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Series Editor’s Preface

The Functional Foods and Nutraceuticals Book Series, launched in 1998, was devel-
oped to provide a timely and comprehensive treatment of the emerging science and
technology of functional foods and nutraceuticals which are shown to play a role in
preventing or delaying the onset of diseases, especially chronic diseases. The first
five titles in the Series, Functional Foods: Biochemical and Processing Aspects.
Volumes 1 and 2; Herbs, Botanicals, and Teas; Methods of Analysis for Functional
Foods and Nutraceuticals; Handbook of Fermented Functional Food; and Handbook
of Functional Dairy Products, have received broad acceptance by food, nutrition,
and health professionals.

Functional Foods: Biochemical and Processing Aspects, Volume 1, the first volume
of the series, is a best seller and is devoted to functional food products from oats,
wheat, rice, flaxseed, mustard, fruits, vegetables, fish, and dairy products. In Volume
2, the focus is on the latest developments in the chemistry, biochemistry, pharma-
cology, epidemiology, and engineering of tocopherols and tocotrienols from oil and
cereal grain, isoflavones from soybeans and soy foods, flavonoids from berries and
grapes, lycopene from tomatoes, limonene from citrus, phenolic diterpenes from
rosemary and sage, organosulfur constitutes from garlic, phytochemicals from
Echinacea, pectin from fruit, and omega-3 fatty acids and docosahexaenoic acid (DHA)
from flaxseed and fish products. Volume 2 also covers solid-liquid extraction tech-
nologies for manufacturing nutraceuticals and dietary supplements.

The volume Herbs, Botanicals, and Teas provides an in-depth literature review
of the scientific and technical information on the chemical, pharmacological, epide-
miologic, and clinical aspects of garlic, ginseng, Echinacea, ginger, fenugreek,
St. John’s wort, Ginkgo biloba, kava kava, goldenseal, saw palmetto, valerian,
evening primrose, licorice, bilberries and blueberries, and green and black teas. The
book, which is superbly referenced, also contains chapters on international regula-
tions and quality assurance and control for the herbal and tea industry.

The volume Methods of Analysis for Functional Foods and Nutraceuticals pre-
sents advanced methods of analysis for carotenoids, phytoestrogens, chlorophylls,
anthocyanins, amino acids, fatty acids, flavonoids, water-soluble vitamins, and car-
bohydrates. The fifth volume of the Series, Handbook of Fermented Functional
Foods, provides a comprehensive, state-of-the-art treatment of the scientific and
technological information on the production of fermented foods, the microorganisms
involved, the changes in composition that occur during fermentation, and, most
importantly, the effect of these foods and their active ingredients on human health.

The volume Handbook of Functional Dairy Products addresses the latest develop-
ments in functional dairy ingredients and products, with a clear focus on the effect of
these foods and their active ingredients on human health. This volume contains
outstanding chapters dealing with probiotic lactobacilli and bifidobacteria, lactose



hydrolyzed products, trans-galactooligosaccharides as prebiotics, conjugated
linoleic acid (CLA) and its antiatherogenic potential and inhibitory effects on chem-
ically induced tumors, immunoenhancing properties of milk components and pro-
biotics, and calcium and iron fortification of dairy products.

The current volume, Handbook of Functional Lipids, edited by Professor Casimir
C. Akoh, presents up-to-date information on all major scientific and technological
aspects of functional lipids, including isolation, production, and concentration of func-
tional lipids; lipids for food functionality; lipids with health and nutritional function-
ality; and the role of biotechnology for functional lipids. Some distinctive features of
this book include in-depth treatments of structured lipids, y-linolenic acid, marine
lipids and omega-3 fatty acids, fortification of foods with eicosapentaenoic acid
(EPA) and docosahexanoic acid (DHA), fat substitutes, trans fatty acids and trans-
free lipids, the action of CLA in human subjects, extraction and purification of fatty
acids, physical properties of lipids, and potential markets for functional lipids. The
book contains 23 excellent chapters written by 34 international experts at the fore-
front of lipid science and technology. It is hoped that the effort will be beneficial to
food, nutrition, and health practitioners as well as students, researchers, and entre-
preneurs in industry, government, and university laboratories.

G. Mazza, Ph.D., FCIFST
Series Editor



Preface

Functional lipids can be broadly described as lipids that provide specific health
benefits when consumed and/or that impact a specific functionality of a food product.
The desired functionality may be a physical or chemical property. Other terms that
can be used to describe functional lipids are lipids with physiological function,
nutritional lipids, and medical and pharmaceutical lipids.

The food industry and consumer are interested in functional foods and hence
the development of functional lipids to serve consumer needs. Obviously, this book
is intended as a reference source for members of the food industry, nutritionists,
product development scientists, and researchers who have an interest in providing
the consumer with healthy and beneficial foods. In addition, academicians and students
will find it helpful in their research to avoid reinventing the wheel. The book contains
up-to-date references and emerging areas of industry and research interests. Experts
in the field from different parts of the world were carefully selected to develop
chapters in their areas of interest.

The functional food market is growing and will soon reach $20 billion. Functional
lipids have general as well as niche market appeal. Asian countries have already
embraced the concept of functional lipids by marketing various lipids with nutraceu-
tical properties. The introduction of infant formula containing docosahexaenoic acid
into the American market is a step in the right direction. Various sterol esters are
now delivered in various forms to the consumer. Omega-3-containing oils, such as fish
oil, are sought after worldwide because of their many health benefits in alleviating
chronic human diseases.

Many books have addressed the issue of dietary lipids and health, but none are
devoted to functional lipids. Many articles have been published on the isolation,
synthesis, applications, and physical and chemical properties of lipids. This book also
covers the market potential for functional lipids that was not addressed by previous
books in the same general area. This book is divided into four sections of related
topics for easy comprehension.

Casimir C. Akoh
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1.1 INTRODUCTION

In the late 1980s consumers began to recognize that certain foods and food supplements
could have an impact on health. The first phase of this “health and wellness revolution”
belongs to dietary supplements that, through the passage of the Dietary Supplement
Health and Education Act (DSHEA) in the United States in 1994 [1], market dynamics
changed significantly — initially to the positive and then to the negative.

For the food industry, it has been a somewhat different story that has yet to play
itself out. The United States responded to industry pressure in 1990 by enacting the
Nutrition Labeling and Education Act (NLEA) [2] to allow manufacturers to promote
the benefits of their food products. This regulatory framework “kick” started the functional
foods revolution in the North American marketplace, which welcomed new food product
introductions, a revival of science, and consumer interest.

The 1980s were a period of rapid expansion in scientific knowledge about
polyunsaturated fatty acids (PUFAs), in general, and omega-3 PUFA, in particular.
Both omega-3 and omega-6 PUFAs are precursors of hormone-like compounds
known as eicosanoids, which are involved in many important biological processes
in the human body. Recently it has been suggested that the typical “Western” diet,
which is relatively high in omega-6 PUFA and low in omega-3 PUFA, may not
supply the appropriate balance of PUFAs for proper biological function. As such, a
significant industry has developed to produce and market lipids for dietary supple-
ments as well as ingredients for functional foods.

1.2 FUNCTIONAL FOODS

“Functional foods” is essentially a marketers’ or an analysts’ term and globally is not
recognized in law or defined in the dictionary. For the purposes of this report, the
definition of functional foods as proposed by Health Canada will be used. In 1998, it
was proposed that a functional food was “similar in appearance to a conventional food,
consumed as part of the usual diet, with demonstrated physiological benefits, and/or
to reduce the risk of chronic disease beyond basic nutritional functions” [3].
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As a category, functional foods include

* Conventional foods containing naturally occurring bioactive substances
(such as dietary fiber in wheat bran to promote digestive regularity or
B-glucan in oat bran to lower blood cholesterol)

* Foods that have been modified, by enrichment or other means, in terms
of the amount, type, or nature of their bioactive substances, example,
margarine that contains added phytosterol, an extract from plant sources
that is known to interfere with cholesterol absorption, thereby lowering
serum cholesterol levels

* Synthesized food ingredients, such as some specialized carbohydrates
intended to feed microorganisms in the gut

1.2.1 UNITED STATES

The most commonly referenced definition for a functional food in the United States
is that used by the California-based Nutrition Business Journal (NBJ) [4]. NBJ defines
a functional food as fortified with added or concentrated ingredients and/or marketed
to emphasize “functionality” to improve health or performance. Unlike Health
Canada’s definition, NBJ includes “substantially fortified,” “inherently functional,” and
“performance” foods within its definition.

1.2.2 JAPAN

Japan is the only country with a regulatory framework for functional foods. Foods
for Specified Health Uses (FOSHU) are defined as those to which a functional
ingredient has been added for a specific health effect, designed to promote or
maintain good health. Under FOSHU such foods include those that contain func-
tional substances that affect the physiological function and biological activities of
the body; and those that claim if used in the daily diet, one can hope for a specified
health benefit. Under the legislation, such foods must be evaluated individually and
approved by the government. FOSHU can also be used for dietary supplements [5].

1.2.3 Eurore

As in North America, several definitions of functional foods are used throughout
the 15 countries of the European Union (EU). The most widely accepted definition
is “foods that by virtue of physiologically active food components provide health
benefits beyond basic nutrition” [6].

1.3 DIETARY SUPPLEMENTS
1.3.1 UNITED STATES

In 1994, the DSHEA was passed in the United States as an amendment to the Federal
Food Drug and Cosmetic Act [7]. DSHEA regulates dietary supplements, which are
defined as “a product, other than tobacco, intended to supplement the diet that
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contains at least one or more of the following ingredients: a vitamin, a mineral, an
herb or other botanical, an amino acid, or a dietary substance for use to supplement
the diet by increasing the total dietary intake; or a concentrate, metabolite, constit-
uent, or extract or combination of any of the previously mentioned ingredients.”

1.3.2 CANADA

Canada is the only global jurisdiction that has legislation related to “natural health
products (NHPs).” Final regulations for this new category were published in Canada
Gazette II on Wednesday, June 18, 2003 [8]. In Canada, NHPs include homeopathic
preparations, substances used in traditional medicine, a mineral or trace element, a
vitamin, an amino acid, an essential fatty acid, or other botanical, animal, or micro-
organism-derived substance. These products are generally sold in a medicinal or
“dosage” form. Until publication of Canada Gazette I, the working definition for
a nutraceutical in Canada has been “a product that has been isolated or purified from
foods and generally sold in medicinal forms not usually associated with food.
Nutraceuticals have been shown to exhibit a physiological benefit or provide pro-
tection against chronic disease.” Health Canada decided that the product category
of nutraceuticals would be encompassed within NHP regulations.

However, like functional foods, although the nutraceutical category is not recog-
nized in law, it is used extensively as a marketing term for plant- and animal-based
bioactives and ingredients that are sold in a medicinal form.

1.3.3 Eurore

In the EU [9], dietary supplements are referred to as “food supplements,” the purpose
of which is to supplement the normal diet and to be concentrated sources of nutrients
or other substances with a nutritional or physiological effect, alone or in combination,
marketed in dose form. Such dosages are capsules, pastilles, tablets, pills and other similar
forms, sachets of powder, ampoules of liquids, drop dispensing bottles, and other similar
forms of liquids and powders designed to be taken in measured small unit quantities.

The EU adopted Directive 2002/46/EC on June 10, 2002, with the requirement
that it be passed into national laws by all member states by July 31, 2003 [10]. It
deals with laws relating to food supplements. The nutrients that are included are
restricted to vitamins and minerals. Additional nutrients such as amino acids, essen-
tial fatty acids, and fiber may be added later. In countries where products currently
exist that include ingredients not yet on the EU Directive List, these will be able to
continue to be marketed, but not permitted, for EU-wide use.

1.3.4 JaraN

Since 2001, 13 vitamins, 13 minerals, and 101 herbal supplements have been reg-
ulated within the food category, rather than as drugs. In April 2001, Japan imple-
mented new regulations allowing dietary supplement labels to provide health and
efficacy information for the first time. Dietary supplements may now carry claims
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Pharm/Drug
« Prescription
Functional oloe
U.S. food industry food industry
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« Food ingredients Dietary

«» Beverages supplement
industry

FIGURE 1.1 Context for functional foods and dietary supplements.

that are regulated under FOSHU or nutrient content claims. Herbals that carry health
claims are considered within the more stringent FOSHU regulations. Currently, 12
vitamins and 2 minerals have been placed within the nutrient content category. This
area represents 20% of the nutritional supplements market, while the remaining 80%
is classified as either FOSHU (requiring individual approvals for health claims) or
“other food” for which no health or efficacy claims are allowed.

With regard to market segregation, functional foods lie between the health-care
continuum of foods and drugs as indicated in the Figure 1.1 [4].

1.4 THE GLOBAL MARKET

For 2003, the NBJ estimated current world consumption of NHPs, nutraceuticals,
and functional foods to be approximately US$172 billion [11]. The primary markets
for supplements and functional foods are the United States, Europe, Japan, and
Asia [12].

1.5 MACRO TRENDS AFFECTING THE FUNCTIONAL
FOOD INDUSTRY

Several macro trends are driving the growth of the global functional foods industry.

1.5.1 THE RiSING Cost oF HEALTH CARE RELATED
1O CHRONIC DISEASE

In 2001 [13], chronic diseases contributed approximately 60% of all deaths world-
wide and 46% of the total burden of disease. Almost half of these deaths are from
cardiovascular diseases, obesity, and diabetes. In most developed countries health-
care costs average between 9 and 14% of the gross national product.
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1.5.2 THE RoLE OF FOOD IN PREVENTION STRATEGIES

There is limited information regarding the impact of nutritional strategies in disease
prevention and health-care cost reduction. Some case studies, however, are available
that support the use of functional foods to improve the health of populations.

According to Unilever, a reduction of low-density lipoprotein (LDL) choles-
terol by 14% through the consumption of a cholesterol-lowering margarine, if
sustained over a 5-year period, could result in a roughly 25% decrease in coronary
risk in the U.K. population [14]. If this risk reduction were achieved in practice,
this would reduce U.K. heart disease patient numbers by 250,000 and save the U.K.
health-care system £433 million.

One of the principal examples is the introduction of margarine spreads fortified
with plant sterols in the United Kingdom. The U.K. National Health Service estimated
that these products have the potential to lower health-care costs for cardiovascular
disease by £100 million per year. An added benefit to this cost savings is the fact
that this reduction can be delivered at an annual cost of only £70 per patient per
annum, which is borne at the expense of the patient and not the government [15].

In Canada, Holub suggests that there is a potential for the Canadian government
to save an approximate Can$19 billion in health-care costs per annum [16] with the
introduction of several functional foods and nutraceutical ingredients, including
citrus pectins, guar gum, plant sterols, long-chain omega-3 PUFAs, cholestin (red
rice yeast), and policosanol into the diet.

1.5.3 SArety AND ToxicoLoGy AsPecTS RELATED TO FUNCTIONAL
Foobps AND NUTRACEUTICALS

Functional or nutraceutical ingredients, although intended to produce a physio-
logical effect, which can reduce chronic disease risk or otherwise optimize health,
may also produce adverse effects under certain circumstances due to the fact that
they encompass elements of drugs, nutrients, and food additives [17]. Thus, assurance
of safety for functional/nutraceutical ingredients is critical, particularly because they
are consumed by the general population in an unsupervised manner (e.g., without
medical oversight). When evaluating the safety of functional/nutraceutical ingre-
dients, clinical substantiation of safety is critical and, in particular, whether current
or historical human exposure is associated with an adverse health outcome.

Although a functional food or nutraceutical ingredient is intended to produce
optimized consumer health, because there is potential for lifetime exposure and
consumption if unsupervised, the assurance of safety is critical. The primary safety
must be derived from well-controlled randomized, double-blind human clinical
intervention trials. Safety must encompass an understanding of the physiological
activity of the functional/nutraceutical component, as it relates not only to a potential
health benefit, but also to any potential toxicological effect that may result.

1.5.4 GLOBALIZATION OF THE FOOD INDUSTRY

Many large multinational companies see the functional food industry as a way to
escape the commoditization of their products, as the profit margins in functional
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foods tend to be higher. In North America, 5 companies control nearly 40% of the
market, while the top 50 control nearly 80% of the market.

1.6 UNITED STATES
1.6.1 MARKET

In 2003, the sale of nutrition products consisting of dietary supplements and herbs,
natural and organic foods, functional foods, and natural personal care products
generated US$61.9 billion in consumer sales. The dietary supplement market gen-
erated $19.4 billion in the United States, growing only 1 to 3% from 2002 [18]. The
functional food market grew 10% to sales of $21.9 billion in 2003 [18].

A key characteristic of the U.S. functional food market is a large focus on disease
and its prevention. Products aimed at lowering blood cholesterol levels and cancer
risk, as well as weight loss, have characterized the U.S. market. The use of botanicals
in functional foods is much more popular than in Europe or Japan. Breads and grains,
especially enriched breakfast cereals, followed by functional beverages (teas and
energy drinks) are the primary functional food products in the U.S. market. Snack
foods including nutrition bars are one of the fastest growing functional categories,
experiencing a 23% rate of growth in 2003 [18].

1.6.2 CoONSUMER TRENDS

In the United States, chronic disease represents about 70% of health-care costs. The
U.S. Centers for Disease Control and Prevention (CDC) [19] predicted that obesity
and overweight may contribute as much as $120 billion to health-care costs. Approx-
imately 129.6 million Americans, or 64%, are overweight or obese. This has led to
an increased interest in and purchase of weight loss products. The Valen Group [20]
predicts that 59 million, or 28%, of Americans will purchase low-carbohydrate foods
in the next year. NBJ [21] estimates sales of low-carb foods reached $1.4 billion in
2003 and could reach $3 billion in the next few years.

With regard to omega-3 fatty acids, a consumer survey quoted in NBJ found
that in 2002, 58% of consumers were aware of omega-3, up from 46% in 1999 [22].
In addition, the notion of “mega” fish oil consumption has been championed by
Barry Sears in The Omega Rx Zone: The Miracle of the New High Dose Fish Oil,
and commercialized as OmegaRx high-dose fish oil and OmegaZone Bar with
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). Sears’ diet specif-
ically recommends the inclusion of omega-3 fatty acids in low and moderate car-
bohydrate diets [23]. Other early entrants in the high-potency foods include salmon
burgers by AQUACUISINE with 1000 mg of omega-3 per serving [24].

1.6.3 REeGULATORY REVIEW

The United States has a wide variety of fortification policies and health claim
labeling, which permit consumers to make informed dietary choices. Health claims
that can be used on food and dietary supplement labels fall into three categories:
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risk reduction claims, nutrient content claims, and structure/function claims. The
responsibility for ensuring the validity of these claims rests with the manufacturer,
Food and Drug Administration (FDA), or, in the case of advertising, with the Federal
Trade Commission (FTC).

The NLEA of 1990 directed the FDA to change the way that food labels were
regulated in order to make additional nutritional information available to consumers.
As defined in this act, a health claim is a “statement that characterizes the relationship
of a substance to a disease or a health-related condition, typically in the context that
the regular dietary consumption of a substance may reduce the risk of a specific
disease or health condition.” Within the labeling claims, references that the food is
intended to “cure,” “mitigate,” or “prevent” any disease are not permitted.

In 1994, the FDA reviewed several diet—disease relationships and established
seven allowable risk-reduction health claims that can be made on conventional foods
as long as they meet specific nutritional criteria related to fat, saturated fat, cholesterol,
sodium, vitamin A, vitamin C, iron, calcium, protein, and fiber.

In January 1997, the FDA approved the first food-specific health claim under
the NLEA, in response to a petition from the Quaker Oats Company. The authorized
health claim describes the relationship between consumption of whole oat products
and coronary heart disease risk reduction.

The FDA Modernization Act (FDAMA) became law in November 1997 [25]. It
contains provisions to reduce the regulatory hurdles in the health claim approval
process. Specifically, it directs the FDA to authorize health claims that are based on
the published authoritative statements from U.S. government agencies such as the
CDC, the National Academy of Sciences (NAS), or the National Institutes of Health
(NIH). An authoritative statement is about the relationship between a nutrient and
a disease or health-related condition. Within FDAMA, health claims can be made
without going through the lengthy FDA review process, if they have already been
published by these agencies. Premarket notification to the FDA of 120 days is
required. In July 1999, General Mills received no objection for a claim linking whole
grain foods to reduced risk of heart disease and cancer, based on statements from
the NAS.

In December 2003, the FDA’s Consumer Health Information for Better Nutrition
Initiative was announced [26]. The new system allows the use of qualified health claims
when there is emerging evidence for a relationship between a food, food component,
or dietary supplement and reduced risk of a disease or health-related condition. In
this case, the evidence is not well enough established to meet the significant scientific
agreement standard required for the FDA to issue an authorizing regulation. Qual-
ifying language is included as part of the claim to indicate that the evidence sup-
porting the claim is limited. Both conventional foods and dietary supplements may
use qualified health claims.

The claims currently permitted in the United States are listed below:

NLEA
¢ Calcium: osteoporosis
* Sodium: hypertension
e Dietary fat: cancer
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e Saturated fatty acids and cholesterol: coronary heart disease

» Fiber-containing grain products, fruits, and vegetables: cancer

» Fiber-containing grain products, fruits, and vegetables: risk of coronary
heart disease

» Fruits and vegetables: cancer

* Folate: neural tube defects

* Dietary sugar alcohols (sorbitol, xylitol, mannitol): dental caries

* Dietary soluble fiber (whole oats and psyllium): coronary heart disease

* Soy protein: coronary heart disease

» Sterols/stanols: risk of coronary heart disease

FDAMA

*  Whole grains: coronary heart disease and certain cancers
* Potassium and sodium: hypertension

Qualitied
*  Omega-3 fatty acids (EPA and DHA): coronary heart disease
e Vitamin B, vitamin B,,, and folic acid: coronary heart disease
e Walnuts and other tree nuts: coronary heart disease
e Selenium: cancer
e Antioxidant vitamins (E and/or C): coronary heart disease
* Phosphatidylserine: cognitive dysfunction and dementia

1.7 EUROPEAN UNION
1.7.1 MARKET

For dietary supplements like functional foods, the EU represents a dichotomous
market with regional differences apparent in market growth and individual product
sales. According to EuroMonitor [27], the overall European market for dietary
supplements experienced a growth rate of 2.2% in 2001 with sales at US$3.6 million.
The European market for functional foods in 2002 was worth about €5.7 billion,
and is forecast to grow by an average of 7.5% per year over the next 5 years to
reach a value of €8.2 billion by 2007, at 2002 prices and exchange rates.

1.7.2 CoNSUMER TRENDS

Several consumer reports have identified the EU consumer market for functional
foods as very diverse and heterogeneous, with different populations concerned with,
and suffering from, differing health concerns. However, as in North America, the
need to maintain a healthy, active lifestyle, to look and feel good, and to enjoy tasteful
food is paramount for the EU consumer.

1.7.3 REeGULATORY REVIEW

Directives within the EU continue to pose problems for regulators and marketers alike.
The EU adopted Directive 2002/46/EC on June 10, 2002, with the requirement that it
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be passed into national laws by all member states by July 31, 2003 [10]. It deals with
laws relating to food supplements and includes only vitamins and minerals.

It should be emphasized that the obstacles to marketing functional foods are
very high. There are currently EU-wide initiatives to modify health claims regulation,
which are expected to be complete by 2005. Many industry experts believe that only
large EU-based companies will be able to fulfill requirements for scientific support
for health claims that will be required and to ensure accurate translation of claims
into over ten different languages.

1.8 JAPAN
1.8.1 MARKET

The dietary supplement market in Japan remains undeveloped in comparison with
those of the United States and Europe. The regulatory environment for nutritional
supplements is restrictive and cumbersome [28]. Most dietary supplements are
marketed through nonretail venues including the Internet and multilevel marketing
firms. Japan is widely recognized as the most developed and established market for
functional foods in the world and has the second largest functional food market
behind the United States with a value of approximately US$12.5 billion.

1.8.2 CoNSUMER TRENDS

In 2001, of the Japanese population 18% was 65 years or older in comparison to
13% in the United States [29]. By 2025, this percentage will increase to 28% and
18% in Japan and the United States, respectively. The Ministry of Heath and Welfare
for Japan estimated that of deaths per 100,000 people, cancer claimed 239; heart
diseases, 118; cardiovascular diseases, 105; pneumonia, 66; and for 1998, 10 deaths
were related to diabetes [30]. The Japanese consumer spends US$166 per capita on
nutraceuticals per year, which is higher than in any other country.

1.8.3 REGULATORY REVIEW

Planning a strategy for functional food marketing in Japan is not an easy task.
Food and supplement companies are faced with a number of pathways in a maze
of regulations. FOSHU is one of the five categories covered under “Foods for
Special Dietary Uses.” Since the passage of FOSHU, the public’s interest in the
relationship between nutrition, diet, and lifestyle-related diseases and disorders
has flourished.

Since the inception of FOSHU in 1991, functional food sales have been growing
at an average of 25% annually. The FOSHU market currently accounts for nearly
US$4.1 billion of the total health food industry in Japan, which was estimated to
be worth $12 billion in 2004. Currently, the “nonhealth claim” functional food market
represents the largest sector of Japan’s food industry at around $8 billion. This is
followed by a newer category known as Foods with Nutrient Function Claims at an
estimated $5 billion and including over 1000 products according to a recent Japanese
market report [31].
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Of the seven health benefit categories approved under FOSHU, 54% of products
and 67% of sales are generated by the gastrointestinal health foods category.
Functional pre- and probiotic drinks and yogurts dominate the market. Of the 396
FOSHU products currently approved, 150 use fiber sources, 70 use oligosaccharides,
70 use peptides and proteins, 55 use lactic acid bacteria, and 10 each use diacylglycerides
and minerals such as calcium and iron. Other ingredients include noncarcinogenic
sweeteners, polyphenols, chitosan, B-carotene, green tea catechins, and DHA.

1.9 OMEGA-3 FATTY ACIDS AS INGREDIENTS IN
FUNCTIONAL FOODS AND NUTRACEUTICALS

Over the past 150 years, significant changes in the composition of the food supply of
Western societies have occurred resulting in an increase in consumption of omega-6
PUFA and a corresponding decrease in intake of omega-3 PUFA. Today, the ratio of
omega-6 to omega-3 in North America is estimated to be in the range of 10:1 to 25:1,
in comparison with a ratio of 1:1 characteristic of diets of the Paleolithic era [32].

This alteration in the food supply and subsequent shift in the ratio of omega-6
to omega-3 PUFA is attributed to a number of factors. Modern food production
methods decreased the omega-3 fatty acid content of many foods, including animal
meats, eggs, and fish. The use of grain feeds, which are rich in omega-6 but poor
in omega-3 PUFA, has altered the fatty acid composition of domestic livestock and
thus of meats and eggs in the modern food supply. Today, domestic beef contains
little to no detectable amounts of omega-3 PUFA. Aquaculture produces fish that
contain less omega-3 PUFA than those that grow naturally and feed on plankton in
the oceans, rivers, and lakes. The industrial revolution introduced vegetable oil
technology and popularized the use of cooking oils from sunflower, peanut, and
corn, all good sources of omega-6 PUFA.

1.10 THE FUNCTIONAL LIPID INDUSTRY

In 2002, fish oil surpassed other specialty supplements with growth of 32% for total
consumer sales of US$131 million, of which $78 million was in the mass market
and $35 million in the natural retail channel [25]. Fish oils comprised 6% of the
specialty supplement segment in 2002. According to industry players such as Roche
Vitamins (now DSM Nutritionals), strong, positive science is driving sales of omega-
3 from fish oil. Growth of fish oil supplements has been averaging 30% for the last
2 years and is currently sustaining around 10 to 15% growth.

Plant oils grew at 17% in 2002 to consumer sales of $154 million and also
comprising 6% of the specialty segment. Flaxseed oil is growing in popularity, as
it is a vegetarian source of omega-3 fatty acids and has fewer taste and stability
issues. Flax contains o-linolenic acid (ALA) in addition to linoleic acid (LA), which
is omega-6. Bioriginal Food & Science Corp. (Saskatoon, Canada), a supplier of
marine and plant bulk oils, concentrates, soft gels, and powders, saw flax sales grow
at a greater rate than fish in 2002. Based on North American sales for fiscal year
2003 (ending September 30, 2003), the company anticipated 35% growth over 2002
and 66% growth in flax sales (all forms), ahead of fish oil sales.
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In addition to their use in dietary supplements, the fats and oils industry is
focusing upon adding these “good” oils to high-fat food products.

1.11 DELIVERY SYSTEMS FOR FUNCTIONAL LIPIDS

The addition of functional lipids to foods must not have a deleterious effect on flavor if
it is to be accepted by the consumer. Unlike drugs, which are not designed for consumer
acceptability, the primary concern is for the treatment of a particular disease condi-
tion. In sharp contrast, functional lipids must be presented to the consumer in a
palatable food, as they are not perceived as drugs and are bought for the added health
benefits they provide.

“Novel” refining techniques are available that produce plant and marine oils,
which can be added to a range of foods without affecting the flavor profile of the
product. Previously, fish oils have been used only in a “hardened” or hydrogenated
form to prevent the occurrence of fishy off-tastes and smells. Currently, fish oils and
dry powders, with microencapsulated oils, are available for food fortification use.
The oily forms can be added to the lipid phase, with care taken to protect the readily
oxidizable PUFA. The powdered forms are used mainly in dry goods such as bakery
products and milk powders. Microencapsulated powders are dispersible in cold water
and are exceptionally stable with a neutral taste, making such powders available for
enrichment of foods such as reduced fat products, milk drinks, salad dressings,
orange juice, drinks, and bread.

Omega-3 and -6 enriched products are currently being marketed in the United
Kingdom, Korea, Taiwan, and Scandinavian countries. However, resistance from
producers and consumers is still to be overcome and technical problems need to be
resolved in some areas. Nutritionists and food developers realize that these foods
need not only to be healthy but to taste as good as similar products. There is a degree
of prejudice against fish and fish derivatives. For instance, the idea of yogurt or
bread containing 1% fish oil is not particularly attractive.

Despite the technical issues of incorporating long-chain PUFAs into foods, there
is no doubt that this concept offers food processors the opportunity to introduce a
new range of foods associated with definite health benefits, which will enjoy the
support of the scientific community as well as help in disease prevention.

Some functional lipids have limited bioavailability and require relatively large
doses to ensure a certain amount is taken. Thus, the delivery system still remains
the crucial step in ensuring efficacy of the particular functional lipid. This has
considerable economic implications as enhanced absorption means a smaller amount
is needed because of higher bioavailability. This book covers a wide range of functional
lipids including the highly unsaturated fatty acids EPA and DHA, which, in addition,
present challenges related to their oxidative stability.

Improved solubility and stability appear to be the key challenges for functional
lipids. To this end, new developments in emulsion technology appear to hold con-
siderable promise for their incorporation into foods. The development of micro- and
double emulsions appear to be ways for improving the bioavailability, stability, and
bioefficacy of functional lipids. For example, the development of a phospholipid-
based microemulsion formulation for all-trans-retinoic acid, an active metabolite of
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retinol (vitamin A), by Hwang and co-workers [33] was shown to improve both its
solubility and stability. This was achieved without affecting its pharmacokinetic and
cancer properties. They further demonstrated that this technology could be used as
an alternative parenteral formulation of all-frans-retinoic acid. Microemulsions are
easy to form, have excellent thermodynamic stability, and are capable of solubilizing
considerable quantities of oil-soluble compounds. In addition, they provide the ability
for controlled and sustained drug or nutraceutical release [34]. Double emulsions, on
the other hand, are unstable thermodynamically. Naturally occurring emulsifiers, such
as protein macromolecules, bovine serum albumin, casein, gelatin, and vegetable
proteins, were suggested to be added as possible stabilizers [35]. The improved stability
of double emulsions afforded by these macromolecules permitted entrapping any type
of nutraceutical, including functional lipids, with controlled release over a prolonged
period of time. Further work in this area appears extremely promising for increasing
the bioavailability and efficacy of functional lipids.

1.12 WORLD RECOMMENDATIONS FOR OMEGA-3
AND -6 FATTY ACIDS

Many countries and international organizations have made formal population-based
dietary recommendations for omega-3 PUFA to ensure adequate intakes (Als).
Recommendations have typically been between 0.3 and 0.5 g/d of EPA + DHA and
0.8 to 1.1 g/d of ALA [36].

1. In 1999, the NIH sponsored an international workshop, which made recom-
mendations for dietary intakes for omega-3 and omega-6 fatty acids. The
NIH Working Group proposed Als of 2 to 3% of total calories for LA, 1%
of total calories for ALA, and 0.3% of total calories for EPA and DHA [37].

2. The United Kingdom recommends that 1% of energy be obtained from
ALA and 0.5% from EPA and DHA combined [38].

3. The British Nutrition Task Force recommends a minimum of 0.5% of
energy from ALA [39].

4. In September 2002, the NASs Institute of Medicine IOM) set an Al for
ALA of 1.6 and 1.1 g/d of ALA for men and women aged 19 to >70
years, respectively. The Al is based on the highest median daily intake of
ALA by U.S. adults and represents an intake not likely to be associated
with a deficiency of this nutrient. In conjunction with the Food and
Nutrition Board and the National Academies, in collaboration with Health
Canada, the IOM estimated an Acceptable Macronutrient Distribution
Range (AMDR) for ALA to be 0.6 to 1.2% of energy, or 1.3 to 2.7 g/d,
on the basis of a 2000 calorie diet [40].

5. The American Heart Association Scientific Advisory and Coordinating
Committee has recommended eating a variety of fish at least twice a week
to provide Al of omega-3 fatty acids, as well as flaxseed, canola oil, and
other foods rich in ALA. As reviewed by Kris-Etherton et al. [36], total
ALA intakes of about 1.5 to 3 g/d appear to be beneficial for individuals
without coronary heart disease.
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1.13 SAFETY

The two key elements that will determine the success of functional lipids, in the
management of human health, are efficacy and safety. Functional lipids must have
generally recognized as safe (GRAS) status. The safety of functional ingredients,
including functional lipids, should follow the guiding principles described by Kruger
and Mann [16] and summarized as follows:

1. The pharmacological effects of the particular functional lipid as well as
its toxicological potential must be understood to predict the impact of
exposure to different dose levels.

2. Each functional ingredient may have unique safety issues and must there-
fore be dealt with individually.

3. The safe level of ingestion or exposure must be determined as the margin
of safety between the intended level of ingestion and its toxic level may
be very small.

4. The potential for possible interaction with drugs must be determined.

Prior to human trials, evaluation of safety is based largely on animal studies. How-
ever, the most powerful evidence is that obtained from careful human trials. Since,
for the most part, functional lipids occur naturally in food, the main concern is the
possible toxicity of the isolated bioactive lipid ingredient, which may be concentration
dependent.

Because nutraceutical such as functional lipids have the potential to enhance
consumer health, decrease health care costs, and enhance economic development,
Lachance [41] pointed out the reliance on diversified research that addresses safety
and assures chemical and biological efficacy. Lachance and Saba [42] also noted
that while microbiological and chemical assays can ensure the intended quality of
functional ingredients themselves, following the terrorist attacks of September 11, 2001,
there is also a need to prevent the introduction of counterfeit products and agents
of terrorism. The latter can be assured through traceability by combining the fol-
lowing existing technologies: (1) global positioning, so that each ingredient or
functional component has a chemical identification and authentication by collecting
global positioning descriptors; (2) bar codes as a universal method to identify source,
key dates, HACCP data, and the like; and (3) HACCP to assure the microbiological
safety of the ingredient.

1.14 CONCLUSION

Functional ingredients including lipids have now become a high research priority
by universities, industries, and governments around the world. This is evident by
the establishment of institutes and centers that are totally focused on functional foods
and nutraceuticals. The success of this investment will hopefully lead to new and
exciting functional ingredients, including functional lipids, that will help to reduce
the increasing health costs associated with an aging population by slowing down or
preventing the onset of chronic diseases.
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2.1 INTRODUCTION

Although there has been interest in the possible production of oils and fats using
various yeasts and filamentous fungi for well over 75 years, it has only been in the
past 20 years that commercialization of these materials has occurred. The first
process that was developed for a microbial oil was for the production of an oil rich
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in y-linolenic acid (GLA, n-6), which forms the basis of this chapter. Although this
process is no longer run, due to the availability of cheaper plant sources for GLA,
the process nevertheless has provided an important milestone and benchmark for all
future microbial oil productions.

Today, several large-scale commercial processes are operated for the production of
oils rich in either arachidonic acid (20:4, n-6) or docosahexaenoic acid (22:6, n-3) using
various microorganisms [1]. The presence of such oils is now a very important part of
the nutraceutical business, especially for incorporation into infant formulae.

In this chapter, an account will be given of the first commercial microbial process
for the production of a specific oil. Much of this information has not been available
previously, as the details of the process itself were regarded as industrial know-how.
No patents were ever taken out on this process because it was considered that the
essential information about the occurrence of GLA in fungi was already in the public
domain, as were details of the cultivation systems that had to be used to ensure
maximum lipid production in an organism. With the advent of other microbial oil
processes, and the divulgence of many of the details of these processes [1], there is no
longer a need to restrict information about the GLA process. However, certain details
concerning the origins of the organisms that were screened for GLA production, as
well as the exact results of the production runs, have still remained restricted, as it
is not impossible that the process could, one day, be resurrected and brought back
into production.

The microbial GLA process has opened up the way in which other similar oils
could be produced using bioreactors of up to 200 m? by using the type of tech-
nology that had been developed for the production of biomaterials such as anti-
biotics, amino acids, and even whole microbial cells for animal feed purposes.
Furthermore, the GLA process demonstrated, for the first time, that extracting oil
from the harvested microbial cells was not a major problem and could, in fact, be
accomplished using conventional oil extraction technologies. In addition, many of
the questions of safety had to be addressed with the first microbial oil, as clearly
this oil was a novel product and could not be sold to the general public without
extensive toxicological trials having been done. Again, establishing the protocols
needed to show complete safety of use has since been extended to all current
microbial oils being offered for sale. Like any product that is the first of its kind,
there is considerable, and often intense, scrutiny to ensure that the product poses
no threat to health and will be safe to consume even if taken at many times the
suggested daily dose. As each subsequent product comes along, these fears are
lessened and testing can eventually be simplified, the specifications quickly
defined, and the product then swiftly cleared by the regulatory authorities. There-
fore, we have a lot to be grateful for in the pioneering work that led to the world’s
first commercially viable single cell oil (SCO).

2.2 SINGLE CELL OILS

The term Single Cell Oil was coined [1] as an obvious parallel to the term Single Cell
Protein (SCP), which was used in the 1960s to cover microbial biomass generated as a
source of protein, principally for use as an animal feed material. The term SCP was
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meant to allay fears of the public about eating microbes, which, in most people’s minds,
are probably harmful and certainly noxious. Consequently, SCP became a widely used
euphemism avoiding mention of bacteria, fungus, mold, or any other word that might
have had negative connotations with the public. SCO was similarly meant to define edible
oils being produced by unicellular (i.e., single-celled) organisms and, again, allowed
their use and consumption without specifically mentioning that they were derived from
microorganisms. After all, very few people would be attracted to the idea of consuming
a fungal oil! Thus the term SCO was born [2] and has remained in use ever since.

2.2.1 MicrosiaL OiLs IN GENERAL

The ability of certain microorganisms to accumulate up to 70%, and even greater, of
their biomass as oil has long been known. Such species are known as oleaginous [3] and
the phenomenon of lipid accumulation is therefore known as oleaginicity though the
shorter neologism of oleaginy has been heard. This descriptor has then been used for
microorganisms capable of accumulating 20% or more of their biomass as lipid or oil.
This lower limit, though, is imprecise and the term oleaginicity was therefore originally
intended to indicate a general propensity for lipid accumulation rather than defining,
with any accuracy, what was the minimum amount of lipid that had to be accumulated
for an organism to be classified in this way. Not all microorganisms, however, are
oleaginous and, even when grown under the most appropriate conditions for lipid accu-
mulation, they will not accumulate more than a few percentages of their biomass as oil.

For an oleaginous microorganism to produce its maximum content of lipid, it is
necessary to grow it in a culture medium which is so formulated that the content of
nitrogen (usually supplied as an ammonium salt) is exhausted after a day or so (see
Figure 2.1 as a general example). Up until this point, growth of the organism has
been in a balanced nutrient situation, known as the tropophase, where all the necessary
nutrients for growth—C, H, N, O, S, P, K, Mg, etc. —are available. After nitrogen
exhaustion, the cells enter an unbalanced phase, sometimes known as the idiophase,
in which further cell proliferation is prevented by the absence of nitrogen, which, of
course, is essential for both protein and nucleic acid synthesis. Provided a supply of
carbon, usually glucose, remains available, the cells then continue to assimilate it but,
because of their inability to generate new cells, this carbon is essentially surplus to
growth requirements and is converted into a reserve storage material within the cells.
If the cells should ever become starved of carbon, they are able to mobilize this
reserve storage material as a source of carbon and energy. In the oleaginous yeasts,
molds, and some algae, this reserve storage material takes the form of triacylglycerol
(or triglyceride) oil. In other organisms, the storage material might be polysaccharides
or materials such as poly-f-hydroxybutyrate and poly-B-hydroxyalkanoates, as are
found in many bacteria.

2.2.2 THe O AccUMULATION PROCESS IN OLEAGINOUS
MICROORGANISMS

The biochemistry of the conversion of the surplus carbon into lipid has been studied
in some detail in the author’s laboratory [4]. In brief, the oleaginous organism
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FIGURE 2.1 Idealized representation of lipid accumulation in an oleaginous organism. The
organism grows initially with all nutrients in excess; the composition of the medium is so
adjusted, however, that the supply of nitrogen (usually an ammonium salt) is quickly exhausted
but a surfeit of carbon (usually glucose though other substrates can be used) remains. The
excess carbon continues to be assimilated by the cells and, as it no longer can be converted to
protein or nucleic acids because of the absence of nitrogen, the carbon is converted to
triacylglycerols as a reserve storage material. The extent of lipid accumulation depends on
the strain of the organism being used.

possesses a different mechanism of generating acetyl-coenzyme A (CoA) units, as
the essential precursor of fatty acid biosynthesis, to the nonoleaginous species. The
key to the process is that when nitrogen is exhausted from the growth medium, there
is a change in the respiration of the cells so that citric acid, produced from glucose,
is no longer oxidized by the citric acid cycle (Krebs cycle) and instead begins to
accumulate. It is then cleaved by an enzyme called adenosine triphosphate (ATP):
citrate lyase, which is found only in the oleaginous cell. This enzyme then generates
acetyl-CoA and is probably physically linked to the fatty acid synthesizing system
to ensure rapid conversion into fatty acids. In oleaginous species, but perhaps not in
all, there is a second enzyme that generates the reducing power needed to reduce the
acetyl units as they are elongated into saturated alkyl chains. This enzyme is malic
enzyme. It uses malic acid and nicotinamide adenine dinucleotide phosphate (NADP)
as substrates and generates pyruvic acid and NADPH (reduced form of NADP), which
then acts as the requisite reductant for the fatty acid synthase. No other enzyme seems
to be able to carry out this function and malic enzyme, like ATP:citrate lyase, is
thought to be physically attached to the fatty acid synthase protein.
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The biochemistry of oleaginicity has been described in detail elsewhere and
the erudite reader wishing to know more about this should consult a recent review
by the author and one of his colleagues [4]. The lists of oleaginous microorganisms,
covering yeasts, molds, and algae [5-7], are not long ones. The attribute of accu-
mulating large amounts of oil in a microbial cell probably rests with just about 100
or so species throughout all three of these groups, though more may be discovered
as further exploration of this topic still continues. It is clear from an examination
of these lists that the maximum amount of oil that any particular microorganism
can accumulate is fixed and, moreover, can vary from species to species and even
from strain to strain with a single species (see Table 2.2 for examples). Thus each
organism appears to have its own ceiling of the maximum amount of lipid that it
can accumulate; some species can have a limit of, say, 25% of their biomass as
lipid; in others it may be 40 or even 50%, with the very highest levels being 70
to 80%.

This limitation of lipid accumulation therefore appears to be genetically con-
trolled, as it is not possible to exceed it under any growth condition that might be
tried. It is therefore part of the genetic makeup of an organism and is possibly due
to the manner in which the gene regulating the synthesis of malic enzyme is con-
trolled. Malic enzyme, as mentioned above, is the enzyme that generates NADPH
for fatty acid synthase and it would appear that, in the oleaginous species that produce
the lower amounts of lipid, the gene for malic enzyme synthesis is switched off
shortly after nitrogen exhaustion. This then means that the supply of reducing power
into fatty acid synthesis ceases and no more lipid is produced. The cells have the
ability to limit their own obesity. Whether or not this is the general phenomenon,
and whether it might be used to explain the variation in oil accumulation ability in
plants, is still an open question.

2.3 COMMERCIAL ASPECTS OF SCO PRODUCTION

Early commercial attempts to produce SCOs focused mainly on yeasts [8], which
were the most prolific producers of triacylglycerol oils. However, these oils were
essentially the equivalent to those that could be obtained from plant seeds. The oils
were high in contents of oleic acid (18:1), linoleic acid (18:2), and palmitic acid
(16:0), but did not offer anything that could not be obtained much more cheaply
from agriculture. Even attempts to produce a cocoa butter substitute fat using yeast
technology [9,10] did not succeed in being economic even though cocoa butter itself
commands a price of between US$2000 and $3000 per ton compared with, say,
$400 to $600 per ton for soybean oil, corn oil, and the like.

The economics of SCO production dictate that only the most expensive of oils
can be produced in this way. For the production of 1 ton of oil, a minimum of 5 tons
of sugar are needed, but more sugar is needed to generate the cells within which the
lipid is stored. A typical SCO process may therefore consume between 7 and 10 tons
of sugar to produce 1 ton of oil. Sugar itself may not be expensive but even at about
$250 to $300 per ton we have a total substrate cost of around $1800 to 3000 though
this might be less if glucose syrup or molasses is used. Add to this the high cost of
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fermentation technology, which is probably not less than $1000 per ton of biomass
generated, and we have an inherently expensive oil.

To produce microbial cells with an oil content of, say 50%, would probably cost
a minimum of $2000 per ton of cells (i.e., $4000 for a ton of oil). For an organism
with an oil content of 25%, where 4 tons of biomass would be needed, the fermen-
tation costs per ton of oil now rises to $8000. Thus the minimum cost of producing
1 ton of SCO cannot be much less than $4000 and could be as much as double or
even treble this if a slow-growing, low-yielding organism were to be used. To these
costs, the costs of oil extraction and refining have to be added and, though this may
not add much more than $500 per ton of oil, it still has to be taken into account.

From simple fermentation economics, only the most valuable of oils can thus
be contemplated for production. Using microorganisms to try to produce substitutes
for corn oil, groundnut oil, canola oil, or even cocoa butter is just not an economic
proposition. Therefore, one has to aim for much higher valued oils.

2.4 MICROBIAL OILS AS A SOURCE OF y-LINOLENIC
ACID (GLA)

2.4.1 GLA: SOURCES AND APPLICATIONS

GLA (18:3, n-6) has a very long history of use, occurring as it occurs in the seed
oil of the evening primrose (Oenothera biennis). Evening primrose oil (EPO) has
been used as a quasi-medicinal oil for centuries; it is known as “King’s Cure-All”
and thus has been recommended for the alleviation of a wide number of illnesses
[11-16], including the improved well-being of the elderly [17]. In the 1970s, it was
suggested as a possible treatment for multiple sclerosis, a claim that has since been
rescinded. Also at this time, EPO was regarded as highly useful for the relief of
premenstrual tension and also for the treatment of eczema, particularly childhood
and atopic eczema [15,16]. All these properties were attributed to the presence of GLA
in the oil, even though the amount of GLA in the oil being sold at this time was only
about 10%. GLA itself is a precursor of certain prostaglandins that fulfill essential
physiological roles in the body, and thus a continual supply of GLA is needed to
ensure continuous synthesis of the prostaglandins, as they have only a short half-
life in the body. Normally, though, GLA is synthesized in the body from linoleic
acid (18:2, n-6) by a specific A6 desaturase and supplementation of the diet should
be unnecessary. However, under certain conditions, the activity of the A6 desaturase
may decline, leaving the body with a deficiency in GLA and therefore in prostag-
landins. Under such conditions, supplementation of the diet by oils containing GLA
has been advocated [11-17]; however, it has to be stated that the evidence is not
without its critics, and the efficacy or otherwise of EPO as a dietary supplement has
been questioned, principally because 90% of it is not GLA and whatever effects it
may bring about could be attributed to something other than GLA.

GLA, however, continues to be an attractive nutraceutical as a source of n-6 fatty
acids. Oils rich in this fatty acid are still recommended for the treatment or alleviation
of a number of clinical conditions: further information about the medical applications
of GLA may be found in two recent monographs devoted to this topic [13,14].
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The demand for EPO began to increase in the mid-1970s because of the many
claims of its benefits. With this came a concomitant increase in price as demand
began to exceed the supply. Top prices for EPO in the mid-1970s and early 1980s
reached over $50 per kg (i.e., over $50,000 per ton). It was then one of the highest,
if not the highest, valued triacylglycerol oils produced.

2.4.2 THE SEARCH FOR THE “Best” GLA-ProbucING FuNGus

The monopoly enjoyed by EPO led to searches for alternatives sources of GLA. The
presence of GLA in Phycomyces fungi had been known since the 1940s [18], and
it was subsequently found to be a common fatty acid in fungi classified as “the lower
fungi,” which included the genus of Phycomyces [19-21]. The lower fungi are
sometimes known collectively as the Phycomycetes order but are more correctly
classified into two subgroups: Mastigomycotina and Zygomycotina, with members
of both groups producing GLA in their lipids. Interestingly, no other group of
microorganism — bacteria, yeast, or higher fungi — produce GLA, though it is found
in many marine and freshwater algae.

With the known occurrence of GLA in fungal microorganisms, it was therefore
attractive to consider a biotechnological route for its production. Up to this time, no
process had been developed on a commercial scale for the production of any micro-
bial oil. Nevertheless, it seemed that if an appropriate organism could be identified,
then production of a GLA-SCO should be feasible using the technology that was
available for large-scale cultivation of microorganisms, including filamentous fungi.

Work began in the author’s laboratory in 1976 to identify a possible fungal
source of GLA. Over 300 species and strains were eventually screened over the next
6 years for GLA production. Table 2.1 lists the main genera that were examined.
Within each genus, a diversity of species was examined to ensure that as wide a net
as possible was cast to find the most promising species. All organisms were obtained

TABLE 2.1
Genera of the Lower Fungi (Phycomycetes)
Screened for GLA Production

Absidia Mucor
Basidiobolus Phlyctochytrium
Choenephora Phycomyces
Cunninghamella Pythium
Delacroixia Rhizopus
Entomophthora Zygorhynchus

Mortierella

In each case, a number of representative species were screened
for growth performance, lipid production, and GLA content of
the lipids. Those species that appeared to be the most promising
(see text) were then examined in detail. See Table 2.2.
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from major culture collections; no attempt was made to isolate possible organisms
from the environment.

The criteria that were used to evaluate performance in this screening process
were as follows:

* The organism should grow readily in submerged culture attaining at least
10 g/l in 3 d or less in simple stirred vessels. It should not pose problems
for extensive filamentous growth or for pellet formation.

e It should have an extractable oil content of not less than 20% of the
biomass.

e It should preferably have a GLA content of the total fatty acids of as near
to 20% as possible and, preferably, over this value.

* The oil should be over 90% triacylglycerol.

* The organism should pose no hazard for large-scale cultivation. It should
not be an animal pathogen or a plant pathogen. It also should have no
history of causing any allergic reaction or toxicity.

¢ Ideally, the organism should grow at 30°C or slightly higher because if it
had a lower growth temperature requirement, this could otherwise incur
additional expenditure for cooling large-scale cultures.

After an initial cultivation in shake-flask cultures, all organisms were grown in
vortex-aerated 1 I bottles [22]. In all cases, a glucose-based medium was used and,
as the pH was not controlled in these vessels, diammonium tartrate was used as the
N source with small amounts of yeast extract, malt extract, and peptone (totaling
0.5 g/1) added as sources of any vitamin that may be required. (Ammonium tartrate
was used as the N source because this prevents acidification of the medium that
occurs when ammonium chloride or ammonium sulfate is used, as the uptake of the
ammonium ion leaves HCI or H,SO, behind that quickly acidifies the medium and
prevents microbial growth.) The medium composition was carefully balanced so that
it would become N-limited after about 24 to 30 h (see Figure 2.1); a C:N ratio of
40:1 was therefore selected as able to induce lipid accumulation in an oleaginous
microorganism.

After evaluating the performance of over 200 organisms, it seemed that the most
promising species lay in the genera of Cunninghamella and Mucor, with Rhizopus
stolonifer a further candidate. Accordingly, extensive examination then began of
the key species in each of the two likely genera by looking at the performance of
as many strains of each species as could be obtained from culture collections
worldwide. Table 2.2 lists the results of 57 individual strains taken from just 8
species.

As can be seen, the lipid and GLA content of the fatty acids could vary enor-
mously within a single species: for example, with Mucor circinelloides the content
of lipid in the cells, all grown under identical conditions, ranged from 3 to 37% and
the GLA ranged from 8 to 32%. This wide divergency indicates that screening can
often miss the best organism, and therefore one should be prepared to examine the
complete range of strains that are available in order to ensure that the best organism
is not overlooked.
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TABLE 2.2
Final Screening of Individual Strains for the Best GLA-Producing Organism
Organism Lab. Strain No.  Lipid (% Dry Wt)  GLA (% Total Fatty Acids)
Cunninghamella blakesleeana 237 33 8
239 28 13
247 32 7
248 36 8
249 34 10
281 23 10
C. echinulata 151 21 16
244 22 18
245 18 18
246 20 17
282 23 13
Mucor circinelloides 116 13 15
119 37 8
162 12 18
232 6 13
233 13 12
240 8 17
252 21 12
253 9 20
254 14 18
255 17 8
271 21 13
272 6 11
273 19 16
274 3 22
M. genevensis 158 10 32
241 2 11
256 17 13
269 27 20
275 20 17
158 10 32
241 2 11
256 17 13
269 27 20
275 20 17
M. mucedo 118 17 25
223 28
226 10 8
242 14 22

(continued)
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TABLE 2.2 (Continued)
Final Screening of Individual Strains for the Best GLA-Producing Organism

Organism Lab. Strain No.  Lipid (% Dry Wt)  GLA (% Total Fatty Acids)
278 9 24

M. racemosus 217 9 5
218 14 7
219 3 0
231 12 0
243 24 7
259 23 14
262 22 10
265 28 11
266 32 9
267 30 13
277 24 12

Rhizopus stolonifer 121 7 24
227 6 8
228 7 16
229 11 20
279 9 21
280 11 28

Each organism was grown in a 1 1 vortex-stirred bottle [32] with a medium having a high C:N ratio to
encourage maximum lipid accumulation (see Figure 2.1 and text).

From the results given in Table 2.2, combined with observations on the growth
patterns of the organisms and their ability to grow as dispersed cultures in 5 1, fully
controlled, stirred bioreactors, the final list of three organisms was chosen. These
were

e M. circinelloides strain 119
* M. genevensis strain 269
e M. racemosus strain 267

(The strain numbers given here and in Table 2.2 refer to the numbers allocated to
the strains in the author’s laboratory and do not correspond in any way to coding
systems used by the various culture collections from which these organisms were
obtained.) This then completed the laboratory work on these fungi.

Further work beyond the laboratory scale now had to be carried out in partnership
with the company that intended to produce the GLA oil commercially, using its
equipment and expertise to translate a laboratory process into an economically viable
production. This company was J. & E. Sturge, Ltd. of Selby, North Yorkshire,
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United Kingdom, which was major producer of citric acid using Aspergillus niger and
had expressed a keen interest in this GLA process. The company had available four
220-m? stirred fermenters for citric acid production plus a number of smaller pilot-
scale fermenters that were used to evaluate possible process improvements. Production
of the GLA-SCO could then be contemplated by using one of the production-scale
fermenters, as the technology used for citric acid production would be similar in most
respects to that which would be needed for GLA production.

Each of the three fungi listed above were then grown in pilot-scale fermenters
up to 10 to 15 m? to produce sufficient guidance as to their likely performance in
the final production vessel of 220 m?3. The quality of the oil extracted from each
organism was also evaluated and compared. From a consideration of all the various
factors, the final choice of which organism to use was M. circinelloides strain 119.
It was found, however, that the performance of the organism was not quite the same
as that which had been initially found in the preliminary survey shown in Table 2.2.
Instead of the cells reaching 37% oil content as they had done earlier, the ceiling
now appeared to be about 25% oil, but, at the same time, the content of GLA in the
fatty acids increased from 8 to 18%. This was then taken as the best overall yield
for GLA that could be reasonably attained.

2.4.3 ProbuctioN oF GLA-SCO

The first large-scale production run for GLA was carried out in 1984 using one of the
citric acid fermenters with full pH, temperature, and aeration controls. Mucor: circinel-
loides was grown at 30°C, which was just high enough to obviate the necessity for
refrigeration to regulate the temperature, as would undoubtedly have been needed if
the optimum growth temperature had been 28°C or less. The medium used, however,
was different from that used for citric acid production and was formulated with a high
C to N ratio so as to promote lipid accumulation and also to achieve as high a biomass
as possible (see Figure 2.1). In the event, it was found advisable, because of the
morphological characteristics of the organism, to restrict the biomass density to
about 50 g dry wt/l. Above this density, there were problems with pumping the cells
from the production vessel to the holding tank (see Figure 2.2). The final cell density
was therefore controlled by limiting the initial glucose concentration to about 125 g/l.

2.4.3.1 Problems with the First Product

The first run produced sufficient biomass to evaluate methods for oil extraction and,
when this had been solved, for there to be sufficient oil to carry out toxicological
trials. The initial toxicological trials used brine shrimp as a very sensitive indicator
organism. The first results with the brine shrimp were, however, a disaster. The oil
was apparently toxic and most of the brine shrimp were killed; however, it was
quickly realized that the culprit was the presence of free fatty acids in the oil (the
reasons for their occurrence are given below). Once these had been removed, the
oil was found to be extraordinarily safe: further and extensive animal feeding trials
were carried out using mice, rats, and, of course, brine shrimp. The oil proved to
be equal or superior to any other plant oil that was used in comparison.
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The presence of the free fatty acids in the first batch of oil produced was
something of a surprise, though we had known for many years that these materials
were artifacts arising very readily in microbial oils if appropriate precautions to
avoid their formation were not taken. As oils are produced as a reserve storage
material in response to a nutritional deficiency other than carbon, it then follows
that if the cells subsequently become devoid of a supply of external carbon, they
will then commence to utilize the lipid that they have previously accumulated. After
all, that is what it is there for. During the harvesting of cells from their culture
medium, there will be only a little carbon remaining in the culture broth; and, even
if some does remain, then this remnant is certainly removed during the harvesting
of the cells. The harvested cells are thus starved of carbon. Accordingly, as they are
still metabolically active, they immediately mobilize their lipid reserves and this
entails the expression of a lipase to release fatty acids from the triacylglycerol, which
are then oxidized to yield energy as well as acetyl-CoA to be used for synthesis of
new cell material. The induction of lipase activity occurs instantly when the cells
are starved of carbon. These events have been followed and reported for other
oleaginous microorganisms [23]. Similarly in M. circinelloides, as it was harvested
from the fermenter, lipase activity was induced in the cells; and then, during the oil
extraction itself, the lipase continued to work, thereby releasing free fatty acids that
subsequently contaminated the final oil.

Once the presence of free fatty acids was recognized, it was then important that
the activity of the lipase was prevented at the earliest possible stage. To achieve this,
the simplest way was to heat the culture broth prior to harvesting the cells. This heating
could be applied to the entire fermenter itself, though it was found more expedient to
evacuate the entire contents of the fermenter at the end of the lipid accumulation phase
into a heated holding tank (see Figure 2.2). An alternative was to pass the culture broth
through a heat exchanger in the transfer of the entire culture from final fermenter into
the holding tank. Heating to about 60°C was found sufficient to inactivate all lipase
activity; it also served to stabilize the cells from other hydrolytic enzyme activities.

2.4.3.2 Process Operations

The process of GLA-oil production is shown in Figure 2.2. In keeping with most other
large-scale fermentation processes, the organism is grown through a series of fermenters
of increasing size; each one is inoculated with the culture from the previous vessel after
about 24 h to ensure that the cells are growing as rapidly as possible. The final production
fermenter is inoculated with 10% of its volume with M. circinelloides; it is only in the
final fermenter that there is a need to ensure that the medium has a surfeit of carbon
and a deficiency of nitrogen. Prior to this, the medium is more or less balanced in terms
of the C and N requirements of the cells, as this ensures the cells are growing at their
maximum rate at the time they are inoculated into the next fermenter.

The pH, temperature, and aeration rates are carefully monitored and controlled
throughout growth in all fermenters: it is important that the cells remain as dispersed
as possible and that pellet formation, which is a common feature among filamentous
fungi, is avoided as far as possible. Mucor circinelloides, fortunately, can be maintained
as dispersed cells with very little clumping into pellets, which is then an advantage
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to ensure good aeration and oxygen transfer to the cells. These are all important
characteristics which need to be considered before the final choice of organism is
made. It is therefore vitally important that the biochemical engineers responsible
for running the process and for the final harvesting of the biomass are consulted at
the earliest stages of selecting the likely production organism. Simply judging the
organism on its productivity, yield of oil and GLA content is not sufficient.

After completion of growth, the biomass is transferred into a holding tank and
is heated to prevent lipid hydrolysis (see above). The use of a holding tank into
which the entire final culture can be discharged is also expedient to give the minimum
turnaround time with the main fermenter allowing it to be cleaned and recharged
with fresh medium, and the next run then commenced with the minimum of delay.
The holding tank also allows downstream processing of the heat-stabilized cells to
take place at a rate that is commensurate with the capacity of the harvesting equip-
ment, whether this be by centrifugation, rotary drum filtration, or any other means.
In this case, the cells were harvested by rotary drum filtration with final pressing of
the filtered cells to remove as much water from the cells as possible.

The final product was moist, packed, heat-stabilized cells. The cells did not need
to be spray dried to remove all the water, as this was unnecessary for the final process
of oil extraction (see next section). No deterioration of the oil apparently occurred in
the cells once they had been heated. One production run from the 220 m? fermenter
yielded over 10 tons dry wt (approximately 13 to 14 tons moist wt) of cells containing
about 2.5 tons of oil. The duration of the final fermentation run was between 3 and 4 d.

2.4.3.3 Oil Extraction

Oil was extracted from the cells using a small-scale hexane extraction unit that was
normally used for the extraction of essential oils from plant materials. Extraction
units that deal with commercial quantities of plant oil seeds were simply too big to
warrant use with the relatively small amount of fungal biomass that had to be dealt
with. Such extraction units deal with tens of tons of material per hour and have a
hold-up volume within the extraction plant of up to 100 tons — in other words, over
100 tons of new oil have to be extracted from any one source to displace the existing
oil still in the system from the previous material used. The processing equipment
used have could have handled the entire output of one of the production fermenters
in less than a day of processing.

The extracted oil from M. circinelloides still required further processing (as do
all oils, irrespective of their origins). This necessitated carrying out refinement and
deodorization in order to remove nontriacylglycerol components of the oil, mainly
phospholipids and some other polar lipids, as well as removing any volatile materials
that could have adversely affected the smell or taste of the oil. This further processing
was again carried out using small-scale equipment that was normally used for
handling small batches (i.e., about 1 ton) of experimental oils coming from various
exotic sources. These processes were exactly the same as those used in conjunction
with other plant oils and did not need any major changes in their technology to
handle the mold oil. The final product was a clear yellow oil with a triacylglycerols
content of over 98% (see Table 2.3).
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TABLE 2.3

Specifications of GLA-SCO

Production organism Mucor circinelloides ( = javanicus)

Production company J. & E. Sturge Ltd, Selby, N. Yorks, United Kingdom
Cultivation system 220 m? fermenters; duration: ~ 4 d; biomass

contains 25% extractable oil

Oil

Trade name Oil of Javanicus

Appearance Pale yellow, clean and bright

Specific gravity 0.92 at 20°C

Peroxide value 3 (maximum)

Melting point 12-14°C

Free fatty acids <<1%

Triacylglycerol content of oil >97%

Added antioxidant Vitamin E

Stability No deterioration at 20°C over 12 months

Fatty Acyl Composition (rel. % w/w) of Oil

14:0 1%
16:0 22-24%
16:1 (n-9) 1%
18:0 5-7%
18:1 (n-9) 38-40%
18:2 (n-6) 10-11%
18:3 (n-6) 18-19%
18:3 (n-3) 0.2%

2.4.3.4 Specifications of GLA-SCO, Safety Evaluation,
and GRAS Status

Table 2.3 gives the specification of the final fungal oil that was offered for sale. As
can be seen, a small amount of vitamin E was added to the oil to ensure long-term
stability, though this was done merely as a precaution, as the oil itself proved remark-
ably stable. Preparations of the oil have been held in the author’s laboratory, at room
temperature, in air, and in sunlight for over 15 years without any sign of deterioration
of the oil, with the content of GLA in the oil remaining completely unchanged. This
indicates that the organism itself must produce effective antioxidants that are lipid
soluble and so are coextracted with the oil and remain with it during the final clean-
up processes. The nature of the antioxidant has not been investigated, though it is
likely that it is related to known antioxidant materials such as the tocopherols.

The toxicological trials of the final oil preparation, including long-term feeding
trials with experimental animals, confirmed the inherent safety of the oil. The oil
was also able to claim a safe record of use, as the production organism, M. circinel-
loides, has a long history associated with fermented foods such as tempeh and tapé.
Tempeh and tapé are traditional foods eaten throughout Indonesia and southeast Asia.
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They are produced by a fermentation process that uses a mixture of fungal organisms,
one of which is M. circinelloides. Thus, generations of people who have consumed
tempeh as a staple component of their diet have, in fact, been eating M. circinelloides
and this, of course, includes its lipid components. Therefore, as tempeh is a recog-
nized food material with a long history of safe consumption, it was entirely reason-
able to conclude that M. circinelloides was in itself safe to eat. Indeed, M. circinel-
loides is accorded generally recognized as safe (GRAS) status.

As the entire mold is safe to eat, it then follows that a component of it must also
be safe. Further, as the oil itself could be defined in terms of its total composition,
with all the components established as being present in a number of existing edible
oils and food materials, there were no qualms about the safety of the Mucor oil. All
the fatty acids that were present in the oil were, again, identifiable components of
other edible oils. The production organism had no history of producing any unusual
metabolites associated with any toxic condition; indeed the Mucor fungi are remark-
able for their lack of producing “interesting” bioactive compounds. As far as the
pharmaceutical industry is concerned, Mucor species are probably the most boring
of all fungi with their complete inability to produce any biologically active compound.

Complete confidence in the safety of the oil could then be indicated, not only
from a detailed toxicological examination of the oil, but also from its analysis
showing that every component was already a component of other oils, and, finally,
with the organism itself having a complete record of safe consumption over many
centuries if not millennia.

2.4.3.5 Marketing

At this point, a GLA-rich oil had been produced, which exceeded the specification
of EPO, against which it was designed to compete. It now had to be marketed and
sold. The oil was given the name Oil of Javanicus, coming from the older name for
the organism, Mucor javanicus. This name had arisen because the organism was
originally isolated from Java, and, indeed, this is where its association with tempeh
and tapé had first been recognized. Figure 2.3 shows some of the marketing material
that was produced to help with the launch of the new oil.

Not without justification, a number of claims could be made for the oil to indicate
its superiority over EPO. First, its specifications were superior to EPO, with almost
twice the content of GLA (see Table 2.4). Then, the specifications of the oil itself could
be guaranteed on a year-round basis, as clearly the fermentation process was not subject
to the vagaries of the weather or climate. The quality of EPO could be somewhat variable
and was dependent on where and when the plant had been grown, for how long the
seed had been stored before extraction, and for how long the oil itself had been stored.
The specifications of the EPO sold in the fall need not necessarily be the same as that
sold the following summer. EPO from Eastern Europe need not have the same speci-
fications as that produced in Western Europe; the quality of the oil this year might not
be quite the same as last year’s and may be different again next year.

Finally, the GLA-SCO could be claimed to be truly organic: agricultural crops
are normally sprayed with various chemicals several times during their growth to
keep down adventitious weeds and to prevent insect damage, and also fungicidal
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FIGURE 2.3 Promotional material for the marketing of the world’s first microbial oil — Oil
of Javanicus.

agents may need to be applied to the seeds if these are to be stored for any length
of time to prevent fungal growth and spoilage of the product. Products from fer-
menters do not have to be sprayed with any herbicide, pesticide, or fungicide and,
consequently, Oil of Javanicus could be claimed to satisfy all the requirements to
be labeled as “organically produced.” It had the absolute minimum amounts of
residues of these chemical spray materials. However, it was interesting to find that
some minute residues of these materials could be found in the final mold oil, which
were traceable to their presence in the original glucose feedstock used in the fer-
mentation. The levels were, though, absolutely minute and were less than those
found in EPO samples that were analyzed simultaneously; but, it should be empha-
sized that the level of chemical residues in EPO were well below permitted levels
for such materials in plant seed oils and constituted no hazard to the consumer.
Not unnaturally, the arrival of this new oil, destined as a direct competitor to
EPO, led to considerable opposition from the growers of evening primrose and from
the suppliers of this oil to the general public. Their main response was to lower the
price of EPO in an attempt to forestall the success of Oil of Javanicus. There were
also major advertising campaigns to reinforce the benefits of EPO, not so much as a
source of GLA, and for which Oil of Javanicus was demonstrably twice as good, but
to keep the name of EPO at the fore as the oil of choice to alleviate various disorders,
specifically premenstrual tension. Women who had found benefit from taking EPO
were apparently reluctant to switch