids had been investigated for well over 100 years, and some of this early research work had been comprehensively summarized in the monograph “Fungal Lipid Biochemistry, Distribution and Metabolism” written by John D. Weete in 1974, and later updated in 1980 as well as comprehensively summarized in the monograph Lipid Biochemistry of Fungi and Other Organisms passed with the emerging of cutting edge analytical techniques and instrumentation. Massive progress has been made in the biochemical research of fungal lipids, pioneered by Colin Ratledge and later on by many outstanding scientists around the world. During this period, there has been an increasing demand concerning the production, distribution and metabolism of microbial lipids as alternatives to animal and plant oils, and as possible alternative energy sources to reduce greenhouse gas emissions and strive towards a sustainable economy. Lipid biosynthesis is largely conserved among all microorganisms, however, the accumulation of large amounts of lipids is largely confined to yeasts and moulds, and each species has its own unique genetic background.




    With these considerations in mind, this book focuses on the recent advances in the distribution, classification and biochemistry of fungal lipids and, in many instances, their accompanying metabolism. The classes of lipids are presented in a comparative context. This book aims to satisfy the need of being the main comprehensive reference to which academics, scientific researchers and industrial scientists will be able to use for information on lipid composition, biochemistry, biotechnology, food science and nutrition, and genetics/molecular biology in fungi.




    The book is divided into four sections, starting with an introduction to fungal lipids, which includes definition, classification, nomenclature and some historical aspects of fungal lipid research, followed by an overview of fungal lipids and environmental and nutritional cultural conditions affecting lipid production. In the second section (Chapters 3-6), the metabolism of fatty acids, and their biosynthetic pathways together, with their storage mainly in the form of triacylglycerols, have been discussed. The latter includes a key description of the recently discovered lipid droplet acting as a highly specific cellular compartment for the storage of neutral lipids. The third section (Chapters 7-11) is concerned with the relatively recent interpretation of other major lipid classes, which include glycerophospholipids, sphingolipids, aliphatic hydrocarbons, sterols, carotenoids, and polyprenols and their occurrence and biosynthesis. The final chapter is focused on lipid metabolism during fungal development and sporulation.




    While this book has not included all potential publications on fungal lipids, the data presented was compiled and inspired by many recently published articles. Selection of the key papers being cited has been made critically, leading to each chapter displaying an up-to-date and informative coverage of the subject content.




    I would like to express my appreciation to Professor Colin Ratledge, University of Hull, UK, as the pioneering scientist for his suggestions for the preparation of this book. I would also like to thank Dr. Hassan Mohamed and Dr. Aabid Manzoor Shah for their own chapter contribution, typing assistance and final preparation of this book. I would acknowledge Professor Aidil Abdul Hamid and his co-authors at the Department of Food Sciences, Faculty of Science and Technology, Universiti Kebangsaan Malaysia, Selangor, Malaysia, Professor Xiaojin Song and co-authors of Qingdao Institute of Bioenergy and Bioprocess Technology Chinese Academy of Sciences, China, for their assistance in this work. Finally, but by no means least, I would like to express my gratitude to Professor Wanwipa Vongsangnak of The Omics Center for Agriculture, Bioresources, Food, and Health, Kasetsart University (OmiKU), and Professor Kobkul Laoteng at National Center for Genetic Engineering and Biotechnology (BIOTEC), National Science and Technology Development Agency (NSTDA), Thailand, for their contributions of the final chapters of this book.
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      Abstract




      Fats and oils, which are present in a wide variety of foods, are classified as lipids, a group of biomolecules. In addition to storing energy, lipids serve a diversity of biological purposes. Lipids are not characterized by the presence of specific functional groups, such as carbohydrates, but by their physical property and solubility. Multiple compounds obtained from body tissues are categorized as lipids if they are more soluble in nature in organic solvents. Thus, the lipid classification includes not only oils and fats, which are esters of the trihydroxy alcohol glycerol and fatty acids, but also compounds that merged functional groups derived from carbohydrates, phosphoric acid, or amino alcohols, in addition to steroid compounds such as cholesterol. In this chapter, we discussed the various kinds of lipids by considering classification and pointing out structural similarities, history, and nomenclature.
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      DEFINITION AND CLASSIFICATION




      Lipids have been largely established as carbon-based molecules that are typically hydrophobic naturally and in numerous instances, might soluble in organic solutions as solvents [1]. Lipid includes carbon, hydrogen and oxygen, with various configuration having fewer oxygen atoms than carbohydrate. They occur naturally in most plants, animals and microorganisms, and are used as cell membrane composition, energy storage molecules, insulation, and hormones. The chemical characteristics of lipids cover a wide range of biological substances, including fatty acids, sterols, sphingolipids, terpenes, phospholipids, and other related compounds [2]. They are categorized based on their physical properties at




      ambient temperature (solid or liquid, respectively, oils and fats), on polarity, or on their value for humans, but the preferable classification is due to their structure.




      More precisely, lipid definition is applicable when they are well thought out from a bio-synthetic perspective and its structure, and based on various classification approaches that have been employed last multiple years. Nevertheless, for the main goal of lipid identification and further classification, here we defined lipids as amphipathic molecules or hydrophobic that may become completely or in part of thioesters by carbanion-based condensations like (polyketides, fatty acids, etc.) in addition, isoprene units (prenols, sterols, etc.). Moreover, lipids are subdivided into two groups, simple and complex, with simple lipids being those yielding at most two different kinds of products based on their hydrolysis (e.g., acylglycerols, fatty acids, and sterols) and complex lipids (e.g., glycosphingolipids and glycerophospholipids) yielding more than three products also on hydrolysis.




      The schematic categorization given here arranges lipids into well-defined classes that include prokaryotic and eukaryotic biological sources. Due to the chemical and functional backbone, lipids are classified as polyketides, prenols, acylglycerols, sphingolipids, or saccharolipids (Table 1). By using the advantage of historical and bioinformatics studies, fatty acyls should be separated from the glycerolipids, glycerophospholipids, polyketides, and sterol lipids from other prenols that resulted in eight different essential groups. In order to handle the existing and emerging arrays of lipid structures, this scheme leads to the subdivision of the major classifications into classes and subclasses that is important for the study of the lipid research field and the improvements of structured approaches to data processing. The lipid classification shown here is based on chemical, hydrophobicity molecules that represent the lipid. Bio-synthetically such compounds which not subjected to lipids because of their water solubility are enclosed for completeness in this systematic [3].




      

        Table 1 Main classes of lipids




        

          

            

              	Fatty acyls [FA]

            


          



          

            

              	Octadecanoids

            




            

              	Fatty acids and conjugates

            




            

              	Docosanoids

            




            

              	Eicosanoids

            




            

              	Fatty alcohols

            




            

              	Fatty aldehydes [FA]

            




            

              	Fatty (esters, amides, nitriles, and ethers)

            




            

              	Hydrocarbons

            




            

              	Oxygenated hydrocarbons and others

            




            

              	Glycerolipids [GL]

            




            

              	Mono-, Di-, and Triradylglycerols,

            




            

              	Glycerophospholipids

            




            

              	Glycerophosphoethanolamines

            




            

              	Glycerophosphocholines

            




            

              	Glycerophosphoserines

            




            

              	Glycerophosphoglycerophosphates

            




            

              	Glycerophosphoglycerols

            




            

              	Glycerophosphoinositol monophosphates

            




            

              	Glycerophosphoinositols

            




            

              	Glycerophosphoinositol trisphosphates

            




            

              	Glycerophosphoinositol bisphosphates

            




            

              	Glycerophosphates

            




            

              	CDP-glycerols

            




            

              	Glycerophosphoglycerophosphoglycerols (cardiolipins)

            




            

              	Glyceropyrophosphates

            




            

              	Glycerophosphonocholines

            




            

              	Glycerophosphoglucose lipids

            




            

              	Glycerophosphoinositolglycans

            




            

              	Di-glycerol tetraether phospholipids (caldarchaeols)

            




            

              	Glycerophosphonoethanolamines

            




            

              	Glycerol-nonitol tetraether phospholipids

            




            

              	Oxidized glycerophospholipids and others

            




            

              	Sphingolipids [SP]

            




            

              	Sphingoid bases and Ceramides

            




            

              	Phosphosphingolipids

            




            

              	Phosphonosphingolipids

            




            

              	Neutral, Acidic, and Basic glycosphingolipids

            




            

              	Amphoteric glycosphingolipids

            




            

              	Arsenosphingolipids and others

            




            

              	Sterol lipids [ST]

            




            

              	Sterols

            




            

              	Cholesterol and derivatives

            




            

              	Steroids and Secosteroids

            




            

              	Steroid conjugates

            




            

              	Bile acids and derivatives

            




            

              	Hopanoids and others

            




            

              	Prenol lipids [PR]

            




            

              	Polyprenols and Isoprenoids

            




            

              	Quinones, hydroquinones and others

            




            

              	Saccharolipids [SL]

            




            

              	Acylaminosugar glycans

            




            

              	Acylaminosugars

            




            

              	Acyltrehalose glycans

            




            

              	Acyltrehaloses and others

            




            

              	Polyketides [PK]

            




            

              	Aromatic polyketides

            




            

              	Macrolide polyketides

            




            

              	Polyketide hybrids

            




            

              	Nonribosomal peptide and others

            


          

        




      




      The doable lipid categorization includes names mainly well agreeable in the various reports. The fatty acyls (FA) are a different group of compounds synthesized by the chain elongation of an acetyl-CoA primer with malonyl-CoA (or methylmalonyl-CoA) groups that perhaps comprise a cyclic functionality and/or are replaced with heteroatoms. Two defined categories were represented during a combination of these structures with a glycerol group: the glycerolipids (GL), which include acylglycerols but also encompass alkyl and 1 Z-alkenyl variant, and the glycerophospholipids (GP), that exist delimit for one appearance of a phosphate group esterified to an individual of the hydroxyl groups of glycerol. The prenol lipids (PR) and sterol lipids (ST) share a general biosynthetic pathway through the polymerization of dimethylallyl pyrophosphate/isopentenyl pyrophosphate but have clear variation in terms of their ultimate function and structure; all different categories of lipids are given in Table 2.




      

        Table 2 Examples of different categories of lipids




        

          

            

              	Type/category



              	Example



              	Abbreviation

            


          



          

            

              	Prenol lipids



              	2E,6E-farnesol



              	PR

            




            

              	Glycerolipids



              	1-hexadecanoyl-2-(9 Z-octadecenoyl)-sn-glycerol



              	GL

            




            

              	Polyketides



              	aflatoxin B1




              	PK

            




            

              	Glycerophospholipids



              	1-hexadecanoyl-2-(9 Z-octadecenoyl)-sn-glycero-3-phosphocholine



              	GP

            




            

              	Saccharolipids



              	UDP-3-O-(3R-hydroxy-tetradecanoyl)-αD-N-acetylglucosamine



              	SL

            




            

              	Fatty acyls



              	dodecanoic acid



              	FA

            




            

              	Sphingolipids



              	
N-(tetradecanoyl)-sphing-4-enine



              	SP

            




            

              	Sterol lipids



              	cholest-5-en-3-ol



              	ST

            


          

        




      




      Another clear classification is the sphingolipids (SP), which hold a long chain base as their main structure. The classification act does not have a glycolipids classification essentially, but rather places glycosylated lipids in appropriate type based on the core lipid’s identity. In addition, it was valuable to determine and specify a certain class with the terminology “saccharolipids” (SL) to account for lipids in which fatty acyl groups are closely directly to a sugar backbone. This SL group is mainly defined as “glycolipid” that was earlier named by the IUPAC as a lipid in which the fatty acyl portion of the molecule is present in a glycosidic linkage. The final systematic information is the polyketides (PK), which are various groups of secondary metabolites from microbial bio-sources and plants. Protein modifications by lipids (e.g., cholesterol, fatty acyl, and prenyl) naturally appear; nevertheless, which not enclosed in this database, but are presented in other protein database information (i.e., SwissProt and GenBank).


    




    

      NOMENCLATURE OF LIPIDS




      Lipid’s nomenclature is considered and subjected to inconsequential names that are either historical or driven by metabolism systematics. As with all organic compounds, systematic organic chemical naming rules have been settled for lipids, but conventional lipid nomenclature continued for a good reason. Most established lipid naming patterns are adequate when reported in the context of mammalian lipid metabolism and, to a lesser extent, are logical extensions of the conventional ways used to analyze lipids. Therefore, studying the nomenclature of lipid also show structural and metabolic relationships between lipid types, and familiarity with nomenclature makes the study of lipid metabolism easier and clearer. The individual lipid’s orderly names can continually be derived by the common rules of organic terminology; nevertheless, such names are usually complex and necessary to be supplemented by secondary “semi-systematic” names (e.g., for steroids and corrinoids). Another difficulty exists that names for groups of related and similar compounds consider combinations; names are difficult ever required by the axenic organic chemist but are essential in biochemical work. Lipid identification was fully demonstrated in more detail by the (IUPAC) and (IUBMB) Commission on Biochemical Nomenclature in 1976, which subsequently published its approval [3]. Afterward, multiple additional studies regarding the identification of glycolipids, steroids, and prenols [4-6] were announced and placed on the IUPAC database. During the last thirty years, new lipid classes have been explored, for the first time. The recent categorization comprises these novel lipids and includes a coherent identity. The major differences in lipid classifications include a) clarification of the use of core structures to modify the naming of a few of the more complex lipids, and b) supplying of systematic classification for recently discovered lipid classes.




      A key characteristic of the current lipid nomenclature is described below:





      

        	The use of the stereospecific numbering (sn) leads to describing the glycerophospholipids and glycerolipids [3]. The glycerol group is totally alkylated or acylated at the sn-1 and/or sn-2 position, with the exclusion of several lipids that include exceeding one glycerol group and archaebacterial lipids in which sn-2 and/or sn-3 alteration appear.




        	Sphing-4-enine and sphinganine definition as major structures for the sphingolipid classification, where the d-erythro or 2S, 3R configuration, and 4E geometry (in the case of sphing-4-enine) are included. In such elements comprising stereo-chemistries other than the 2S, 3R configuration, the completely systematic names are to be achieved instead (e.g., 2R-amino- 1,3R-octadecanediol).




        	Cholestane, androstane, and estrane are central names and examples used for sterols.




        	Adherence to the names for FAs and acyl chains primary appellations are employed far more often than systematic names, based on most scientists and researchers in this study are more well-known with this terminology than with systematic ordinary names. Another efficient way of naming FAs would be a short nomenclature that has developed for a long time, i.e., fatty acids (FAs), the numbering of their carbon atoms, and double bonds after a colon, e.g., FA 16:0. Usually, this type of nomenclature includes the placement of the 1st double bond from the omega end written in parenthesis, for example, FA 18:3 (n-3). The position of omega at the 1st double bond help in some instance not to mix up FAs varying just in the position of double bonds. In several times used alteration of this terminology, further the FA would be replaced by a C, i.e., C16:0, C16:1, and C:18. In some few species, the “tr” can be embedded to emphasize a double bond of trans conformation, i.e., FA tr18:1 (n-9) for elaidic acid. The FAs primary names are often obtained from the biological source in which they were explored first. For instance, palmitic acid was first time widely characterized in palm oil, arachidic acid in groundnut (Arachis hypogea) oil, lauric acid in Lauraceae seeds, and oleic acid also in palm oil [7]. Some of the selected FAs are summarized below in Table 3.




        	Glycolipids are glycosyl derivatives of lipids, such as acylglycerols, prenols, and ceramides. They are collectively part of a larger family of substances known as glycoconjugates. The main types of glycoconjugates are glycoproteins, peptidoglycans, glycopeptides, glycolipids, proteoglycans and lipopolysaccharides.




        	The glycolipid’s structures are complex and not easy to reproduce in the text of studies and especially cannot be referred to in oral discussions without a nomenclature that suggests specific chemical structural characteristics. The 1976 recommendations [1] on lipid nomenclature contained a section (Lip-3) on glycolipids, with abbreviations and symbols in addition to trivial names for multiple of the most generally occurring glycolipids. More than 300 novel glycolipids have been isolated and well-characterized, several having chains of carbohydrates with more than 20 mono-saccharide residues and others with structural features, for instance, inositol phosphate. The nomenclature is required to be appropriate and practical, besides extensible, to accommodate newly explored structures. It should also be consistent with the nomenclature of glycopeptides, peptidoglycans, glycoproteins [2], oligosaccharides [3], and carbohydrates in general [4]. This system of nomenclature has been reported by the Consortium for Functional Glycomics.




        	The use of E/Z designations to determine double bond geometry.




        	The use of R/S designations to define stereochemistries. The exclusions are those defining substitutes on glycerol (sn) and sterol core structures and anomeric carbons on sugar residues. In these latter special cases, the α/β format is strongly established.




        	The term “lyso,” indicating a radyl group lacking position in glycerophospholipids and glycerolipids, will not be utilized in orderly names but will be included as the same identity.




        	The suggestion for a single terminology plan to cover the neuroprostheses, isoprostanes, prostaglandins, and related compounds, where the carbon atoms involved in the cyclopentane ring closure are classified and a consistent chain-numbering system is employed. The “d” designation term used in shorthand notation of sphingolipids refers to 1,3-dihydroxy, while “f” designation term refers to 1,3,4-trihydroxy long-chain bases.


      




      The nomenclature of lipids and their derivatives will be discussed in detail in the other sections of this book.




      

        Table 3 Systematically and common names of some selected FAs.




        

          

            

              	Trivial Name



              	Systematic Name



              	Shorthand Nomenclature

            


          



          

            

              	Valeric acid



              	Pentanoic acid



              	FA 5:0

            




            

              	Caproic acid



              	Hexanoic acid



              	FA 6:0

            




            

              	Caprylic acid



              	Octanoic acid



              	FA 8:0

            




            

              	Pelargonic acid



              	Nonanoic acid



              	FA 9:0

            




            

              	Obtusilic acid



              	cis-4-Decenoic acid



              	FA 10:1 (n-6)

            




            

              	Caproleic acid



              	cis-9-Decenoic acid



              	FA 10:1 (n-1)

            




            

              	Capric acid



              	Decanoic acid



              	FA 10:0

            




            

              	5-lauroleic acid



              	cis-5-Dodecenoic acid



              	FA 12:1 (n-7)

            




            

              	Linderic acid



              	cis-4-Dodecenoic acid



              	FA 12:1 (n-8)

            




            

              	Lauric acid



              	Dodecanoic acid



              	FA 12:0

            




            

              	Myristoleic acid



              	cis-9-Tetradecenoic acid



              	FA 14:1 (n-5

            




            

              	Physeteric acid



              	cis-5-Tetradecenoic acid



              	FA 14:1 (n-9)

            




            

              	Tsuzuic acid



              	cis-4-Tetradecenoic acid



              	FA 14:1 (n-10)

            




            

              	Myristic acid



              	Tetradecanoic acid



              	FA 14:0

            




            

              	Palmitoleic acid



              	cis-9-Hexadecenoic acid



              	FA 16:1 (n-7)

            




            

              	Sapienic acid



              	cis-6-Hexadecenoic acid



              	FA 16:1 (n-10)

            




            

              	Palmitic acid



              	Hexadecanoic acid



              	FA 16:0

            




            

              	Margaric acid



              	Heptadecanoic acid



              	FA 17:0

            




            

              	Stearidonic acid



              	6,9,12,15-Octadecatetraenoic acid



              	FA 18:4(n-3)

            




            

              	g-linolenic acid



              	6,9,12-Octadecatrienoic acid



              	FA 18:3(n-6)

            




            

              	a-linolenic acid



              	9,12,15-Octadecatrienoic acid



              	FA 18:3(n-3)

            




            

              	Linoleic acid



              	9,12-Octadecadienoic acid



              	FA 18:2(n-6)

            




            

              	Petroselinic acid



              	cis-6-Octadecenoic acid



              	FA 18:1 (n-12)

            




            

              	Oleic acid



              	cis-9-Octadecenoic acid



              	FA 18:1 (n-9)

            




            

              	Elaidic acid



              	tr-9-Octadecenoic acid



              	FA tr18:1 (n-9)

            




            

              	Vaccenic acid



              	cis-11-Octadecenoic acid



              	FA 18:1 (n-7)

            




            

              	Stearic acid



              	Octadecanoic acid



              	FA 18:0

            




            

              	Eicosapentaenoic acid



              	5,8,11,14,17-Eicosapentaenoic acid



              	FA 20:5(n-3)

            




            

              	Arachidonic acid



              	5,8,11,14-Eicosatetraenoic acid



              	FA 20:4(n-6)

            




            

              	Icosatetraenoic acid



              	8,11,14,17-Eicosatetraenoic acid



              	FA 20:4(n-3

            




            

              	Dihomo-g-linolenic acid



              	8,11,14-Eicosatrienoic acid



              	FA 20:3(n-6)

            




            

              	Mead acid



              	5,8,11-Eicosatrienoic acid



              	FA 20:3(n-9)

            




            

              	Gadoleic acid



              	cis-9-Eicosenoic acid



              	FA 20:1 (n-11)

            




            

              	Gondoic acid



              	cis-11-Eicosenoic acid



              	FA 20:1 (n-9)

            




            

              	Arachidic acid



              	Eicosanoic acid



              	FA 20:0

            




            

              	Docosaheptaenoic acid



              	4,7,10,13,16,19-Docosahexaenoic acid



              	FA 22:6(n-3)

            




            

              	Docosaheptaenoic acid



              	4,7,10,13,16-Docosapentaenoic acid



              	FA 22:5(n-6)

            




            

              	Docosapentaenoic acid



              	7,10,13,16,19-Docosapentaenoic acid



              	FA 22:5(n-3)

            




            

              	Docosapentaenoic acid



              	7,10,13,16-Docosatetraenoic acid



              	FA 22:4(n-6)

            




            

              	Cetoleic acid



              	cis-11-Docosenoic acid



              	FA 22:1 (n-11)

            




            

              	Erucic acid



              	cis-13-Docosenoic acid



              	FA 22:1 (n-9)

            




            

              	Behenic acid



              	Docosanoic acid



              	FA 22:0

            




            

              	Nisinic acid



              	6,9,12,15,18,21-Tetracosenoic acid



              	FA 24:6(n-3)

            




            

              	Nervonic acid



              	cis-15-Tetracosenoic acid



              	FA 24:1 (n-9)

            




            

              	Lignoceric acid



              	Tetracosanoic acid



              	FA 24:0

            




            

              	Cerotic acid



              	Hexacosanoic acid



              	FA 26:0

            




            

              	Carboceric acid



              	Heptacosanoic acid



              	FA 27:0

            




            

              	Montanic acid



              	Octacosanoic acid



              	FA 28:0

            




            

              	Melissic acid



              	Triacontanoic acid



              	FA 30:0

            




            

              	Lacceroic acid



              	Dotriacontanoic acid



              	FA 32:0

            




            

              	Geddic acid



              	Tetratriacontanoic acid



              	FA 34:0

            




            

              	Ceroplastic acid



              	Pentatriacontanoic acid



              	FA 35:0

            


          

        




      


    




    

      HISTORICAL ASPECTS OF FUNGAL LIPID RESEARCH




      Fungal lipids were first described in the early 1870s when it was reported that the Claviceps purpurea, an ergot fungus, contained nearly 30% oils. Most works of this nature after this period (more than 50 years) were devoted to searching oleaginous fungi for potential highest fat producers. By this continuance, it was established that oleaginous fungi diversify importantly in their competence to produce fat and/or oils, but maybe more importantly, it was recognized that the fat production degree varies according to the media chemical composition and fermentation culture conditions.




      This search area in the following one-half century habitual process culture environmental conditions and nutritional parameters, well-disposed for lipid production. Multiple species became well known as “oil-producing” or oleaginous microbes, “mainly fungi”. Lipid production over oleaginous organisms, in particular, fungi, has been largely investigated, and some of the favorite commercial’s successes have been caused, exceptionally, for the formation and production of valuable nutraceuticals containing polyunsaturated fatty acids (PUFAs). Some Mucor and Mortierella fungal species produce a high concentration of PUFA, such as AA and GLA [8, 9]. In another study by Somashekar D. et al. [10], Mucor sp. and M. rouxii resulted in more than 30% of lipids and GLA content reached up to 17% of total lipids. Moreover, M. alpina is characterized as an appropriate source to produce AA, with 18% of dry biomass and more than 60% of its total lipids stated by Eroshin V.K. et al. [9]. However, a study on the exploitation of SCO for lipid production has just appeared recently [11].




      The most widely researched oleaginous yeasts related to the genera are Rhodotorula, Cryptococcus, Candida, Rhodosporodium, Yarrowia, Trichosporon and Lypomyces [12, 13]. Particularly, C. curvatus has great industrial potency since it needs the lowest nutritional elements for growth, production to 60% lipids, and can grow on a wide range of media compositions [14, 15]. The R. glutinis and R. toruloides red yeasts can synthesize the natural pigments as carotenoids besides lipids [16]. Being considered a promising pigment source, their biotechnological application is also related to their capability to use lignocellulosic materials and glycerol for biofuel and lipid accumulation [17-19].




      At the beginning of the 1950s, there was a change from the age of lipid production to a period of lipid research. The improvement of wide-ranging chromatographic tools, in particular gas chromatography (GC), was principally responsible for the transition. This was furthermore accompanied by improvements in extraction methods of lipids. While it was established that triacylglycerides (TGA) were the prevailing lipids that accumulated in the strains studied, the complicated nature of oil extracts became exceedingly apparent. Initially, the most important was on the fungal FA composition, but as analytical proficiency became more processed, individual phospholipids, sterols, and other similar lipids were identified. Then, the availability of radioisotopes suitable for acceptable studies in the late 1940s, associated with some chromatographic techniques, made practicable the next main thrust in lipid study and research. This was the illumination and elucidation of biochemical and metabolic pathways and bioactivity mechanisms, as studies on enzyme chemistry.




      The extraction of lipids was usually conducted in practical labs accompanied by various methods using organic liquid solvents [20-22]. It demands to mix solvent extraction with biological, physical, and other methods to crumble the microbial cell structures, i.e., SCO and its lipid extraction [23]. Physical steps comprise mechanical cell flutter and pressing, by using specific presses techniques, including ultra-sonication, bead beating, electroporation, or microwaves [24].




      Biological methods are dependent on the degradation of cell surface structures using specific enzymes [25], while chemical approaches include acid or base hydrolysis or more recently discovered solvents to permeabilize the microbial cell wall [26]. Common lab-scale extraction is performed using a mixture of certain solvents, such as chloroform and methanol, which forms a monophasic solution when it is mixed with the endogenous water of the sample. Nevertheless, different modifications have been explained through the years, some being shown as modifications [27] while others are still being referred to as the original methods [28]. Recently, more attention has been raised to in situ or direct transesterification methods [29]. These ways, the transesterification and extraction are mixed in a single step and applied instantly to the microbial cell biomass. The contents of FAs of the SCO are converted into fatty acid methyl esters (FAMEs) that can be easily determined by GC. These mentioned methods allow for greater sample throughput paralleled traditional methods of extraction by excluding the step between extraction and transesterification [30]. The Lewis direct transesterification, considered one of these known methods [31], is a method extensively exploited in SCO extraction from oleaginous microbes, mainly microalgae but still, to our knowledge, not well assessed for the extraction from oleaginous filamentous fungi.




      More recently, Fourier Transform Infrared (FTIR) spectroscopy is a modern analytical device that is commonly intended for the determination, characterization, and identification of lipids obtained from oleaginous microorganisms [32-36]. FTIR spectroscopy can be specifically applied to various microorganisms in liquids. It provides fast and economical spotting of the major components of biological substances, such as carbohydrates, lipids, nucleic acids, and proteins, by their specific database recorded in absorbance frequencies. Earlier studies have exhibited that FTIR spectroscopy can be applied to detect and determine lipid accumulation in oleaginous organisms [37, 38] and further identify the major FAs [39, 40]. Even though the FTIR spectroscopy does not carry out a direct quantitative FA analysis, it showed an effective tool for controlling and monitoring the in situ lipid content of microbial cell biomass.


    




    

      CONCLUSION




      Lipids are an important component in human nutrition, with growing amounts of scientific studies focusing on elucidating their roles in the structure, history, nomenclature, biochemical pathways and valuable benefits upon consumption. The knowledge of lipids in determining health and nutritional well-being among global consumers has dilated dramatically in the past few decades therefore, its updated information is considered in lipid biochemistry.


    


  




  

    

      ABBREVIATIONS




      

        

          	



          	

        




        

          	AA



          	Arachidonic Acid

        




        

          	FAMEs



          	Fatty acid methyl esters

        




        

          	FTIR



          	Fourier transform infrared

        




        

          	GL



          	Glycerolipids

        




        

          	(GP)



          	Glycerophospholipids

        




        

          	GLA



          	Gamma-linolenic Acid

        




        

          	GC



          	Gas chromatography

        




        

          	IUPAC



          	International Union of Pure and Applied Chemists

        




        

          	IUBMB



          	International Union of Biochemistry and Molecular Biology

        




        

          	PR



          	Prenol lipids

        




        

          	PK



          	Polyketides

        




        

          	PUFA



          	Polyunsaturated Fatty Acids

        




        

          	ST



          	Sterol lipids

        




        

          	SP



          	Sphingolipids

        




        

          	SL



          	Saccharolipids

        




        

          	SCO



          	Single-Cell Oil

        




        

          	TGA



          	Triacylglycerides
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      Abstract




      Lipids are considered a heterogeneous group of organic compounds which contain fats and their derivatives. This chapter achieved the data available on the nature and composition of lipids in filamentous fungi, and their distribution within the cell. The chapter describes some aspects of lipid metabolism, including fatty acid biosynthesis, lipid accumulation mechanisms, and different fermentation strategies. The lipid content of vegetative hyphae varies between 1% and more than 50%, of spores between 1% and 35%, and of yeast cells between 7% and approximately 15% of the tissue dry weights. The amount of lipids produced by a given species of fungus depends on the developmental stage of the growth and on the culture conditions. Culture parameters that influence the growth and the lipid contents of fungi have been found to be temperature, carbon and nitrogen sources, pH, inorganic salts, and others. The qualitative and quantitative nature of the extracellular lipids is influenced by the different growth parameters. The extracellular lipids known in a large number of oleaginous strains include polyol fatty acid esters, glycolipids, hydroxy fatty acids, sugar alcohols, acetylated sphingosines, and acetylated fatty acids. The main purpose of this chapter was to explain the biochemistry behind fungal lipid accumulation in oleaginous filamentous fungi, their distribution and functions, and the current applications of fungal fermentation strategies.
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      INTRODUCTION




      In the last decades, there has been an increasing demand for the improvement of alternative energy sources and a significant rise in the number of research publications in the global literature with a focus on the production of lipids by microbial sources (the “single-cell oils; SCOs” that are produced by “oleaginous” microorganisms). For many years, there has been significant concern over the nutritional difficulties accompanying the rapid growth of the world population. With the high need for lipids and fats in the energy sector, agricultural production, and other industrial applications, microbial lipids accumulated from microorganisms, especially oleaginous filamentous fungi and yeasts, have been an important scope of several recent research studies. Oleaginous (oil-bearing) fungi are well known for their ability to accumulate inside their cells or mycelia large quantities of lipid more than 20% w/w in their dry cell weight (DCW). Several studies have been reported since, but they have added little more to our understanding of the relationships between environmental and nutritional factors and lipid production. Recent advances have been in the development of different fermentation cultures, substrates bio-modifications, metabolic engineering, lipid accumulation mechanisms, techniques, and methods to produce high-value-added lipids, and the application of these techniques in studying lipid production and fungal metabolism is limited.




      This chapter summarizes the current status of knowledge and technology about lipid production by oleaginous fungi, reproductive structures, and subcellular components, and a brief summary of the composition and functions of major lipids. This chapter describes the relationships between environmental and nutritional conditions and lipid production




      

        Total Lipid Content




        The lipid content of various fungal species has been reported and is highly variable depending upon the species and their growth conditions. Indeed, lipid production can be manipulated by varying culture conditions; and studies to determine the potential of fungi as commercial sources of fat have led to an understanding of the relationships between fungal growth and lipid production as they relate to environmental conditions and nutritional requirements. As we shall see, the optimum growth conditions are not necessarily the best for maximum lipid production. Other studies, on the other hand, have been concerned simply with fungal lipid content under suitable, but not necessarily optimum growth conditions rather than conditions for maximum lipid production. While some species appear to have greater potential for lipid production than others, there is no apparent taxonomic value of fungal lipid content. However, this cannot be fairly evaluated from the available data since it would require a comparison of lipid content under optimum growth conditions for each fungal species, and relatively not many species have been studied with taxonomic objectives in mind. Lipid accumulation in a microbial cell begins only when nitrogen is exhausted from the medium. The medium, therefore, must be formulated with a high C/N ratio to confirm that nitrogen is exhausted while other chemical nutrients, including carbon, remain in excess. In fact, this is about 40–50:1 (C/N), although the optimum ratio needs to be determined for each individual organism. Lipid content relies on the individual organism-lipid accumulation may vary between 20% and 70% of the dry biomass [1, 2]




        In fungi, lipids occur not only as major components of cell membrane systems, but also as cell wall constituents, as storage material in high quantity and readily observed lipid bodies, and, in some cases, as extracellular products. The greater cell size and density of fungi are accompanied by a corresponding variety of lipid components. The quantities and types of lipids at individual fungal sites differ not only from one microorganism to another but also with other factors, including age, stages of development, nutrition, and environmental conditions [3].




        The lipid fractions from a variety of fungi showed a variety of values for the contents of both polar and neutral lipids. Triacylglycerols are considered the main component of lipids used for energy and carbon skeletons during cell growth and development. Other major lipid constituents of oleaginous fungi are several sterols, squalene, and other hydrocarbons. There is a confirmation that sterols exhibit a condensing or liquefying effect on acyl lipids depending upon their physical state. They may regulate permeability by affecting the internal viscosity and molecular motion of lipids in the membrane systems.




        The majority of fungal species contain, in order of quantities, oleic acid (C18:1), palmitic acid (C16:0), and linoleic acid (C18:2) as the major acids, with stearic acid (C18:0), linolenic acid (C18:3) and palmitoleic acid (C16:1) as the minor ones, in addition, high levels of polyunsaturated fatty acids (PUFAs), C18:2 and C18:3. On the other hand, Mucorales uniquely contain γ-linolenic acid (C18:3, n-6) rather than α-linolenic acid. Additionally, arachidonic acid (AA, C20:4), eicosapentaenoic acid (EPA, C20:5) and docosahexaenoic acid (DHA C22:5) occur in the same species [4, 5]. The total lipid content in some oleaginous fungi and yeasts is listed in Table 1.




        

          


          Table 1 Lipid content of some selected oleaginous fungi and yeast species [6-16]




          

            

              

                	Fungi



                	
Lipid content


                (% dry weight)




                	Yeast



                	
Lipid content


                (% dry weight)


              


            



            

              

                	Aspergillus niger



                	23-57



                	Debaromyces occidentalis



                	42

              




              

                	Aspergillus oryzae



                	15–57



                	Candida curvata



                	58

              




              

                	Aspergillus terreus



                	23



                	Cryptococcus albidus



                	65

              




              

                	Cunninghamella echinulata



                	40–57



                	Lipomyces starkeyi



                	64

              




              

                	Fusarium equiseti



                	43



                	Rhodotorula glutinis



                	64-72

              




              

                	F. sporotrichioides



                	36



                	R. graminis



                	36

              




              

                	Humicola lanuginosa



                	75



                	Rhodosporidium toruloides



                	76

              




              

                	Mortierella alliacea



                	42



                	R. arrhizus



                	57

              




              

                	M. alpina



                	31



                	Trichosporon asahii



                	35

              




              

                	Mucor ctenidius



                	22



                	T. cutaneum



                	46

              




              

                	M. hiemalis



                	20-39



                	T. pullulans



                	65

              




              

                	M. ramanniana



                	29



                	T. fermentans



                	62

              




              

                	M. isabellina



                	60–86



                	Lipomyces starkeyi



                	55

              




              

                	M. vinacea



                	66



                	Kodamaea ohmeri



                	54

              




              

                	M. plumbeus



                	21



                	Trichosporonoides spathulata



                	42

              




              

                	M. circinelloides



                	20-36



                	R. fluviale



                	65

              




              

                	M. rouxii



                	32



                	R. taiwanensis



                	62

              




              

                	Rhizomucor pusillus



                	40



                	R. mucilaginosa



                	22

              




              

                	Sarocladium kiliense



                	30



                	Cystobasidium oligophagum



                	40

              




              

                	Trichoderma viride



                	27



                	Yarrowia lipolytica



                	36-63

              


            

          




        


      




      

        Vegetative Hyphae and Yeast Cells




        Fungal hyphae are a highly polarized cell type and are the hallmark of filamentous fungi. Hyphae are often stout, with the diameter increasing with age (up to 150 μm in diameter), most about 20 μm in diameter; zoosporogenesis intrasporangial; oosporogenesis centrifugal; antheridial gametogenesis following oogonial gametogenesis; oogonia often pluriovulate, oospores usually aplerotic; oospore with a fluid and granular ooplast, lipid coalescence variable (limited or to a single eccentric globule). Lipid bodies are diffused in vegetative hyphae but fill cells in the wider hyphae that are characteristic of mature cultures leading to sexual reproduction, and total lipid content ranges from about 1 to 56% of the dry weight depending on the species, developmental stage of growth, and culture conditions. Although numerous fungal species have a high capacity for lipid production, the mycelium of most species generally contains between 3 and 36% lipid when the fungus is grown under favorable conditions for growth. In fungi, considerable variation in lipid content was observed between different species of the same genus and strains (isolates) of the same species cultured under identical conditions. For example, two isolates of Fusarium lini grown on the same medium may differ as much as 100% in lipid content. Variation in lipid content can also occur in the same fungus grown on different media considered good for growth. In the examples given, mycelial lipid content varies by a factor of 2 to 4 when the fungi are grown on different media.




        Lipid inclusions can be determined within basidia as well as in clamp connections raising questions as to the direction of the flux of such these elements via the basidiocarp hyphae and the involvement of the cytoskeleton in this transport, as hypothesized for arbuscular mycorrhizal fungi [17]. There are several fungal (mycelial) genera with species capable of producing high (>20%) quantities of fat, such as Claviceps, Penicillium, Aspergillus, Mucor, Fusarium, and Phycomyces [18, 7]. These fungi are readily grown in culture and perhaps have the potential for the economical production of lipids. There are probably other mycelial fungi that produce a high abundance of fat, but culture conditions have not been developed for producing large quantities of biomass [19].




        Yeasts and yeast-like fungi also vary considerably in their ability to produce lipids (Table 1). The oleaginous yeasts have been presented as a possible sustainable solution with high production of lipids. Oleaginous yeasts can accumulate up to more than 70% lipids with a fatty acid profile similar to vegetable oils, and most yeasts comprise 5 to 15% of the cell's dry weight. In previous studies using Yarrowia lipolytica, highlighted a significant increase in extracellular lipid production, but there are several other species known as “fat yeasts” that produce more than 30 to 70% lipid. Some of these include Rhodotorula and Lipomyces species [20].


      




      

        Spores and Sclerotia




        The cell wall of spores offers increased protection against environmental factors allowing the survival of resting spores. The general structure and components within a spore cell wall are relatively conserved between fungal species. While fungal cell walls mainly consist of polysaccharides, with lipids and proteins usually accounting for a smaller percentage, the ratio of these components largely depends on species. Spores are disseminated through environmental factors. Wind, water, or animal carriage allow spores to be spread ubiquitously throughout the environment. Spores will break dormancy and begin to germinate once exposed to favorable conditions. Germination is the mechanism that converts the spore from a dormant biological organism to one that grows vegetatively and is capable of either sexual or asexual reproduction. The process of germination has been well-studied in plants, moss, bacteria, and many fungi [21, 22]. Mucorales spores are not known to release any toxins throughout germination that are implicated in human disease progression. However, filamentous growth leads to tissue damage and is currently thought to be the major cause of pathology during mucormycosis [23]. The rate of germination of Cunninghamella sp. is increased, when compared to that of other Mucorales species, while it has been shown that Mucor circinelloides show increased virulence in its hyphal form when compared to the yeast form [24]. Fungal spore lipid content varies considerably depending on the species and conditions of spore formation but ranges between 2 and 58% of the spore dry weight (Table 2). There is a considerable variation in spore lipid content among the members of the same genus. Spores of thermophilic and thermotolerant Mucor species have a higher lipid content (10.4 to 19.4%) than spores of mesophilic species (3.7 to 8.4%) [25]. Spores of these fungi generally contain less lipid than the mycelia on which they are formed. But, in the case of rusts and smuts, fungal spores have been collected from their natural hosts, and the lipid content may have been subject to host influence and conditions such as the type and amount of carbon source available during spore development. Little change in lipid content occurs during the germination of fungal spores and/or conidia, and the principal source of energy appears to be sugar trehalose.




        

          Table 2 Total lipid content of spores from some selected fungi




          

            

              

                	Fungus



                	
Total Lipid


                (% Dry weight)




                	Reference

              


            



            

              

                	Rhizopus arrhizus



                	2.7



                	[28]

              




              

                	Acaulospora laevis



                	45.5



                	[29]

              




              

                	Mucor rouxii



                	9.8



                	[30]

              




              

                	Aspergillus oryzae



                	18



                	[31]

              




              

                	Rhizophagus irregularis



                	58



                	[32, 33]

              




              

                	Gigaspora margarita

              




              

                	Glomus intraradices

              




              

                	
M. hiemalis F-1156



                	11.53



                	[34]

              




              

                	M. racemosus



                	4.1



                	[25]

              




              

                	Erysiphe graminis



                	12



                	[35]

              




              

                	P. graminis tritici



                	18

              


            

          




        




        Sclerotia are spherical, hardened masses of hyphae that serve as survival structures for ascomycetes and basidiomycetes. Sclerotial development sometimes occurs when nutrients are running out, but many are formed in active cultures showing that there are other stimuli for the growth of these structures. Generally, they have a low lipid content of 2.5 to 15% of the dry weight. However, sclerotia of several isolates of the ergot fungus Claviceps purpurea contain 20 to 46% lipid [26, 27]. The neutral lipid content of sclerotia of Macrophomina phaseolina was increased up to 77% of total lipids.


      




      

        Lipid Composition




        Biologically essential organic molecules have been categorized as lipids, together with carbohydrates, proteins and nucleic acids, found in all living organisms; their quantities and quality in nutrition are able to influence cell, tissue and body physiology. Dissimilar carbohydrates, proteins and nucleic acids lipids aren’t polymers but are considered small biomolecules, with a molecular weight in the range of 100 and 5000, and also vary considerably in polarity, including hydrophobic molecules, like triglycerides or sterol esters, and others more water-soluble like phospholipids or very short-chain fatty acids, which completely miscible with water and insoluble in non-polar solvents such as ether, chloroform, benzene, etc. Based on the chemical structure, lipids can be classified into three major groups, namely, simple, complex, and derived lipids [36-38].




        Simple lipids: They are defined as those that, on hydrolysis, yield almost two types of primary products per mole. They include glyceryl esters that are esters of glycerol and fatty acids: e.g., triacylglycerols, mono and diacylglycerols; cholesteryl esters that are esters of cholesterol and fatty acids; waxes which are esters of long-chain alcohols and fatty acids, so including esters of vitamins A and D; ceramides that are amides of fatty acids with long-chain di- or trihydroxy bases containing 12–22 carbon atoms in the carbon chain: e.g., sphingosine.




        Complex lipids: They consist of more than two types of structural moieties. They include phospholipids that is glycerol esters of fatty acids; phosphoric acid, and other groups containing nitrogen; phosphatidic acid that is diacylglycerol esterified to phosphoric acid; phosphatidylcholine that is phosphatidic acid linked to choline, also called lecithin; phosphatidylethanolamine; phosphatidylserine; posphatidylinositol; phosphatidyl acylglycerol in which more than one glycerol molecule is esterified to phosphoric acid: e.g. cardiolipin and diphosphatidyl acylglycerol; glycoglycerolipids that is 1,2-diacylglycerol joined by a glycosidic linkage through position sn-3 with a carbohydrate moiety; gangliosides that is glycolipids that are structurally similar to ceramide polyhexoside and also contain 1-3 sialic acid residues; most contain an amino sugar in addition to other sugars; sphingolipids, derivatives of ceramides; sphingomyelin that is ceramide phosphorylcholine; cerebroside: they are ceramide monohexoside that is ceramide linked to a single sugar moiety at the terminal hydroxyl group of the base; ceramide di- and polyhexoside that is linked respectively to a disaccharide or a tri- or oligosaccharide; cerebroside sulfate that is ceramide monohexoside esterified to a sulfate group.




        Derived lipids: They occur as such or are released from the other two major groups because of hydrolysis, which are the building blocks for simple and complex lipids. They include fatty acids and alcohols; fat-soluble vitamins A, D, E and K; hydrocarbons; and sterols.




        Alternatively, “neutral” and “polar” terms of lipids are used to explain these groups, but are less exact [39]. The most common lipid classes in nature consist of fatty acids linked by an ester bond to the trihydric alcohol - glycerol, or to other alcohols such as cholesterol, or by amide bonds to sphingoid bases, or on occasion to other amines. It is the structure of the fatty acid molecules (more correctly, fatty acyl chains) attached to the glycerol backbone that accounts for the properties of lipids. Lipids comprise a broad class of many chemically distinct compounds, the most common of which are discussed in this chapter.


      




      

        Fatty Acids and Triacylglycerides




        The fatty acids (FAs) are carboxylic acids with an aliphatic tail (chain) synthesized in nature through condensation of malonyl-coenzyme A units by FAs synthetase complex. FAs are significant sources of energy because, when metabolized, they yield large numbers of ATP. FAs synthesis is essential for the formation of cell membranes and hence for the viability of all cells except Archaea, in which the membranes are composed of glycerol–ether lipids instead of glycerol–ester lipids and are based on isoprenoid side chains. Most naturally occurring FAs have a chain of an even number of carbon atoms ranging from 4 to 28. The aliphatic chain length varies from 2 to 26 carbons; it can be short as butyric acid (glycerol) backbone (Fig. 1).




        Lipids, mainly triacylglycerols, are composed of three fatty acids attached to three carbon properties that vary enormously (Fig. 2), from hard waxy solids at room temperature (fats) to translucent oils [39]. Fatty acids without double bonds are known as “saturated”. Unlike FAs that have double bonds, are known as “unsaturated”, and can have one or more double bonds between carbon atoms. Polyunsaturated fatty acids (PUFAs) contain two or more double bonds. In vivo exist as fatty acyl constituents of cellular lipids such as triacylglycerols or phospholipids. Commercial sources of PUFAs are plant seed oils or fish oils, however, they usually have relatively low PUFA contents. For example, the most successful plant seed oil, Evening Primrose Oil, contains only 9% w/w γ-linolenic acid (GLNA), with other sources being black currant oil (15% w/w GLNA and 18% w/w γ-18:3 (ALNA)) and borage oil (25% w/w GLNA) [40].




        
[image: ]


Fig. (1))


        Structures of fatty acids, saturated fatty acids have only single bonds while monounsaturated fats have one double bond and polyunsaturated fats have more than one double bond.
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Fig. (2))


        Triglyceride components.



        PUFAs are classified into four groups depending on the location of the terminal double bond: (ɷ)3, (ɷ)6, (ɷ)7 and (ɷ)9. The (ɷ)3 FAs include alpha-linolenic acid, which in humans is transformed via eicosapentaenoic acid (EPA) into the 3-series eicosanoids, i.e., prostaglandins. In contrast, the (ɷ)6 series of fatty acids include GLNA, dihomo-y-linolenic acid and arachidonic acid and are eventually transformed to the 1-, 2- and 3-series of eicosanoids in man [41, 42].




        Oleaginous microorganisms store energy primarily in the form of triacylglycerols (TAGs). TAGs are superior to phospholipids or glycolipids for biodiesel production due to their higher percentage of FA and lack of phosphate. The FA composition determines the physical and chemical properties (such as saponification number and iodine value) of the oil and its economic value. Quality parameters of the biodiesel (cetane number, oxidative stability, heat of combustion, lubricity, and cloud point) are also influenced by the FA composition [43]. Myristic acid (C14:0), palmitic acid (C16:0), and stearic acid (C18:0) are common saturated fatty acids found in vegetable oils and microbial lipids [44]. Differences in the relative proportions of palmitic and oleic acids are perhaps due to the differences in carbon sources, medium composition, and duration of cultivation [45]. Unsaturated FA is of greater importance than its saturated counterparts in terms of biological functions and economic values. When sugars are used as carbon sources, lipids produced by oleaginous yeasts contain unsaturated fatty acids oleic acid (C18:1), linoleic acid (C18:2), and to a less extent, linolenic acid (C18:3) [44]. The ratio of unsaturated to saturated FA in microbial lipids range between 1 and 2, which is similar to that in plant oils (such as palm). When cultivated under appropriate conditions, some microorganisms can produce significant quantities of γ-linoleic (C18:2) and arachidonic (C20:4) acids.




        Docosahexaenoic acid (DHA) is an important and widely used infant food additive produced from algal cells. However, no study has been reported on the production of DHA by fungi. In recent studies, the researchers found that the fatty acids: DHA, EPA and omega-3 were reported to produce these compounds from marine fungi (i.e.,Trichoderma sp., Rhodotorula mucilaginosa AMCQ8A), isolated from coastal to deep-sea marine habitats [46]. These FA have high nutraceutical value and are generally marketed as extracted oils as health food [43]. FAs biosynthesis is complex and cannot be sufficiently gaged through the analysis of single genes or pathways [47]. Based on the relatively conserved fatty acid pathways in oleaginous microorganisms (Fig. 3), the increasing availability of sequence data provides more insight into the molecular mechanisms involved in regulating fatty acid synthesis [48]. Lipid profiles in some oleaginous fungi and other yeast cells have been reported by several researchers and listed in this chapter (Table 1).


      




      

        Phospholipids




        Phospholipids are important structural constituents of biological membranes, forming the lipid bilayer in which proteins are embedded (Fig. 4). Some phospholipids have been associated with the active transport of ions across membranes and are also essential for the activity of some membrane-bound enzymes. During the β-oxidation reaction series in the fungal cells, acetyl-CoA, issued by the intermediate cellular metabolism, generates cellular fatty acids. Fatty acids are then esterified with glycerol-generating structural (phospholipids, sphingolipids, etc.) and reserve (mainly TAGs) lipids [49-51]. They form the monolayer on the surface of lipoproteins which function to transport neutral lipids throughout the body. Finally, phospholipids serve as a reservoir for signaling molecules, such as arachidonic acid, phosphatidate, diacylglycerol and inositol trisphosphate. The formation and maintenance of the plasma membrane bilayer of biological cells depend on multiple issues, such as size, charge, shape, and chemical composition of different phospholipid classes, and cell membranes surrounding subcellular organelles and vesicles. Phospholipids are the next maximum abundant type of lipid which comprises 15% to 25% of the membrane, with the remainder of the lipid being mono-, di-, and triacylglycerides, fatty acids, sterol esters and sterols [52]. It has been noted that the lipid content of the yeast and fungal mycelia is variable depending upon the growth factors. Due to their taxonomic specificity and rapid degradation after cell death, they are frequently used as signature molecules for microbial abundance and microbial community structure under different environmental conditions, such as temperature and medium chemical composition [53].
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Fig. (3))


        Graphic illustration of fatty acid synthesis in oleaginous microorganisms



        Phospholipids can be further divided into phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI) and phosphatidylserine (PS) based on their head groups [6]. In eukaryotes and some prokaryotes, PE and PC are the most abundant phospholipids, accounting for more than 50% of the total phospholipid population [54]. Most phospholipid derivatives are reported as cell membrane constituents in the fungus Saccharomyces cerevisiae [55].
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Fig. (4))


        A biological membrane model viewing the circular protein embedded in the bilayer of lipid.

      




      

        Isoprenoids and Sterols




        Sterols, also known as steroid alcohols, are amphipathic lipids having rigid and compact ring structures. Fungal cell membrane typically contains ergosterol (Fig. 5) as the main component in contrast to cholesterol which is the major sterol present in many fungi (ascomycetes and basidiomycetes), yet it does not occur in plants [56]. Sterols, such as cholesterol (VI), ergosterol (VII), and sitosterol (VIII), are the essential membrane components of all eukaryotic organisms. Sterols in fungi typically exist as a mixture of several sterols, with one comprising more than 50% of the total sterol composition [57]. Ergosterol is the predominant sterol of many fungi (ascomycetes and basidiomycetes). In addition to ergosterol, there appear to be at least five taxon-specific end-products of sterol biosynthesis that occur as dominant sterols in certain lineages, including some subclades of ascomycetes and basidiomycetes. For example, Glomeromycota, arbuscular mycorrhizal fungi, contain 24-ethyl cholesterol, and members of the family Mortierellaceae contain desmosterol [58].




        Ergosterol became so established as the sole fungal sterol that has been used as a marker to estimate fungal biomass in plants and soils [59, 60]. However, greatly improved information on the distribution of sterols across the kingdom of Fungi since the mid-1970s revealed that the situation is not so simple. Previous studies showed that seven major sterols, including ergosterol, 24-methyl-cholesta-7,24(28)-dienol (episterol), 24-methyl-cholesta-5,7,-dienol (22-dihydroergos-terol), 24-methyl-cholesta-5,24(28)-dienol (24-methylene cholesterol), 24-methyl cholesterol, cholesta-5,24-dienol (desmosterol) and cholesterol are distributed among the zygosporic fungi [57].
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Fig. (5))


        Chemical structure of ergosterol. The sterol unit is highlighted in green, which is common to all sterols



        Isoprenoids are a large group of natural products found in nature with multiple thousands of useful compounds with diverse functional groups [61]. Most of these compounds have been isolated from eukaryotes such as plants and fungi. In contrast to eukaryotes, prokaryotes are known to produce a limited number of isoprenoids. Currently, several isoprenoids can be found on the international markets as pharmaceuticals, fragrances, nutrients, bulk chemicals, flavoring substances, and fuels [62]. This extremely diverse array of chemical structures is probably a reflection of their many varied biological functions, which have a great attraction for traditional and modern human exploitation, for instance, as pharmaceuticals, flavoring substances, fragrances, food ingredients, dietary supplements, biomaterials, and biofuels [63, 64]. Some of the common and well-known isoprenoids from microorganisms are aristolochene and gibberellin-GA4 [65]. Microbial production of most other isoprenoids is still far behind and will require further development before they reach the commercial stage. One of the key factors is that the construction and improvements of microbial cell factories are time-consuming and need massive endeavors [66].


      




      

        Lipid Functions




        The roles of fungal lipids are generally similar to those of other related microorganisms, yet there are some functions of lipids that may be unique to molds and yeasts. The accurate functions of all lipids are not quite understood. Triacylglycerides are generally considered reserve lipid droplets that may be an aid for cell energy and carbon skeletons during fungal growth. Lipid (acylglycerides) is the primary carbon substrate for spore germination of some rusts. Triacylglycerides signify the key lipid storage material of fungi and might be observed as small droplets (sphaerosomes, liposomes) during the microscopic viewed characterization of fungi. Triacylglycerides are about two times more efficient for metabolic energy than either proteins or carbohydrates. In addition, triacylglycerols are incorporated into processed foods for a variety of reasons, including their action as lubricants, enhancers of eating properties, moisture barriers, heat conductors, and nutrition providers, among others. The functional ability of triacylglycerols depends on their structure and a mixture of triacylglycerols is usually employed. Besides the importance of fatty acid moieties of acyl lipids as energy sources, fatty acids with specific structures are required for growth [67]. For instance, under anaerobic conditions, unsaturated acids (mostly oleic acid) are essential for mitochondrial function and the growth of specific types of fungi and yeasts. The unsaturation degree of lipids affects cell membrane function, and tolerance to extreme temperatures, and may be an adaptation to aquatic environments. Not all microorganisms can be considered abundant sources of oils and fats, though, like all living cells, microorganisms always contain lipids for the essential functioning of membranes and membranous structures.




        Phospholipids in fungi are normally the major constituents of cell membranes and other cell organelles in which proteins are embedded (Fig. 4). There have been numerous claims of storage phospholipids in such structures. That the phospholipids of fungal cells may not all be in membranes, had already been suggested first by Illingworth et al. [68], who observed that ascosporogenesis in S. cerevisiae was accompanied by an increase in phospholipid content, 171% greater that could be accounted for membrane development. Some phospholipids have been implicated in the active transport of ions across membranes and are also major for the activity of some membrane-bound enzymes.




        Sterols, sphingolipids, and glycerophospholipids are found in high fractions in plasma membranes and differ from most subcellular membranes. Studies on model membranes indicate that sterols and sphingolipids can cluster into liquid-ordered domains instead of forming homogeneous mixtures with glycerophospholipids. The underlying basis for this is that sterols are composed of a four-ring structure and an aliphatic tail that can pack together in a favorable manner with sphingolipids, which are comprised of ceramide and long saturated acyl chains [69]. The lipid acyl chains pack tightly with the rigid sterols to create a compacted zone of condensed bilayer that has been termed the liquid-ordered state (10,60). Glycerophospholipids with unsaturated side chains do not pack in this manner and are excluded from the raft domains. The roles of ergosterol in the regulation of membrane fluidity and structure, as well as its role as a target for the activity of antifungals, have been known for decades. Multiple recent studies, however, demonstrated that ergosterol is an immunologically active lipid that induces pyroptosis and that virtually all steps of its biosynthetic process are potential drug targets [70].
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          The cell wall is a complex and dynamic fungal structure involved in functions such as maintenance of the cell shape, protection from mechanical injuries, adaptation to morphogenesis, and withstanding osmotic pressure [71]. It is the main structure in contact with the host, therefore directly participating in a host-fungal relationship [72]. The main constituents of the fungal cell wall are structural polysaccharides (80 to 90%), specifically glucans and chitin, but an outer layer of mannan and several glycoproteins have also been described [73]. Dimorphic fungi constitute a small group of pathogens that develop as yeast or mycelia according to the temperature of growth [74]. In this group, the cell wall lipid content varies with the fungal species and/or morphological phase, ranging from 5.5%, in Blastomyces dermatitidis pathogenic yeasts, to 26% in Sporothrix schenckii environmental hyphae. The best characterized lipid species in opportunistic Candida albicans cell wall is phospholipomannan, which takes part in fungal resistance to cell wall-disturbing agents and pathogenicity [75]. Glucosylceramide (GlcCer) species have already been identified in opportunistic Cryptococcus neoformans cell walls, being implicated in budding, growth, and pathogenicity.




          The cell wall lipid content of Saccharomyces species ranges from more than 2 to 13.5%, averaging about 5.8%. Cell wall lipids from S. cerevisiae are composed of neutral lipids (including sterols) and phosphoacylglycerides with C16:1 and C18:1 as the principal fatty acids [52, 76]. The cell wall lipid content of different strains and morphological forms of Candida albicans ranges from 0.6 to 10.6%, but averages about 3.1%. There are over 2 folds of lipids in the mycelial forms of this fungus cell wall than the juvenile or other yeast-like forms [77]. Phospholipomannan is a minor lipid component of the Candida albicans cell wall, which reacts with antibodies specific to β-1,2-oligomannosides [75]. Phospholipomannan lacks glucosamine and displays a distinct organization of the glycan chains. The cell wall of C. albicans contained 40 to 60% of sterol esters and sterols as lipids, followed by phospholipids as subdominant lipids. It has been observed that the variable cultivation conditions, based on factors such as media composition and incubation temperature, play a vital role in the lipid accumulation of the oleaginous yeasts. No variations in lipid content in Paracoccidioides brasileensis cell wall, but in Blastomyces dermatitidis, the lipid content is approximately (50%) of the corresponding mycelial form [78]. Although the lipid content of Histoplasma capsulatum cell wall varies, there appears to be no fundamental variation among the yeast and mycelial forms [79]. Triacylglyceride is the main type of cell wall lipid of this fungus, and is accompanied by sterols, phospholipids, sterol esters, diacylglycerides, and FAs.




          Depending on the microbial growth stage, lipids may accumulate as globules (liposomes) which are believed to be composed principally of triacylglycerides. However, a considerable portion of cellular lipids occurs in membranes. The main membranes include the endoplasmic reticulum, vacuolar membrane (tonoplast), plasmalemma, and mitochondrial membranes. It is known that the main components of microbial cell membranes are mainly lipids and proteins, but the arrangement of these substances has affected considerable conjecture [80]. Globular protein-based membrane structure embedded in a lipid bilayer matrix. The protein may be at random distribution on either side of the lipid bilayer or extend via the lipid. The bilayer has hydrophilic surfaces with a hydrophobic center. An ideal model of a biological membrane is shown in Fig. (5).




          The lipid content of fungal membranes ranges from about 30 to 50%, and the protein:lipid ratio ranges from 0.95 to 2.1. Other substances, such as carbohydrates (mannans and glucans), sterols, and nucleic acids, usually are found in yeast plasma membranes. Protoplast membranes represent 13-20% of the DCW of S. cerevisiae, and bear 37.8-45.6% lipid, 46-49.3% protein, 6.7-7.0% RNA, 0.97% DNA, 5.6-6.0% sterol, and 3.0-6.0% carbohydrate. Phospholipids include 15-25% of the cell membrane, with the remainder of the lipid being mono-, di-, and triacylglycerides, FAs, sterols, and sterol esters [52].




          Studies of lipid involved-membranes of other fungi are limited. The protoplast membrane of C. utilis comprises nearly 10% CDW and contains 5.2% carbohydrate, 38.5% protein, 40.4% lipid, 1.1% RNA, and no DNA. The protein/lipid ratio of membranes of the sporophore cap of the mushroom Agaricus bisporus is 1.1, and the molar ratio of sterol to phospholipid of 0.77 [81]. This ratio for the plasmalemma and tonoplast of S. cerevisiae is reported to be 8.97 and 2.9, respectively [82]. The main difference between the mitochondrial membranes and promitochondrial of S. cerevisiae is that the latter comprises about 70% more ergosterol [83]. Respiratory particles from Claviceps purpurea contain 25.7% lipid, 57.8% protein, 2.2% ergosterol, and no plasmalogens [84].
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