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Preface

There is no uniformly adopted definition for lipids. William W. Christie has defined
lipids as “fatty acids and their derivatives and substances related biosynthetically
or functionally to these compounds” (http://www.lipidlibrary.co.uklipids/whatlipid/
index.htm). Excellent detailed information on the chemistry and biochemistry of
lipids and analysis of lipids can be found at the Lipid Library at this website.

Lipids touch our lives in a number of ways, including the improvement of oil-
seed crops, preparation of the foods and supplements we consume, multiple aspects
of cellular function and human nutrition and issues surrounding our health, and as
potentially valuable biofuels and biolubricants to solve environmental problems and
provide alternatives to our dwindling petrochemical reserves. Lipid science, how-
ever, is often characterized as “unexciting,” with students’ becoming disenchanted
from looking at textbook pages containing long hydrocarbon chains with equally
unappealing scientific names. At the same time, the public is mystified at the ever-
changing and nonuniform commentary about food choices containing lipids and the
health effects of lipids in our foods. The impetus for Teaching Innovations in Lipid
Science stems from a lively poster session on the same topic held at the Annual
Meeting and Expo of the American Oil Chemists Society in Kansas City, Missouri
in May 2003. In the months following the successful event, | contacted the con-
tributors to the poster session and a few others about putting together a book that
featured both strategies and experiments in teaching lipid science.

This book offers peer-reviewed contributions from lipid science specialists
from Canada, the United States, the United Kingdom and Hong Kong. Section |
focuses on teaching lipid science to the general public, students at various levels
of education and instructors of lipid science. The section begins with a chapter that
describes some of the barriers that lipid science specialists face in transmitting
accurate information to the public. The next two chapters place a strong emphasis
on the development and implementation of creative programs that foster an interest
in lipid science, particularly at the high school level. Chapter 4 presents the cre-
ative problem-solving approaches that Dr. Karen Schaich has implemented in her
lipid chemistry course at Rutgers University. Following this, strategies for involving
independent study students at the undergraduate level in a range of lipid science
projects are discussed. Methods for evaluating these students are presented along
with some information on the career paths that they eventually chose. In Chapter 6,
Dr. Lawrence Johnson and colleagues of the University of lowa explain how sample
cards can be used to teach undergraduates and graduate students about the process-
ing of oilseeds and cereals. The final two chapters of this first section are mainly
generalized accounts of biotechnology and crop improvement, and isoprenoid bio-
chemistry, both of which may serve as useful resources to professors and other
undergraduate instructors. The biotechnology chapter places a strong emphasis on
the improvement of oilseed crops and provides some tips on explaining DNA sci-
ence and crop biotechnology to the public.

vii



viii Teaching Innovations in Lipid Science

Section Il of Teaching Innovations in Lipid Science begins with two chapters
featuring simple demonstrations on the physical properties of lipids that should be
useful for teaching aspects of lipid science in middle- and high school classrooms.
Chapters 11 to 13 present experiments for analyzing lipids in food oils, plasma and
milk. It is anticipated that these chapters will provide a valuable resource for design-
ing and offering lipid science labs at both the senior undergraduate and graduate
student level. The chapters on lipid analysis include information on thin layer chro-
matography, gas chromatography and high performance liquid chromatography. In
Chapter 14, Dr. Robert Moreau of the U.S. Department of Agriculture describes the
use of convenient enzyme test kits for teaching lipid chemistry. Exercises involving
one or more of these test kits could potentially be added to a lab course that begins
with chromatographic methods for analyzing lipids. The final chapter in the book
presents theory and experiments for studying lipid metabolism in the plant organ-
elle known as the plastid in an area that straddles biochemistry and physiology. Drs.
Salvatore Sparace and Kathryn Kleppinger-Sparace have extensive experience in
working with plant plastids, the organelle that houses the process of fatty acid syn-
thesis. Methods are described for preparing plant plastids, and studying metabolite
uptake and pathway analysis. It is anticipated that this final chapter will represent a
valuable resource for use in advanced undergraduate and graduate student labs.

Overall, Teaching Innovations in Lipid Science addresses lipid education at
numerous levels ranging from educating the public to offering exciting experiments
in lipid biochemistry to senior undergraduates and graduate students. We hope this
book will inspire the lipid educator to use some of the approaches and methods
presented in designing new courses or modifying existing courses. Above all, we
hope that it will inspire readers to think about how this information could be used to
disseminate lipid science knowledge for their specific purposes and serve as a basis
for pursuing additional novel avenues of instruction.
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1.1 CURRENT AVENUES FOR TRANSMITTING
LIPID KNOWLEDGE TO THE PUBLIC

It is an opportune time for lipid researchers and educators. Concerns about lipid
consumption and the role of lipids in health are foremost in the minds of the public.
In the U.S., Canada and other developed countries, obesity and being overweight
have become major health problems. Coronary artery and peripheral vascular dis-
eases are the major causes of death. The problem not only impinges on physical
health, but also induces stigmatization and discrimination in society. Obesity and
being overweight have also spread to many fast-developing countries, including
China and Brazil, as their populations become more affluent. In the U.S., in response
to consumer interest and new advances in lipid research, the U.S. Food and Drug
Administration (USFDA) continues to implement new regulations for labeling food
products, especially describing the content and type of lipid in food. “Fast food” and
traditional restaurants, in particular franchises, have revised their menus to become
more attractive to health-conscious consumers, with many of their menus reveal-
ing the content and type of lipids in each item. Consumers are reading food labels
more carefully than ever before and deciding on what they should purchase and eat
in accordance with what they perceive as good for their health. Topping the current
list of interests are concerns about trans fatty acids, percentage saturation, omega-3
fatty acids, fat-free products and low-fat products. Some people readily admit that
they know very little about lipids and have acquired the ideas of “good” or “bad”

* Corresponding author.



4 Teaching Innovations in Lipid Science

fats from friends or heard or read by chance information from a certain source.
Others, convinced they are knowledgeable because of the substantial efforts spent
obtaining information from the media, can proclaim this or that food product to be
good or bad because of its content of a certain fat. They often sound like experts,
but are they?

Unfortunately, the public is far from being expert, or for that matter, well
informed about lipids in foods. Most of the public lacks a background in science,
let alone chemistry and biology. Whatever science they learned in grade school or
college may have little retention in their memories. Those with more curious minds
pay attention to what they read, hear and watch. Most look for information on food
and health from the media. A 1999 survey by the American Dietetic Association
revealed that the public receives information about food and health primarily from
the media, such as television and magazines, and secondarily from dietitians and
medical doctors.! Diligent people try to read extensively and likely encounter a large
volume of similar information, but are eventually indoctrinated without knowing
that the various items of information might all have come from a single syndicated
media source.

Media reporters are well aware of the public’s interest and try to convey sci-
entific information as best as they can. Although not always intended, they play a
major role in our health, because they strongly influence what we want, and in turn,
what the food industry advertises and delivers. Most reporters, however, lack an
in-depth knowledge of chemical and biological sciences. Many reporters probably
majored in the humanities in college, for a training that sharpened their broad social
knowledge, writing skills and ability to disseminate information. We may be ask-
ing too much of a reporter to comprehend the details of scientific issues, especially
controversial subjects such as fats and health. Thus, media reports are often easily
misunderstood by the public. In a situation less known to the outside world, report-
ers often face internal competition within the media organization for their reports
to be chosen for use in a prestigious segment of the media. As a consequence, they
write simplified explanations and attempt to make the subjects such as fats and
health exciting and pertinent to the public. Often, the information has been oversim-
plified to the point of being incorrect or even more difficult to comprehend. Minor
points raised in the interview of a scientist sometimes become overemphasized or
exaggerated in the media article, and thus the report distorts the information the
scientist had intended to transmit to the public. Some reporters, especially those in
high-profile media, are more conscientious or are required to have reports checked
by experts, which include dietitians, doctors, industrial scientists and university
professors.

Dietitians and medical doctors are the main sources reporters consult for expert
health/dietetic information. They are also the most direct source, ranked after the
media, of information for the general public.! Most dietitians probably read exten-
sively, but may lack an in-depth knowledge of scientific concepts that would allow
them to discriminate among confusing and biased media information and scientific
reports (e.g., results of short-term or statistically questionable studies). Although
medical doctors receive substantially more professional training than dietitians,
their exposure, except for some specialists, to human nutrition is limited. In the U.S.
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and Canada, most patients first encounter their family doctors, the “gatekeepers,”
before seeing specialists. In general, primary care doctors are trained to comprehend
broad personal health situations, but not the “nuts and bolts” of specific fields such
as fats and health, and especially not the latest advances in the fields. Their focus is
on diagnosing and treating diseases with technical approaches. How many primary
care doctors know the structure of an omega-3 fatty acid, let alone know the basis
for this fatty acid nomenclature? Most primary care doctors are overworked and
have little time to carefully examine issues about food (fats) and health and actually
acquire the information from the media, just as their patients do. When asked about
a certain fat in relation to health, primary care doctors either try to answer the ques-
tion authoritatively or refer the patient to a dietitian. Many patients are therefore
convinced they were properly informed by an expert. Ironically, most commercials
on fats or drugs, as legal protection from claims, routinely urge potential consumers
to ask a doctor’s advice.

Scientists in the lipid field are often asked by reporters about lipids and health
in depth. Some provide sound advice while others, while knowledgeable, could be
biased in their statements or have a conflict of interest. A 2003 survey by the Health
and Nutrition Division of the American Oil Chemists Society (AOCS) asked divi-
sion members about their preferences for lipid-containing foods.? A high percentage
of these experts recommended the food that they were most familiar with or were
doing research on.

1.2 INTERWOVEN NETWORKS OF INFORMATION
AND MISINFORMATION

Overall, the public is educated about fats in food products from an interwoven
network of uninformed or underinformed media reporters, medical professionals,
potentially biased scientists and politically influenced government agencies. These
sources together generate an apparent consensus, all of which might have come
from one or a few primary sources. Some of the claims are valid, whereas the others
are debatable or oversimplified. On top of these sources are biased and ubiquitous
commercials whose primary objective is to sell products. Added to the commercials
are the food labels, which are government mandated.® Many food companies try to
present the information in creative ways and exploit loopholes in regulations. For
example, a high-lipid coffee cream is labeled as “fat free” only because the manu-
facturer cuts down the suggested serving size, so that the lipid content per serving
becomes less than 0.5 g, which can then be rounded to 0.

Although general trends on the effects of the fat composition of food on health
have emerged in the scientific literature,* lipid research carried out by different
groups around the world often produces results on the effects of lipids on animal
and human health that may not be in agreement. In addition, new findings in lipid
nutrition are often accompanied by press releases, thereby providing new informa-
tion for the media. Thus, the public becomes even more confused about the effects
of lipids on health. It is important that an individual does not tailor his or her lipid
intake based on a single media report about a new finding, but that the individual is
encouraged to seek out further information from other sources.
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1.3 LACK OF PUBLIC AWARENESS OF OTHER ASPECTS OF LIPIDS

Currently, in food, most attention has been placed on fats and oils that are either a
major ingredient or have a potential effect on health. The public is not keenly aware
of other lipids in food products. These lipids could be emulsifiers such as lecithins,
monoglycerides and diglycerides. As consumers become more sophisticated and
read food labels more carefully, they will become aware of the presence of these
lipids in food products and wonder what they are, why they are present in food and
what they will do to the body. Consumers and media reporters need to be educated
on these other lipids and have ready access to comprehensible and accurate sources
of information.

Also, the public is usually uninformed that in some aspects, lipids are good for
health and food taste. Lipids good for health include polyunsaturated fatty acids
(PUFAs) and several fat-soluble vitamins. Lipids promote food taste because they
preserve juices and colors, as well as enhance texture and appearance. The public is
also unaware that lipids are used extensively in nonfood products. Most people are
unacquainted with the abundant lipids in shampoos and detergents, although some
are aware of the phosphates in specific detergents. Few people know about lauryl
derivatives (always shown as the major ingredients in product labels) and their role
in detergents, along with the fact that these compounds are derived from tropical
fruits such as palm and coconut. Neither are they aware of the fact that lipids are
used to produce cosmetics, lubricants, paint and fuel. With more information, the
public would be able to appreciate these lipids and their uses in nonfood products
and make conscious decisions about the products they buy and use in their daily
lives.

An emerging trend related to lipids around the world is the use of biodiesel as a
renewable fuel. Biodiesel fuel is derived from vegetable oils identical to household
cooking oils. The use of such fuel is an important social topic; whether it is viable on
a long-term basis remains to be seen. Regardless, people need to be educated about
the fuel, how it is produced, and the pros and cons of its future.

1.4 A PUBLIC IN NEED OF EDUCATION ABOUT LIPIDS

In a way, we, the “lipid experts,” have to share some burden of the blame for the
public’s confusion about lipids and health. We have not developed terminology that
can be easily understood by nonscientists. We have been in the field too long and are
insensitive to the complexity of lipid terms. Are fats and fatty acids the same? What
about triglycerides and triacylglycerols; diglycerides and monoglycerides; omega-
3, omega-6 and PUFAs; and even the words lipids and fats? Could we simplify the
lipid terminology to educate the public? Let us turn to another common segment
of society with a similar issue. We complain about the medical profession using a
complicated terminology that patients do not understand or cannot even pronounce.
Why not simplify pylonephritis to kidney infection, and cholecystectomy to gall
bladder removal?

Lipid researchers or educators represent a very small proportion of the popula-
tion that has become interested in lipids. It is both an opportunity and an obligation
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on our part, and rightly so, to extend our knowledge to the public. This is our social
responsibility, especially since we are paid by taxpayers directly (e.g., public college
professors) or the general public indirectly through the sale of lipids (e.g., industrial
workers). What can we do?

1.5 EDUCATING THE PUBLIC ABOUT LIPIDS
AT THE “GRASS-ROOTS” LEVEL

“Grass-roots” activities in disseminating knowledge are always a major, long-term,
worthy endeavor. Whenever and wherever possible, we, as lipid researchers and
educators, should deliver public speeches with easy-to-understand content. Many
garden clubs, religious unions and senior citizen organizations are interested in
having scientists give lectures at their gatherings. Scientists who can communicate
in simple terms with the public are in demand to give talks about hot topics such
as cooking oils and biodiesel fuel. We should not wait to be invited, but instead,
should actively seek invitations. One of us had a pleasant experience in giving lec-
tures at the Osher Institute, which is a nationwide nonprofit organization for edu-
cating senior citizens.> Education is for all curious minds, and such education can
then benefit society. Adults who seek further semiformal education tend to be more
active in voicing their opinions. Once educated and motivated, they will have the
time and enthusiasm to write to government agencies and industry to make their
opinions known. Their efforts could induce or force changes, such as closing loop-
holes in government regulations on food labeling and denouncing false or mislead-
ing advertising.

We also need to be engaged in educating grade-school students. Responsible
teachers usually welcome scientists to give talks to their classes, especially on timely
topics or those related to the students’ well-being, such as health. Kids love to learn
new things because they are naturally curious or perhaps enjoy going home to boast
of their newfound knowledge about hot topics related to fats and health. The latter
could induce parents to read more about lipids and the effects of lipids on health.

1.6 A LIPID COURSE FOR REPORTERS AND
OTHER PROFESSIONALS

In view of the major impact of the media on the public, we need to educate the
media. It would be useful to write to reporters when we recognize that the informa-
tion in a report about lipids is incorrect or oversimplified. Then, the media will be
alerted to the fact that their readers are knowledgeable and will instill a determina-
tion on their part to produce articles based on more accurate facts.

Reporters may desire to have a major overhaul of their knowledge of timely
topics such as lipids related to health. A week-long, three-day or even weekend
course tailor-made for media reporters on lipids, health and related issues could
be appealing to them. Dietitians, civic leaders and others may also benefit from a
course of this nature. The AOCS has offered many short courses on special aspects
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of lipids for industrial workers and could offer a special lipid course to reporters,
dietitians and other interested professionals. Professors on some campuses have the
administrative infrastructure, such as an extension branch, to offer such a course.
Promotion of such a course needs advanced, aggressive national advertisements so
that reporters and other professionals could become aware of it.

1.7 DEVELOPMENT OF A WEBSITE ON LIPIDS FOR
THE GENERAL PUBLIC AND PROFESSIONALS

In this cyber age, it would be useful to produce a website to educate the public
on lipids. At present, several websites on food and health sponsored by govern-
ment agencies, foundations, special interest groups and individuals are available.
Examples are http://www.nutrition.gov (by the U.S. Department of Agriculture),
http://www.eatright.org (by the American Dietetic Association) and http://ific.org/
about/contact.cfm (by the International Food Information Council, a foundation
funded by industry). We need an independent website administered by a committee
whose members have no involvement with industry as employees or consultants or
researchers involving a particular crop with immediate applications. Identification
of volunteers to serve on the committee, such as the contributing authors of this
book, will not be difficult. The website would not be sponsored by a special interest
group and would not contain advertisements. It would have unique characteristics
and distinguish itself from other websites as follows:

The front page of the website would offer a selection of the levels of depth of knowledge
for readers in grades 1-6, grades 7-12, college students, adults, senior citizens, media
and professionals (dietitians, doctors). The site would focus on lipids rather than foods
and thus include lipids as minor food ingredients and describe their nonfood uses. The
site would provide descriptions, pictures and a question-and-answer feature; it would
also be interactive. Setting up such a website and maintaining it weekly or monthly
would not require a large amount of funding. The site could even serve as the basis
for a new foundation. The site would not be associated with an existing large website,
such as that of the AOCS, so as not to have an association with an organization with
heavy industry involvement and thus generate the appearance of bias or conflict of
interest. The website could feature a list of contactable lipid experts who have agreed
to be included on a voluntary basis. The website could become the “gold standard”
for providing accurate lipid knowledge to the public. A better-educated public with
unbiased information on lipids would eventually benefit the AOCS and other related
organizations.

1.8 TIMELY ACTION

The timing is right. Lipid experts or educators must seize this golden opportunity to
offer unbiased expertise to a society that is in desperate need of accurate informa-
tion about lipids. Society has supported us and now needs our input. Let’s rise to
the occasion.
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2.1 INTRODUCTION

In this chapter, I will discuss the use of lipid science as both an educational tool for
school and university students, and as a useful method to engage the general public
in debates on such key topics as healthy foods, the obesity epidemic and genetic
engineering. | will examine a series of topics and case studies based on personal
experience over more than 30 years as an educator and researcher. During this time,
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lipids in one guise or another have frequently become important themes of public
interest and controversy.

The chapter begins with a brief overview of the importance of lipids, both sci-
entifically as biological molecules and in a sociomedical context in terms of their
relevance to human well-being. This is followed by an account of several case stud-
ies of lipid-related education or outreach activities to show how lipid science can be
used as a valuable tool to improve public knowledge and awareness of important
issues. Finally, there is a discussion of some possible future strategies for a more
coordinated approach to the use of lipid science to enhance learning experiences
and public engagement with important health-related scientific themes.

Much of the focus of this chapter is on plant lipids, which reflects the author’s
research interests. But plant lipids cannot be separated from other lipids, for example
when we ingest plant lipids they become part of our bodies, i.e., they become “human
lipids.” Therefore, | will use plant lipids as a familiar “springboard” to engage in
discussions about other types of lipids, such as those in meat and dairy products and
in human tissues.

2.1.1 TEeRMINOLOGY: LIPIDS AND STUDENTS

Lipids are often equated with acyl derivatives, but strictly speaking they encom-
pass all those biomolecules soluble in organic solvents like chloroform/methanol
or acetone (Murphy, 2005). In terms of education and outreach, we have found
it useful to use the widest possible definition of a lipid. Hence, we include all the
acyl lipids such as the membrane phospho- and glyco-lipids, as well as the storage
triacylglycerols of adipose tissue, and also all the lipophilic vitamins (A, D and E),
plus the dozens of lipidic hormones and physiological mediators, from eicosanoids
and prostaglandins to steroids and steryl esters. In discussing teaching and learning,
the term “student” here means a university undergraduate—normally a third-year
BSc biologist/biochemist in his or her final year before graduation. To avoid confu-
sion, the term “pupil” is used to describe high school students.

2.2 SCIENTIFIC BACKGROUND

We will start this brief background survey by looking at the importance of plant
lipids, from which many animal lipids are ultimately derived. Plant lipids are at the
core of our existence, and without them we could not survive. Globally, plant lipids
are the second most important source of edible calories in the human diet (after car-
bohydrates). Plant lipids are also sources of several essential vitamins and nutrients.
For example, plant lipids are the ultimate source of the so-called “essential fatty
acids” that are an obligatory component of the diet of all mammals—ever since that
time many millions of years ago when our distant animal ancestors lost the ability
to introduce double bonds beyond the Aq position in long chain fatty acids. Since the
dawn of agriculture, plants have been cultivated specifically for their lipid composi-
tion. The earliest olive plantations have been dated to more than 9,000 years before
the present day, and the oilseed crop maize may have been domesticated in Meso-
america as early as 10,000 years ago (Murphy 2007). In addition to their acyl lipid
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ingredients, plants are also important dietary sources of a host of other lipophilic
compounds, including vitamins A and E and a range of phytosterols.

Most of our dietary plant lipid is derived from oil crops and is in the form of
either “visible” (e.g., oils, margarines, chocolate) or “invisible” (cakes, cookies, con-
fectionary, processed foods) fats. In the past, the lipid compositional requirements
for these products have been provided by commaodity plant oils that are blended
or chemically modified (e.g., by hydrogenation) for a particular edible application.
More recently, there has been a move toward a greater segmentation of the com-
modity plant oils market, with an increasing focus on the perceived health benefits
of dietary lipids, especially from plants. Hence, we have an ever-increasing demand
for plant oils that are enriched in monounsaturates, very long chain -3 or -6 fatty
acids, carotenoids, phytosterols and tocotrienols. With an increased willingness by
buyers to pay a premium for such nutritionally enhanced oils, it is becoming more
economic for growers and processors to segregate such value-added products. This,
inturn, is driving researchers and plant breeders to develop new varieties of oil crop
designed for consumers who are becoming ever more aware of lipid-related nutri-
tional issues, such as the presence of trans fatty acids and saturates in foodstuffs of
all kinds.

Another interesting aspect of lipid science also related to nutrition is the ques-
tion of the overall balance of fat in the diet and the chemical composition of such
dietary fat. The past few years have seen an explosion of interest in the consequences
of the so-called “obesity epidemic” that is especially acute in richer countries, with
the United States leading the way in the incidence of life-threatening obesity in
both adults and, more worryingly, children (Williamson, 2004). Colleagues at my
own university have reported on the steep rise in type-2 diabetes in the local com-
munity, especially among poorer socio-economic groups (Davis et al., 2004; Siegel
et al., 2005). They have also been involved in the development of innovative food
products, such as low-fat cookies, and in outreach initiatives in the area of extend-
ing physical activity as a lifestyle-enhancing corollary to healthy eating (Brindley,
2004; Boobier et al., 2005, 2006).

Another research initiative has uncovered disturbing evidence of steroid abuse
in the local community that probably reflects national and even international trends
(Grace et al., 2003). This abuse started in fitness clubs as (mainly) men sought to
improve their physical performance in athletic events, but has now extended to teen-
agers seeking cosmetic enhancement to their physique for social reasons (BBC,
2006). The side effects of steroid abuse can include heart disease, impotence, male
lactation and female facial hair growth (Graham et al., 2006). As discussed below,
sterols are key components of our diet and, of course, are also lipids. As well as being
lipid-related, each of these issues, from obesity to steroid abuse, are immensely
topical, are the subject of great public concern and are being actively researched by
colleagues. As a lipid researcher, I find it both interesting and rewarding to engage
in such research with colleagues in different, but related, fields. The creative use
of such research synergies is a useful way of linking a public outreach program
with taught courses and ongoing university research activities to ensure that our
work is seen as interesting, relevant and important in the community, whether local,
national or international.
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2.3 KEY DISCUSSION TOPICS

In this section, | will introduce several lipid-related themes that we have used in a
wider teaching/outreach context to relate lipid science to broader issues of public
interest to our various audiences.

2.3.1 THE IMPORTANCE OF NON-AcyL LipiDS

Non-acyl lipids are a useful topic to use in outreach programs because they impact
on so many issues of concern, from the used of steroids in athletics doping to their
dietary importance and supplementation in a new generation of genetically modified
(GM) crops. Whereas in the past a lot of attention has been paid by researchers to
modification of the relatively abundant acyl lipids in crops, there is now increasing
awareness of the importance of many non-acyl lipids that may be present in insuf-
ficient quantities or may be removed or destroyed during the processing of plants for
food. We will consider three examples here. First, there is the case of conventional
rice, which is almost entirely deficient in carotenoids, such as S-carotene. This can
result in vitamin A deficiency in those (mostly poor) people who are excessively
reliant on rice in their diet. Second, vitamin E lipids are present in oil palm and can
be manipulated to higher levels to serve as antioxidant-rich nutraceuticals. Third,
several plant sterols and stanols that have well-characterized hypocholesterolemic
functions are already produced in some plant tissues but may be engineered into a
wider range of transgenic oil crops in the future (Broun et al., 1999; Corbin et al.,
2001).

2.3.1.1 Golden Rice (Vitamin A)

Probably one the best-known recent examples of a nutritionally enhanced crop
developed by genetic engineering is the transgenic “golden rice,” which was pro-
duced by a Swiss-based group (e et al., 2000). This transgenic rice contains three
inserted genes encoding the enzymes responsible for conversion of geranyl geranyl
diphosphate to p-carotene. It is claimed that consumption of this rice by at-risk
populations may alleviate the vitamin A deficiency (leading to night blindness) that
currently afflicts some 124 million children worldwide. Interestingly, the rights for
the commercial exploitation of golden rice in developed countries, including the
USA and Europe, have now been acquired by the biotech firm Syngenta. This could
possibly lead to the marketing of new types of “vitamin-enhanced” food products
derived from golden rice, e.g., in breakfast cereals. Such products might be more
acceptable to the public than the current generation of genetically modified (GM)
foods, which are derived from crops that have only been transgenically modified for
agronomic traits such as herbicide tolerance or insect resistance and therefore have
no additional nutritional value compared with their non-GM counterparts.

One of the reservations expressed about the original varieties of golden rice
was the relatively low content of provitamin A in the first versions of the GM rice
plants. This problem has recently been solved by replacing a daffodil phytoene syn-
thase gene with a similar gene from maize. The addition of this maize transgene to
rice led to a 23-fold increase in provitamin A levels (Paine et al., 2005). It must be
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emphasized that this improved variety of golden rice still has many years of back-
crossing into local varieties and field-testing before it will be known whether it is a
viable and useful crop. One of the major challenges is to ensure that the provitamin
A in the rice grains is in a form that can withstand processing, storage and cooking
but is also completely bioavailable following consumption by people. This ques-
tion of “bioavailability” is an important, and often overlooked, topic that can be
used to generate debate with students. For example, many plants contain vitamins
and mineral nutrients that are either lost during post-harvest treatments, such as
processing and cooking, or pass through the human digestive system without being
absorbed, e.g., due to chelation or other forms of chemical complexing. Probably the
best-known example of this is spinach, which is touted as a source of dietary iron,
but where only 2% of the iron in the leaves is actually bioavailable because most
of it is strongly bound to oxalates and passes right through our digestive system
without being absorbed. This means that a real-life Popeye would actually get very
little strength-giving iron from his famous can of spinach. Interestingly, the more
important nutritional benefit of spinach comes not from iron, but from its ®-3 fatty
acid and fiber content (Murphy, 2004).

While transgenic golden rice is a promising development, there are other ways
in which plant breeding can enhance vitamin A levels in food crops without recourse
to the expensive and time-consuming transgenic approach, with all of its many
complications regarding regulation, intellectual-property rights (IPR) and public
perception. Several such initiatives are now under way and, although they have not
attracted the massive media attention (both good and bad) that has been lavished
on golden rice, some of these conventionally bred crops are much closer to release
to farmers, most particularly in sub-Saharan Africa. For example, there are two
programs aimed at enhancing vitamin A levels in the staple food crops maize and
sweet potato. The first program is the High B-carotene maize (HBCM) Initiative,
organized by the HarvestPlus consortium. The HarvestPlus consortium includes
the United States Agency for International Development (US-AID); the Interna-
tional Food Policy Research Institute, Washington; and the International Center for
Tropical Agriculture, Colombia (ICTA, which is part of the international network
of Consultative Group on International Agricultural Research [CGIAR] centers).
While one aim of the HBCM Initiative is to develop vitamin A-enriched varieties
of maize, an equally important goal for researchers at lowa State University is to
assess the bioavailability of the vitamin A in the kinds of maize products actually
eaten by the target population in Africa.

The second program, called Vitamin A for Africa (VITAA), is jointly funded
by the Macronutrient Initiative and US-AID. As part of VITAA, the dietary impact
in school-age children who were given high-carotene varieties of sweet potato was
evaluated with promising results. Sweet potato is the fifth most important crop on
a fresh weight basis and is especially important in Africa, where it is tradition-
ally cultivated by women. Plant breeders from the International Potato Centre (CIP,
which is another CGIAR centre) at Lima, Peru have recently produced new varieties
of orange-fleshed sweet potatoes. The new sweet potatoes are highly enriched in a
readily bioavailable form of vitamin A. These new clonal varieties are being mass
propagated in Peru and sent for a 12-month quarantine period to Kenya, before
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being distributed to centers in Ethiopia, South Africa, Uganda and Tanzania for
further evaluation and on-farm testing. The final stage will be to provide the sweet
potatoes for cultivation by needy farmers throughout sub-Saharan Africa. VITAA
researchers from Michigan State University and the CIP have concluded that the
new orange-fleshed varieties could replace white sweet potato varieties, and thereby
directly benefit over 50 million children under 6 years old currently at high risk
from vitamin A deficiency (Low et al., 2001).

2.3.1.2 The Vitamin E Group

The vitamin E group of compounds includes four tocopherols and four tocotrienols,
all of which have significant antioxidant properties. These lipophilic vitamins are
implicated in reduction of blood cholesterol levels, plus protection against ageing
and several forms of cancer. Vitamin E group compounds are found in most non-
processed (i.e., cold-pressed or virgin) vegetable oils, but are often lacking in the
vast range of prepared foods made from the more common, and cheaper, processed
oils. There is interest in trying to increase the levels of this group of lipidic vita-
mins in plant oils using a variety of approaches. For example, transgenic plants that
accumulate 10-15-fold higher levels of vitamin E compounds have been engineered
by adding homogentisic acid geranylgeranyl transferase genes from several cereals
to Arabidopsis plants (Cahoon et al., 2003). As with vitamin A, however, there are
alternatives to the GM route that are worth exploring with students.

For example, unrefined palm oil contains significant amounts of vitamin E
group compounds (Han et al., 2004). In recent years, breeders have identified sev-
eral varieties of oil palm with oil that is highly enriched in tocols to levels in excess
of 1500 ppm, which would be of great interest as potential health food products.
The unprocessed, or “virgin,” form of this oil is a visually striking burgundy-red
color, due to the additional presence of nutritionally important antioxidant pigments
including yellow/orange carotenoids and deep-red lycopenes. Lycopenes are the red
pigments that are so prominent in tomatoes, cayenne and bell peppers, red grapefruit
and a few vegetable oils, most especially from the oil palm. Although both carot-
enoids and lycopenes are available as vitamin supplements, by far the most reliable
way to ensure their efficient uptake in the body is by consuming them as part of an
original food product, such as fruits or unprocessed plant oils, rather than in isolated
capsule form. This nutritious oil is already used by people in tropical Africa, but has
not yet been taken up widely elsewhere, possibly because of an assumption by retail-
ers that Western consumers already accustomed to the more common bland (in taste
and color) light-yellow oils might be put off by the unusually vivid color.

These issues are good to discuss with students—for example, would you buy a
bottle of red cooking oil or would you prefer to get your vitamins from a capsule?
The question of red palm oil can also bring up developing-country topics because if
such oils caught on with Western consumers it would greatly benefit poor farmers
in producer countries in West Central Africa such as Sierra Leone, Liberia, Ivory
Coast, Congo and Angola.
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2.3.1.3 Phytosterols and Stanols

Another category of plant lipid of interest to the food industry is the phytosterols.
Margarines enriched in phytosterols extracted from (non-transgenic) wood pulp or
vegetable oils have recently been marketed and, despite an appreciable price pre-
mium compared with conventional margarines, they have enjoyed a good com-
mercial success. The appeal of the phytosterol-enriched margarines is based on
evidence that they may help to reduce blood cholesterol levels and hence combat
heart disease. Such products could be made more cheaply if more of the phytosterols
were synthesized in the same seeds as the oil from which the margarine is derived.
Efforts are now under way to upregulate phytosterol biosynthetic pathways in trans-
genic plants. The impact on human health of such products could be considerable.
Indeed, it has been surmised that the widespread availability and consumption of
low-cost, phytosterol-enriched margarines could eventually lead to a quantifiable
reduction in national rates of cardiovascular disease, which is still the most common
cause of mortality, especially in low-income groups, in all industrial societies (Plat
and Mensink, 2001).

2.3.2 MARINE Lirips AND OMEGA-3 FATS

Consumption of fish is currently recommended in most Western countries as part of
a balanced diet, and much of the nutritional benefit of the fish actually comes from
the very long chain polyunsaturated fatty acids (VLCPUFAs) of the fish oils. Oils
rich in omega-3 (w-3) fatty acids include the so-called “fish oils” (or more correctly
“marine 0ils”), which are characterized by relatively high levels of VLCPUFASs such
as eicosapentaenoic acid (20:5m-3, EPA) and docosahexaenoic acid (22:6w-3, DHA).
These compounds are part of the group of ®-3 fatty acids that are essential compo-
nents of mammalian cell membranes, as well as being precursors of the biologically
active eicosanoids and docosanoids (Funk, 2001; Hong et al., 2003). There have
been numerous reports concerning the importance of dietary supplementation with
these fatty acids for human health and well-being. For example, dietary VLCPUFAS
have been shown to confer protection against common chronic diseases such as
cardiovascular disease, metabolic syndrome and inflammatory disorders, as well as
enhancing the performance of the eyes, brain and nervous system (Crawford et al.,
1997; Benatti et al., 2004; Spector, 1999).

These fatty acids can be synthesized by the fish themselves or derived from
microorganisms, especially photosynthetic microalgae, that are ingested as part of
their diet. As an alternative to fish consumption, therefore, it is possible to purchase
VLCPUFA dietary supplements that are derived from cultured microalgae or fungi.
However, low oil yields and high costs of oil extraction have limited the scope for
this production method, and ever-dwindling fish stocks are also threatening sup-
plies of the main source of marine oils. This situation has led to renewed interest
in the possibility of breeding oilseed crops that are capable of producing signifi-
cant quantities of VLCPUFAs in their storage oils. Higher plants do not normally
accumulate such fatty acids, but can accumulate C22 and C24 monounsaturates
and C18 polyunsaturates in their seed oils, so it seems possible that C20 and C22
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polyunsaturates might also be accumulated, providing the plants were able to syn-
thesize these fatty acids.

Itis worth mentioning here that none of these VLCPUFAs are strictly “essential”
in the diet in the same way that true vitamins are. The only unequivocally essential
fatty acids are linoleic acid (cis 9, 12 18:2) and a-linolenic acid (cis 9, 12, 15) ®-3
and ©-6 fatty acids, respectively, which mammals are unable to synthesize. These
essential fatty acids are common in grains and leafy vegetables. In a well-nourished
and healthy individual, all of the VLCPUFAs can be potentially synthesized from
linoleic acid and a-linolenic acid. Unfortunately, many Western diets do not deliver
a balanced spectrum of fatty acid intake, so VLCPUFAs and other fatty acid supple-
ments are sometimes required to maintain optimum health. An example of another
fatty acid supplement is gamma (y)-linolenic acid, or GLA, an ®-6 fatty acid that is
usually obtained from evening primrose or borage oil. GLA supplements are taken
for almost every ailment under the sun, but a healthy person with a balanced diet
should be able to synthesize enough GLA for all normal metabolic functions with-
out recourse to such nutritional supplements. The cases of GLA and the other sup-
posedly “essential” fatty acids can be an interesting topic for classroom discussion.

2.3.3 Low TraNs Farts

The market for oils that contain reduced or zero levels of trans fatty acids is driven
by health concerns that have led to the imposition of labeling requirements to state
whether a product contains over a given threshold of these fatty acids. Such label-
ing requirements were introduced into the USA in January 2006 and are likely to
be required in the European Union in the near future. Typical threshold levels of
trans fatty acids that would trigger compulsory labeling are in the region of 0.5 to
1.0%, whereas some existing foods can contain as much as 40% trans fatty acids.
The solution in most cases will be to develop high-oleic oil crops and, as we have
seen above, breeders have been gradually producing such varieties of the major
oilseeds over the past decades. There are still challenges for breeders to reduce
further or to eliminate altogether a-linolenate from seed oils and to ensure that the
high-oleic traits are crossed into their highest-performing elite commercial lines.
One of the most interesting aspects of the trans fatty acids issue is that researchers
have known about potential problems with these fats for several decades but they
have only recently emerged into public consciousness and hence become an item of
concern to consumers.

It would be interesting to discuss with students why people have apparently
been allowed to eat foods enriched in trans fatty acids for over a century with little
or no health concern. As with the fish oil issue, there is also the question of pro-
portion. Is it better to consume fish oils and risk ingesting chemical residues or to
go without and risk dietary deficiencies? Also, is it better to consume trans fatty
acids in a high-polyunsaturate margarine or use butter instead, with its high lev-
els of saturates and cholesterol? One interesting aspect for discussion is whether
it is enough to simply label foods containing trans fats, as is the case in the USA,
or whether governments should be more proactive in issuing dietary advice, as in
Canada and parts of Europe. Also, to what extent should governments be allowed
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to enforce healthy eating, for example by not merely labeling but actually banning
some “unhealthy” foods, such as those with high saturate or trans fatty acid con-
tents? The case of Denmark and its 2003 ban on trans fats can be used in such a
discussion.

Some of the better Internet resources in this area include UK Food Stan-
dards Agency http:/www.food.gov.uk/news/newsarchive/2004/jun/fishportionslife-
stagechartandhttp://www.food.gov.uk/news/newsarchive/2004/jun/oilyfishwebcast;
tfX: the campaign against trans fats in food, http://www.tfx.org.uk/page116.html;
Fats of Life http:/www.fatsoflife.com/; and Health Canada http://www.hc-sc.gc.
ca/fn-an/nutrition/gras-trans-fats/index_e.html.

2.4 CASE STUDY OF AN OUTREACH ACTIVITY:
GENETIC ENGINEERING AND LIPIDS

2.4.1 BACKGROUND

The teaching of molecular biology, biochemistry and biotechnology at high school
and undergraduate levels can sometimes be challenging to educators. These topics
are often regarded as technically demanding by students, and many courses and text-
books dwell on the molecular mechanisms underlying biological development, most
especially focusing on gene function and metabolic pathways. However, at the same
time, many students who may not be “natural” molecular biologists are intensely
interested in the wider issues raised by, for example, human cloning or GM crops.
Biotechnology and biochemistry are both, therefore, relatively difficult technical
disciplines, but also ones that raise many complex and contentious questions in
areas as diverse as public awareness, commerce, ethics and politics (Polkinghorne,
2000). Previous experience of teaching biotechnology and related subjects gave us
anecdotal evidence that a broadening of teaching methods to encompass direct dis-
cussion and role-playing can improve student-learning outcomes. This was true for
students in general, but was especially so for those who were less comfortable with
the conventional didactic approach to the subject.

To study further the utility of broader teaching methods in these subjects, we
initiated a university—high schools partnership in biotechnology. We studied the
impact on learning experiences of third- (final-) year biotechnology undergradu-
ates when they were given direct practical experience of explaining and discuss-
ing biotechnology issues, especially lipid-related topics, to high school pupils. We
hypothesized that the need to develop teaching resources and to communicate with
high school pupils might improve overall student comprehension, not only of more
general issues, but also of the core scientific content of molecular biology and bio-
technology. A major aim of our study was to investigate the impact on the develop-
ment of additional cognitive and communication skills in third-year Biology Honors
undergraduates by challenging them to discuss issues relating to GM crops with
high school pupils. As a further challenge to the students, we specifically selected
schools from socially disadvantaged areas of the Welsh Valleys having historically
low participation rates in further and higher education (Further Education Funding
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Council for Wales, 2000). Our major engagement tools were on-campus Master-
classes and School Visits.

2.4.2 THE STUDY: MASTERCLASSES AND SCHOOL VISITS

Masterclasses were structured, daylong sessions in which groups from several
schools, numbering up to 80 pupils and teachers, visited the university campus.
Each Masterclass included a seminar, visits to research and teaching labs, and a
full-scale debate on the motion “biotechnology has gone too far.” A typical debate
format involved four speakers, two speaking for the motion and two against. Fol-
lowing the speakers’ presentations, the debate would be thrown open to discussion
from the audience. Students role-played as GM proponents or opponents and some
debates were livened up further by inviting anti-GM activists or spokespersons for
GM companies to speak either for or against the mation.

School Visits were undertaken by third-year students, either individually or in
pairs, to selected schools in the local area, i.e., within a 30-minute traveling time.
Pairing of less confident students with more confident peers was a useful way to
ensure that all students participated in the program. Visits were normally of about
2-3 hours and for each class they included a 20-minute presentation, after which
the class was invited to complete questionnaires and engage in discussion on the
issues raised. The pupils could ask questions on the presentation, testing the stu-
dent’s background knowledge and communication skills. Discussions were often
initiated by the teachers, who had also listened to the presentation, thereby ensuring
a productive visit for the student. These activities were designed to cover a single
lesson period, allowing for the involvement of up to three classes during one school
visit. The arrangement of these visits required a degree of organization from the
students and liaising with the teachers to ascertain suitable times, lesson structure
and class sizes. Students helped to develop questionnaires, information leaflets and
a PowerPoint presentation that were then used in schools to support the interactive
sessions with the pupils. A useful background text for students to use in the formu-
lation of their discussion session was Barnes and Todd (1977) supplemented by the
more recent reports by Simonneaux (2002a, b).

2.4.3 RESOURCES

The administrative infrastructure for our outreach program, of which these activities
are only one example, was provided by the university Centre for Lifelong Learning
(CELL), which arranged Masterclasses and room bookings, etc. A useful resource
that was generated and continually refined during the program is a brochure for
teachers and students. Called “Genetic Engineering: Monster or Marvel,” this short
color brochure explores the background to key GM-related issues and can be cus-
tomized for specific activities. To cut down on costs, the brochure is printed by our
university Reprographics Unit and its design and contents can be a useful topic
of discussion with pupils, teachers and students. For example, in one assignment,
third-year students were challenged to produce their own design for brochures that
explored the issue of golden rice and vitamin A in developing countries.
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2.4.4 MONITORING BY QUESTIONNAIRES

The results of Masterclasses and School Visits on pupil perception of GM-related
issues were monitored by a series of questionnaires supplemented by the recording
of direct feedback from pupils. In most cases, three questionnaires were used for
each group of pupils. The first questionnaire was sent to schools for completion
about a week before pupils were exposed to any new teaching materials. Pupils were
then sent brochures designed to supplement their preparation work with teachers.
Pupils completed the second questionnaire on the day of the activity, immediately
after its completion. This questionnaire was designed to assess the effects of the
activity on pupils’ perceptions of GM-related issues. We were particularly inter-
ested in any topics where pupils had changed their opinions as a result of their inter-
action with the student. The third questionnaire was completed by pupils several
months after the activities and was designed to measure the extent to which changes
in pupil perception may have altered over the longer term, rather than immediately
after the activity, i.e., were their opinions merely altered transiently by the activity
or are any observed changes more long lasting?

Topics covered in these activities included all the examples given in previous
sections, such as GM crops with high vitamin A (golden rice), high VLCPUFA (fish
oils) and high stearic acid (low trans), as well as non-lipid topics such as vaccines
and biodegradable plastics from GM crops. Even in the latter cases, however, links
could be made with lipid science. For example, in GM crops, biodegradable plastics
such as polyhydroxyalkanoates are deposited in seeds instead of storage lipids and
early attempts to achieve this were failures due to a lack of understanding of the
basic metabolism of acetyl-CoA to fatty acids or flavonoids (Rezzonico et al., 2002).
Students wrote up their assignments in the form of an analysis of the questionnaire
data and a “reflective essay” on the whole experience and how it impacted on their
comprehension of and overall interest in biotechnology and biochemistry. As shown
below, there were many positive comments on the framing of their work within more
generalized social and ethical contexts, and how this improved their own interest
in “hard science” topics such as lipid biochemistry and biotechnology. Such views
were most common in students who were weaker in conventional testing situations,
showing that they might be better engaged by broadening the scientific learning
experience to include such wider issues.

2.4.5 ExAMPLES OF STUDENT DATA OBTAINED FROM
MASTERCLASSES AND ScHoOL VISITS

Comments made by participating pupils:

« “I found the debates more useful than the talks and would like to have more
in the future.”

« “I found the debates more interesting and would like to have more talks in
the future covering topics not covered at school such as bioplastics.”

« “l think the Masterclasses are a good idea.”
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Feedback from participating teachers:

» Teachers used both activities as supplementary lessons to support their
formal science curriculum teaching.

« They commented that the students had pitched their presentations at the
right level for pupils to understand.

» They wanted to be involved in any future activities.

2.4.5.1 Analysis of the Questionnaires

In general, pupils thought that both the Masterclasses and School Visits helped
them better understand the issues covered, and that these activities were useful. For
example, after the Masterclasses, 88% of pupils reported that they understood more
about biotechnology and 86% said they were better informed. On the wider issues
discussed, pupils said that GM foods could be beneficial to developing countries.
However, they did not believe that GM food could “feed the world.” This suggests
that they were aware of and were able to discount some of the more exaggerated
claims made on behalf of GM foods. The pupils thought that any reservations they
held about the technology would be unlikely to influence government policy in this
area. From the Masterclasses, 81% of pupils thought that GM was an important
issue to discuss but only 29% of them thought that their views could have an effect
on whether GM foods and crops are eventually accepted in the UK.

The data generated from questionnaires completed before and after each Mas-
terclass were compared in order to assess its immediate impact on pupil opinion. A
particularly important finding was that the proportion of pupils who were undecided
in many of the key topic areas dropped considerably after the events. In many cases,
the pupils became more enthusiastic about some of the potential benefits of GM
technology immediately after the Masterclass. However, not all opinions changed
in the pro-GM direction. Pupils tended to become more cautious when asked if
they would eat GM foods—whereas 46% said they would eat GM foods before the
Masterclass, only 36% would do so afterward. Interestingly, the general tendency
to be more supportive of GM technology immediately after the Masterclasses was
not maintained in the first follow-up surveys of pupils conducted 6 months after one
of the Masterclasses (during March 2003). Here, pupils became increasingly unde-
cided on the topics that they had been initially enthusiastic about after attending the
Masterclasses. For three of these questions, pupils tended toward being more “unde-
cided” after the follow-up study. We interpret this as a positive change of opinion
to a less “black-and-white” pro- or anti-GM stance (perhaps after recognizing the
complexities of the issues) rather than as a mere abstention from any opinion at all.

Comparison of questionnaire data before and after the School Visits demon-
strates that these activities have helped the pupils form opinions, as reflected in the
lower numbers of pupils’ being “undecided” after the events. The overall trend in
opinion change for this study was in favor of GM technology. As with the Master-
classes, a 3-month follow-up study showed increasing uncertainty in some areas,
e.g., about whether GM foods could be more nutritious and therefore healthier. How-
ever, at the same time, pupils became significantly more supportive of statements
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like “some types of GM food may be good” (increased from 77% to 100%) and “I
approve of GM on practical and scientific grounds” (increased from 39% to 75%).

2.4.6 CoNCLUSIONS FROM STUDENT/PupiL PROGRAM

« Course marks and general motivation of participating undergraduates were
significantly improved compared with previous performance.

+ Boththe Masterclass and School Visits formats were quantitatively effective
in terms of pupil outcomes as measured by analysis of questionnaires.

e The School Visits format is more flexible, is more suitable as an individual
student activity and is more easily assessed as an independent activity.

+ Both activities were strongly supported by teachers, who also wished to
participate in similar schemes in the future.

The pilot study described here shows that relatively open-ended activities involving
outside contacts with high schools can be successfully incorporated into a full 20-
credit, third-year biotechnology module. At first sight, it may appear that the addi-
tional workload involved in a Schools Visit program, including all the associated
preparation and analysis, may divert students from the primary scientific goals of
the module. However, we found that this was not the case: indeed, student enthusi-
asm for and comprehension of the “hard science” parts of the module were definitely
improved by their participation in the school-related activities. The students needed
to master enough science to be able to design their presentations and to engage in
informed discussions with pupils. This stimulus gave them a strong motivation,
not only to understand the lectures, but also to read around the topic and espe-
cially to research into public concerns and ethical implications of biotechnology.
An alternative format to teaching wider principles of biotechnology transfer is the
service-learning approach as recently described by Montgomery (2003). This can
involve community-based activities using partners such as local non-profit organi-
zations rather than schools. Therefore, the use of any one of a variety of approaches
can result in favorable outcomes for students. In our case, we preferred a school-
centered approach as a way of addressing additional issues in relation to low rates
of educational achievement in our local region.

The data analysis used in this study involved skills that were also used in other
course modules, e.g., ecology. However, by using these techniques to analyze pupil
perceptions, the students were strongly reminded of the limitations and potential
misinterpretations involved in such activities as opinion polls and consumer sur-
veys. Students also reported personal satisfaction at being able to engage in con-
structive discussions with teachers and pupils in an area where, for once, they were
regarded as “the expert.” It is not possible to quantify the extent of empowerment
felt by students but it is apparent that participation in such activities can bolster their
confidence and general motivation. We are also aware that the students gain useful
transferable skills in a wide variety of areas from public speaking to preparation of
handouts and brochures.

Another attraction of these sorts of activities is that, in addition to being ben-
eficial to our own undergraduates, they also succeeded in stimulating interest in
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biology among high school pupils as well as involving their teachers. Our first part-
ner schools were in the relatively deprived former mining communities in the Welsh
Valleys within 10 miles of the university. Rates of entry into tertiary education
(especially universities) from such areas are well below the national average and are
the subject of great concern, both in Wales itself (in the National Assembly) and in
the UK as a whole (Further Education Funding Council for Wales, 2000). Despite
these gloomy statistics, we found both pupils and teachers to be receptive and keen
to engage in dialog with our students about biotech and lipid-related issues—pro-
vided they were “packaged” appropriately. In other words, presented not just as
scientific topics, but rather in their wider social context that could include medical,
ethical and economic dimensions.

2.5 OVERALL CONCLUSIONS

When | was studying biochemistry as an undergraduate, lipid science was almost
universally regarded as one of the most difficult and tedious courses. Luckily, I was
taught by several inspirational professors who introduced the new and exciting con-
cepts of the fluid mosaic model of membrane organization and the dynamic role of
lipids in nutrition. Thanks to this experience | subsequently embarked on a career
of research and teaching that was very much focused on lipids, and especially plant
lipids. In the same way, as educators and communicators reaching out to ever-wider
audiences, we should seek to tell many of the fascinating stories that lipid research
has recently uncovered. As discussed in this and other chapters of this book, lipid-
related topics are matters of immense public concern that are mentioned in some
form in the media on an almost daily basis.

Moreover, although they might not know it, many of our colleagues also work
in lipid-related areas. Over the past few years | have worked with epidemiologists,
care scientists, nutritionists, clinicians, exercise specialists and many others on
lipid-related topics, some of which are described above. It is important that, in seek-
ing to reach out to the wider community to make their subject more accessible,
lipid scientists also recruit such colleagues in related academic disciplines. My own
experience is that once people realize that a topic such as lipids is relevant to their
daily lives, they are much more likely to seek to learn more about it, not because it
is part of any curriculum, but rather to satisfy their own interest and curiosity. Such
learning experiences also tend to be more enduring and enjoyable than the sort of
pre-exam cramming that is still all too prevalent in universities and high schools.
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3.1 INTRODUCTION

The purpose of this chapter is to share a number of science- and technology-
awareness programs in which the authors have been personally involved, includ-
ing the programs of MindSet, the Manitoba Network for Science and Technology
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(www.mindset.mb.ca), to which both authors have made substantial contributions
of their time and expertise. In some instances, these programs were tied directly to
oilseed chemistry activities but many of the programs are more general in nature but
eminently applicable to involving young people in careers in oilseeds chemistry.

Worldwide shortages of scientists, engineers and technologists are being
predicted in many scientific disciplines by organizations such as United Nations
Education, Scientific and Cultural Organization (UNESCO; http://portal.unesco.
org/enfev.php). At the same time, science and technology have become the drivers
of economic and social development for the global economy. Countries not able
to compete in these attractive areas of growth in science and technology are more
likely to face a lower standard of living and quality of life than their economic rivals.
The pressure to prepare more young people to follow careers in science and technol-
ogy, both generally and specifically in the field of oil chemistry, comes from at least
two sources—the need to replace the retiring cadre of scientists and the general
need for more scientists as science becomes more of a driver of economic develop-
ment. Countries that have relied on immigration of scientists may especially feel the
pressure to produce more scientists as more nations are able to offer attractive and
rewarding careers. More scientists will find staying at home in their own country as
rewarding as working elsewhere, most likely in a more industrialized nation. There
are, of course, other variables related specifically to oil chemistry and science.
Despite the importance of fats and oils, and in particular oilseeds, to the economy of
Canada, there has been little effort in developing programs to teach the chemistry
and technology of these components, especially at the post-secondary level of edu-
cation. Even basic education in lipid chemistry and biochemistry has been noted as
deficient by Canada’s Expert Committee on Fats, Oils and Other Lipids.!

Science knowledge is growing rapidly in many areas. The way science is being
accomplished is also changing quickly. At the same time, schools and curriculum
are notoriously slow to change and reflect these changes. For example, research in
both Canada and the United states indicates that it takes between 16 and 23 years
for new ideas to develop critical mass and become mainstream in education. The
cumulative result of these trends is that students are more likely to be taught about
the way science was, rather than the way it is and the way it is going to be.

MindSet (Manitoba Network for Science and Technology) has been held up as
a model for creating programs to make young people more aware of the career and
educational opportunities related to science and technology. While its programs
cross many areas of science and technology including information and communica-
tions technology, interactive digital media, new materials and composites, advanced
manufacturing and aerospace, it is most active in life science. Being located in
Manitoba, this work includes agriculture and, within that, the oilseeds sector.

The situation is not likely to get better quickly in Canada—and many other
places—as long as young people have negative opinions about training and careers
in these areas. Negative opinions about science have their beginning in several
places. Scientists are often portrayed in the media as “bad.” In fact, one study of
Canadians, published in The Toronto Globe and Mail, indicated that more than 60%
of Canadians thought scientists were “evil.” Befitting this attribute, science writer
Jon Franklin noted that about 10% of scientists in movies and television are killed
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before the end of the show. He also noted sarcastically that this was “some career
motivation.”

Negative images of science are evident in the fats and oils area. Recent portray-
als by the popular press of lipids such as trans fatty acids, saturated fats and choles-
terol have ingrained a confused and negative image of this entire area in the minds
of many consumers. Any lipid chemist who has ever attended a party along with
people who are not familiar with the area, including chemists, medical professionals
and biochemists, will find themselves spending time explaining the role of different
fats in preventing high cholesterol. Even “good fats” can receive negative attention.
Recently, canola oil, cited by the American Heart Association as a desirable veg-
etable oil, received considerable bad press through a malicious web site. The Canola
Council of Canada spends considerable time providing scientific refutations to this
unfortunate information, see http://www.canola-council.org/cooking_myths.html.

In some countries, the ability to attract, develop and retain high quality profes-
sionals is tied to weak science programs in the schools, especially in the elementary
and middle schools. Even at the high school level, educators, including counselors,
are not aware of the needs of industry and lack of awareness about career opportuni-
ties. Teachers are the “gatekeepers” to students, and if they pass on negative conno-
tations about science, students are much less likely to pursue careers in that area.

3.2 AN INTEGRATED APPROACH

Some general things embodied in the work of MindSet seem related to its success,
most importantly the development of partnerships across many sectors including
schools, post-secondary, the business sector and government. Considering educa-
tors as part of the science and technology workforce is another aspect of a strategic
plan to develop a stronger science and technology culture within its jurisdiction.
Another variable, not often mentioned, is emphasizing the interrelatedness of sci-
ence and technology, something that does not appear to be happening enough in
schools. Today’s scientists do what scientists have always done—observe, hypoth-
esize, experiment, calculate, problem-solve and share. However, these efforts are
reinforced by the use of technology. In some ways, no world-class research is being
done without technology, in oilseeds chemistry or otherwise. This relationship is
not being emphasized in schools. For that matter, the science teachers do not team
up with the technology people to show students how technology contributes a great
deal to modern-day science. Further, computers are used more for research than
they are used as scientific instruments. Some science teachers don’t use computer
technology themselves.

Understanding globalization is not really a science concept. On the other hand,
we all have to understand that the world is changing, getting “flatter,” as Thomas
Friedman of the New York Times describes it. Technology has made the economic
playing field more level—flatter. In a very real sense, we compete with everyone
in the world doing something similar to what we do. The same technology that has
made the world immeasurably more competitive can also make the world immea-
surably more cooperative.
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One way of bringing home the concept of globalization to students is to involve
them in international science projects. Some of these are competitive, such as the
International CyberFair, for which students can highlight some aspect of their life
space, e.g., local industry. Besides supporting these competitive programs, MindSet
has worked with schools to get them involved in international partnerships with
other schools, including projects with Israel, New Zealand and the United States.
For example, the project with Israel compared the ability of different crops found in
each country to produce bio-energy.

3.3 MENTORING AND COACHING

Common threads running through many of the programs described here are the pro-
vision of mentoring and coaching as important ways to get students really involved in
science programs. For whatever financial or philosophical reasons, many schools do
not provide enough authentic scientific experiences for students. In some instances,
science is not considered important, so very little gets taught. Often, the teachers
assigned to teach science do not have a scientific background and have no interest
in it. Budgetary restraints may limit the purchase of scientific equipment so science
is taught from a textbook with little hands-on experience. In these situations, school
does not provide students with a “feel” for being involved in science or what it really
means to be a scientist.

Mentorships are a great way to provide students with an opportunity to try a sci-
ence career on for size. Students most often work in a lab part time alongside older,
more accomplished people. They use scientific instruments and other forms of tech-
nology often not found in schools. During mentorships, students may get a feeling
of having discovered something or the joy of completion. There are documented
cases of students’ doing research that leads to a patent for them. Mentorships can
also lead to summer employment in the mentor’s facility.

Another form of supporting student development is coaching them for various
tasks that lead them toward a science career. Mentorships tend to be more long-term
and general, while coaching tends to be more short-term and focused on a specific
skill. There are many science activities open to students during the course of a
school year. These range from long-term commitments such as science fair projects
to shorter-term activities such as essay writing and various kinds of Internet activi-
ties. Usually, many students consider participating in these opportunities but, in the
end, only a small number end up trying the activity. There are many reasons that
more young people don’t get involved, but not knowing what is expected and the
fear of failure that goes with that are probably the most common.

MindSet has supported the involvement of many students in science activities.
The coaching and support that is provided has resulted in a disproportionate num-
ber of students’ achieving at high levels nationally in such contests as essay writing
and web site contests. Student workshops have been offered in many areas, includ-
ing preparing scientific posters, development of research skills, technical writing,
writing for the Internet and improving creativity. While some of this coaching has
been provided by MindSet itself, most often MindSet contacts people who have
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more expertise in a given area so that students have a chance to meet outstanding
professionals.

3.3.1 Bio-TRrek

Bio-Trek is a summer camp program that offers hands-on biotechnology experi-
ences to high school students. Since the program was begun by Dr. Sheppy Coodin
in Winnipeg in 1999 at St. John’s Ravenscourt School, more than 500 students have
been involved in other locales, including Toronto, Ottawa and Oakville in Ontario,
Steinbach in Manitoba; Calgary and Edmonton in Alberta; Montreal, Quebec and
Vancouver in British Columbia. As well as being exposed to careers in science,
students were involved in activities such as purifying deoxyribonucleic acid (DNA)
from cells, turning genes “off” and “on,” and inserting foreign DNA into Esch-
erichia coli bacteria.

3.3.2 UNIVERsITY AND COLLEGE OUTREACH PROGRAMS

Many universities and colleges across Canada offer summer programs similar to
Bio-Trek as part of their community outreach. Mini-universities and junior col-
leges provide hands-on science and engineering activities in many areas, including
agriculture and chemistry. Most of the courses are given on campus, with university
students delivering the activities created by professors and instructors.

3.3.3 SANOFI-AVENTIS BIOTALENT CHALLENGE

The Sanofi-Aventis Biotalent Challenge (SABC) is one of Canada’s most prestigious
student science programs, attracting many of the best and brightest students from
across the country. When 350 past participants of the program were surveyed 5
years after they had competed, the students’ responses indicated the impressive
results:

* 74% indicated that it helped plan studies or careers in fields such as bio-
technology, health care, agriculture and the environment.

» 76% had received at least one scholarship, bursary or other academic
achievement or recognition.

+ 85% said SABC provided a positive understanding of Canada’s biotech
industry.

SABC, previously known as the Aventis Biotechnology Challenge and, previous
to that, the Connaught Student Biotechnology Exhibition, was created in Canada
to encourage senior high school students to participate in hands-on biotechnology
research. Students are invited to submit their ideas for an experiment they would
like to do, based on their independent research from journals, newspapers and other
media as well as from the Internet or from people in their own lives such as teachers
or parents. These experimental ideas are then evaluated by a blue ribbon panel of
scientists who approve the feasibility of the research. Some experimental ideas are
accepted immediately. Some are sent back for some reworking. Some are rejected
outright as being impossible.
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The approach has a unity to it. The whole process mirrors the steps that scientists
go through in creating their own research, starting with developing an experimental
question from research and submitting the idea to an organization to evaluate the
idea for funding. Students receive about $200.00 to assist in the research if their sug-
gestions are accepted. Further, whenever possible, the organizers of the program in
each province find mentors for the students.

Most often, the mentor will be one who does research in the area of the student’s
work. Sometimes, it is not possible to find someone locally doing the exact type of
work, so once in a while, a mentor is found in another city and the mentoring is car-
ried out via e-mail or some other type of communication. Very rarely, the student
ends up doing the work alone. On average, the student works under the mentor’s
guidance for 5 months before competing with other students in their area for the
best work.

There are SABC programs in 13 cities in Canada, each hosted by a local orga-
nization interested in science. The winner of each region competes nationally for
further prize money. The national competition is carried out via videoconferencing
using the facilities of National Research Council Institutes in Canada. The national
winner has the opportunity to go on to compete internationally at the Sanofi-Aventis
International BioGENEius Challenge, organized by the Biotechnology Institute
located in Arlington, Virginia on behalf of Sanofi-Aventis. Regional winners from
Canada and the United States compete at the Biotechnology Industry Organization
annual convention. For this third level, an outstanding group of scientists, educators
and businesspeople involved in biotechnology judge the projects. The top five win-
ning experiments get major cash prizes but all students have the opportunity to
display their work to between 1,500 and 20,000 delegates who attend each year.

The original model for this program has been expanded in some of the compet-
ing cities. For example, in Winnipeg there are several levels of competition, starting
with grades 5—-6. The next level of competition is for grades 7—8 and there is another
round for grades 9-10 as well as the “open” competition for grades 10-12. Some
other sites also offer more than the one level.

The level of involvement of a mentor varies, though most students spend some
time in a mentor’s lab. Extremes range from the mentors only providing some guid-
ance to the student with the student doing the actual experimentation elsewhere to
students working with the mentor almost every day during the mentorship. Often
the student works with a junior scientist, a graduate student, technologist or some-
one else in the mentor’s lab. It is common for the mentor to provide overall direction
only. This approach gives the student a wide range of mentorship involvement and
often a wider experience in the area of science.

The mentor must establish his or her role in the project at the very beginning.
Ideally, a mentor will have been involved in the project proposal and in the experi-
mental design and can then establish, along with the student, the amount of time and
effort that will be required to successfully complete the project. Students often have
no concept of how much work is required to carry out a research project—it is not
possible to carry out a successful project with meaningful results on two Saturdays.
This can be a problem, as many of the students wishing to participate also lead very
busy lives, being involved in sports, music, working outside of school etc. Some
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projects have foundered when ground rules regarding time requirements were not
established up front.

3.3.3.1 Fats- and Oils-Related Case Studies

One of the authors has worked as a mentor with the SABC program on several occa-
sions. His laboratory and expertise does not fit with the more popular view of bio-
technology, i.e., gene splicing, working with microbes and utilizing enzymes, but he
has been able to show students how just about any scientific exercise in the fats and
oils area is related to biotechnology in the broad sense. He has always started work-
ing with students before they have developed their project proposal. In this way he
has been able to ensure that the proposals developed are good science and also fitted
into the general mandate of his laboratory. This was accomplished by meeting with
the students early in the year, giving them a tour and outline of the work carried out
in the grain research laboratory and then indicating several possible research areas
for the student to develop as a project. Four of the projects are outlined below.

3.3.3.1.1 Detection of Genetically Modified Soybeans
in Soybean-Based Foods

This project actually started as a part of a school-based mentor program that paired
students up with mentors. The student indicated an interest in the SABC (then the
Connaught program) and after discussion decided to carry out a project in which
a simple enzyme-linked immunosorbant assay (ELISA)-based kit designed to
detect GM soybeans would be tested for its ability to detect them in common soy
foods such as tofu (soybean curd) and natto (fermented soybean paste). The student
worked with the head of the Grain Research Laboratory’s biotechnology division to
carry out the testing and with a senior food scientist at the Agriculture and Agri-
Food Canada Research Station to learn to prepare soy foods. The student discovered
that processing soybeans denatured the protein so that it was not detected by the
ELISA kit. In addition to placing third in the Manitoba Biotechnology Competition
and winning awards in the Manitoba Schools Science Symposium, the student pre-
sented a poster at Agri-Food 2000, a major scientific conference in Winnipeg.? The
student completed grade 12 and proceeded to technical school, where she studied
mechanics.

3.3.3.1.2  Stability of Ground Flaxseed to Oxidation

Oneofus, on advice from a teacher, was approached by two students from a local
high school who wished to participate in the biotechnology competition. At the
time, there was increased interest in the use of flaxseed in food products and earlier
research in my laboratory had shown that ground flaxseed baked in bread appeared
to be stable for several months. The students decided to study the effect of fatty acid
composition on the stability, comparing normal flaxseed with about 50% linolenic
acid with solin (flaxseed with less than 3% linolenic acid).

The mentorship began with the students collecting samples of solin and flaxseed
from a local producer and from a local grain elevator. The students then worked in
the Grain Research Laboratory with a junior scientist and a graduate student. They
also worked with representatives from a scientific supply company who provided
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the testing kits for determining peroxide value and aldehyde value. They deter-
mined that ground seed from which the oil had been extracted and replaced was
more stable than ground seed and also that solin, in which the oil was replaced
with flax oil, was more stable than flaxseed in which the oil had been removed and
replaced. This project won awards at the Biotechnology Competition and at the
Manitoba Schools Science Symposium; results were presented at a scientific con-
ference® (Canadian Section Meeting, AOCS). The students involved continued as
summer students at the Grain Research Laboratory. Both completed honors degrees
in science and have progressed to scientific careers.

3.3.3.1.3 Inheritance of Erucic Acid in Wild Mustard (S. arvensis L.)

This project was initiated by three sisters (triplets) as a proposal to evaluate the fatty
acid composition of wild mustard to see if it had been affected by canola over the
years. These students wrote the original proposal and collected some samples. They
determined that their sports interests would not permit them to continue with the
project and it was taken over by two students from a different high school. These
students rewrote the proposal to include a genetic study on erucic acid in wild mus-
tard and carried out the laboratory studies, which included collaboration with a
senior professor and technical staff at the University of Manitoba to grow out and
cross samples of wild mustard and also work with the mentor and a junior scientist
to test the samples for fatty acid composition.

The results of the study showed the influence of several genes in determining
the level of erucic acid in this species. It also showed that wild mustard contained an
unusual fatty acid series n-7 rather than the more usual n-9. This project won first
place in the Manitoba Biotechnology Competition and also prizes in the Manitoba
Schools Science Symposium. Results were presented at the International Rapeseed
Congress in Copenhagen*s and have been submitted for publication. The n-7 find-
ings spurred a later project, mentored by the junior scientist, on the genetics of this
fatty acid.

It was interesting that while the students in this project both worked hard and
spent considerable time in the laboratory, they noted that the repetitive work was
somewhat boring. One student continued his education in engineering at university
and is preparing for postgraduate studies. The other student finished high school
and decided to pursue a career in modeling.

3.3.3.1.4 Interesterification of Long Chain Polyunsaturated
Fatty Acids with High Laurate Canola Oil

This project was initiated by a group of three male high school students. They met
several times with the mentor to plan the project, which involved an attempt to
form a structured lipid by interesterification high lauric acid canola oil with docosa-
hexaenoic acid (DHA). The mentor provided the chemicals, enzyme and substrates
to carry out the experiment. The students worked in both the mentor’s laboratory
and in their school science classroom over a period of 2 weeks. The first attempt at
interesterification did not work well and the mentor proposed a second attempt with
some method alterations. The students were unwilling to commit further time to the
project and the project was withdrawn from the competition, although one student
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wrote an essay based on the project. The students have all continued on to university
studying in the science and engineering areas.

Interestingly, this project later became the topic of a PhD program at Memorial
University in Newfoundland.®

3.3.3.1.5  Future Possibilities

The areas of oilseeds and fats and oils provide excellent opportunities for student-
led mentored projects. Taking current interest in the development of biodiesel fuels
is an example; two potential projects might revolve around novel production of
biodiesel from pressed canola cake based on USDA research.” The effect of biodie-
sel spills on the environment also requires study and this could easily be carried out
as a multiple-year student project in collaboration with an environmental agency
such as Ducks Unlimited.

3.3.3.2 Benefits of Mentoring

The case studies illustrate that mentoring has benefits beyond the actual mentoring
process, i.e., beyond the coaching and introduction of young people to the world of
science. In all of the cases above, real research was carried out that resulted, directly
or indirectly, in publications or at least scientific presentations. The projects all con-
tinued beyond the student stage and became part of ongoing research that has led
to significant findings. It is unlikely that these research programs would have been
initiated without the contributions of the students.

Mentoring opportunities arise beyond the special instances described above. For
example, one of the authors (JKD) developed a laboratory proficiency program, the
income from which was used to hire a summer student to administer the program.
The program administration took only about 20% of the student’s time. Instead of
using the student to perform basic tasks such as dishwashing etc., the undergraduate
university students hired for this program were each given small research projects
to carry out. Again, this provided an opportunity for mentoring students to help
them to decide whether they have the desire and abilities necessary to continue with
postgraduate research. Rather than being treated as a general dogsbody, the students
were treated as equal participants in the research team. Students from this program
have gone on to further studies and several have become either chemists or senior
technicians in science organizations.

3.3.4 DesktoP VIDEOCONFERENCING

An interesting sidelight to the SABC program has been the use of desktop vid-
eoconferencing to bring mentoring and other educational resources to students
in rural or remote areas where it would be difficult to find professional scientists
with the background to challenge top students. Webcam technology is inexpensive
and relatively easy to set up and use. Two technical areas have caused problems
with these programs but both of these are solvable. One hurdle is the availability of
broadband Internet service, which is needed to have clear pictures, voice and text.
This is becoming less and less of a problem as broadband services are being offered
to larger and larger areas in almost all countries, including the rural and remote
areas of industrialized countries like the United States and Canada with their enor-
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mous land mass. The firewalls of school computer networks can be another issue.
Firewalls are constructed to keep unwanted intruders out of the network. Sometimes
these network security tools perceive the incoming videoconference information as
unwanted and will block the signals. This has been handled by working with school
technology coordinators to open a “port” for the videoconference to come through.
In addition to providing mentors a tool to communicate with interested stu-
dents, videoconferencing can provide support for teachers who don’t have enough
background in science. Schools in rural areas tend to be smaller than urban schools,
reducing the specific expertise in any given course because educators must teach a
larger number of subjects, including ones for which they are not specifically trained.
Further, schools in remote areas may have only one or two teachers responsible for
all grades and subjects, K-8. In these situations, there is no guarantee that teachers
will have the time or expertise to teach specialized subjects such as science. Video-
conferencing has been used by MindSet to deliver this specialized information.

3.3.5 AGRICULTURAL BIOTECHNOLOGY ENRICHMENT PROGRAM

Agricultural Biotechnology Enrichment Program is a cooperative effort between
Monsanto Canada and the Pembina Trails School Division, under the direction of
Bob Adamson, an experienced science teacher at Fort Richmond Collegiate in the
Fort Garry suburb of Winnipeg. Adamson approached Monsanto about creating a
portable laboratory that would introduce agricultural and medical research. The lab-
oratory, used by many schools, is shipped in large rubber footlockers, containing:

» Micropipettes

» Power supplies

 Gel electrophoresis chambers

» Gel cameras for documenting experiments

» Polymerase chain reaction (PCR) technology

Teachers from schools that want to make use of one of the three footlockers must
undertake the training necessary to make the best use of the technology. This train-
ing becomes an extra facet to the teachers’ professional development. Since its
inception in 2001, this program has had more than 1,800 students participate. One
of the strengths of the program is that it was developed to match the learning out-
comes of Manitoba Education, Citizenship and Youth, the province’s Ministry of
Education.

3.3.6 CoMMUNITY-BASED PROGRAMS

We were also involved in several interesting cooperative projects in which the out-
reach programs of science and technology organizations use their proximity to
schools as a leverage point to engage local communities in science. These programs
are based on the example of a biotechnology lab at Ho Yu College in Hong Kong, a
K-12 high school. Dr. William Mak, director, Genome Research Centre, Hong Kong
University, was a pioneer in biotechnology education in Canada. After 35 years in
Canada, he had an opportunity to return to Hong Kong in his present capacity. He
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also became president of the Hong Kong Biotechnology Education Resource Centre.
He worked with Suet Ying Lee, principal of the school, to build a state-of-the-art
biotechnology lab on her site to first train her teachers and students in biotech-
nology, followed by training teachers from other schools. Once the teachers were
trained, they could bring their own students there.

This model is being explored in Winnipeg for three labs possibly being built
in schools close to research facilities. The cost of the labs will be funded by the
research institutions and their partners. A part-time lab manager will coordinate
the programs. Researchers from these facilities will supplement the hands-on train-
ing being provided educators and their students so they can go into “real” science.
These researchers can do presentations about science, in general, or demonstrations
related to their own work.

3.3.6.1 Business of Science Student Stream: Involving
Students in Professional Events

Another way of providing students with experience about science and scientists
is to invite them to professional events. Each year since 2003, the Life Sciences
Branch of Manitoba Energy, Science and Technology has invited 50 high school
students and an equal number of college and university students to the Business of
Science Conference, a prestigious international conference held in Winnipeg to help
scientists better understand how to deal with the business side of the equation. The
secondary and post secondary students each have their own sessions, as do the pro-
fessionals participating in the event. During keynotes, meals and session breaks, the
students and their teachers have an opportunity to mix with scientists. In addition
to providing an opportunity for students to realize that scientists are pretty regular
people, these networking possibilities can lead to partnerships for schools. Mentor-
ships, internships or job-shadowing activities for students have also grown out of
these conferences. In fact, the same model is used for information and communica-
tions technology, new media and advanced manufacturing conferences.

3.3.7 GENE RESEARCHER FOR A WEEK

Since 2002, the Canadian Genetic Diseases Network, in collaboration with the
Canadian Institutes of Health Research and Merck Frosst, has invited students to
apply to work in a genetics laboratory during their spring break. The lab might be
local or in another province, but students must compete for one of the prized 30
spots offered nationally. Expenses are paid for travel to and from the lab as well as
for the time spent in the laboratory.

3.3.8 HARNESSING THE GREY MATTER

Harnessing the Grey Matter was a program to match scientists interested in working
with schools with schools interested in having professional support for their sci-
ence programs. The program was developed by the Winnipeg chapter of the Sigma
Xi Society in partnership with MindSet, with a grant from the Promoscience pro-
gram of Canada’s Natural Science and Engineering Research Council over a 3-year
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period. After that time, the program was taken over by the ministry responsible for
education, Manitoba Education, Citizenship and Youth, and renamed “Scientists in
the Schools.”

The “grey matter” in this context was a play on words that related to the “grey-
ing” of the population of scientists in Canada as well as their brains—their “grey
matter.” The original direction of the program was to identify retired scientists or
those close to retirement as science resource people for schools. As people, scien-
tists tend to be both interested and interesting, and also very passionate and involved
with what they have been doing. This passion keeps many of them involved in their
research and other aspects of science even after retirement. Harnessing the Grey
Matter wanted to engage this devotion and channel it into educational activities.
Among the possible tasks for these scientists on the program’s web site were the
following:

« Visiting-scientist programs

* Professional development of science teachers
+ Student mentors

« Science advisors to schools

» Media-contact persons

« Writers and journalists
 Science fair judges

» Conference speakers

Upon hearing of the program, scientists, engineers and technologists not close to
retirement also registered on the web site so that schools could find them in the
database.

3.3.9 SMARTS: OF THE STUDENTS, FOR THE STUDENTS,
By THE STUDENTS

The Student Mentorship Association Regarding Technology & Science (SMARTS)
is something completely different from anything in this chapter. The program to
support and promote Science, Technology, Engineering and Mathematics (STEM)
to students in grades 7-12 was founded by students and is still run by students as
a program within Youth Science Fairs Canada. The founding students have been
very successful in science activities, mainly science fairs, in their own provinces.
Their participation in the formation of SMARTS was altruistic—to give some-
thing back. The purpose of the organization is to inform other students about vari-
ous STEM opportunities and to inspire them to get involved. At the same time,
SMARTS strives to provide resources and support for these other students. Their
main vehicles for this are the school correspondent network, an events, programs
and competitions directory and a compilation of helpful suggestions for students
competing in science competitions.
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3.4 WHAT ARE THE BARRIERS?

There are issues, however, serious ones at that. Schools have been increasingly
forced to follow curriculum topics dictated by their local jurisdiction at a state, pro-
vincial or school-district level. At the same time, if these documents do not contain
topics related to biotechnology as an important area of change in agriculture, the
topics might not get taught even if teachers are interested in teaching them.

The profile of biotechnology remains low in the mainstream of most people’s
lives—including teachers, apparently. For example, a recent survey in Canada
showed that most Canadians had no reaction to the term “biotechnology” and 90%
of them did not know that Canada was a world leader in the area and were unaware
of the economic benefits of biotechnology. Among teachers, the profile of biotech-
nology does not seem much better. Canada’s first national bioscience and biotech-
nology conference, held in Winnipeg in July 2006, attracted only 34 participants, in
spite of national marketing. The objective of the conference, which showcased tours
of world-class facilities and presentations by international and national scientists
and educators, was to provide educators with teaching ideas to increase the amount
of biotechnology in their courses. The previous month, a national contest to identify
Canada’s outstanding biotechnology educators produced only a small handful of
nominations.

3.4.1 INvOLVING EDUCATORS

Educators—teachers, principals, consultants, directors—are an integral part of the
process of developing a science culture. As noted elsewhere, they are the gatekeep-
ers to getting students involved. Teachers can be very busy people, with preparing
lessons, marking student work, duties assigned at school and the “volunteer” activi-
ties they take on as coaches, tutors and managers of various student activities such
as drama, music and other cultural events. Such a busy schedule leaves little time
for staying abreast of changes in their particular areas of expertise, especially if they
are involved in science areas with high rates of change.

In addition to organizing many student activities, MindSet provides educators
with support for their science programs. The Life Sciences Educators Group has
been developed to provide easier networking to the business sector and postsecond-
ary institutions. Professional development sessions about cutting-edge science are
also organized on a regular basis, most often using speakers who are leaders in their
field.

3.4.2 THE VOICE OF SCIENTISTS

Science and technology are constantly in the media. Some of that information is
good; some of it is bad. However, the voice of the scientist is not necessarily heard
as part of the dissemination of information. That voice would echo the feelings of
many scientists, who are driven by their passion for their research, their desire to
contribute to the common good and their desire to know “why.” More scientists
need to share this aspect of their efforts. The message, of course, needs to go to the
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community, but it especially needs to be heard by young people as they consider
how they might spend the rest of their lives.

This evangelizing would come easily to many scientists. The qualities that make
good scientists don’t necessarily make good public relations people. Nonetheless,
there are other alternatives to pushing someone else off the soapbox. For example,
the Manitoba Science and Technology Achievement Lunch is set up each year so
that students and teachers have the opportunity to meet practicing scientists, engi-
neers and technical people. The event has attracted as many as 375 people whose
contributions or achievements in science and technology have been recognized at a
provincial, national or international level. While the event is only a lunch, followed
by an interesting speaker involved in some area of science, it is certainly an oppor-
tunity for scientists to share their knowledge with students and their teachers.
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4.1 INTRODUCTION

Teaching any science is a challenge because fundamental concepts are not intui-
tive for most students and explanations are not easy to connect to real experiences.
Hence, “facts” are memorized for exams and, with luck, most students will remem-
ber a little of the information a few weeks after the exam. Hopefully, some may
remember enough to use in later classes.

Students can learn to think and reason intuitively if they are introduced to and
given practice in the processes involved in transforming data or information to
actionable knowledge.! Research with learning has shown that long-term memories
are generated when information is connected to something already known—i.e.,
new neuronal paths are connected to existing neuronal and memory networks in the
brain.2 Learning research has also shown that, in contrast to long-time dogma, abil-
ity to think theoretically was entirely innate, the ability to cycle between concrete
(which everyone comprehends) and theoretical concepts (which relatively few really
understand) can also be developed:134

Concrete: practical, Theoretical: conceptual,
applied, abstract

Considering this research and analyzing courses in which | learned versus those in
which | just memorized has led me to teach my graduate classes, especially Lipid
Chemistry, in a problem-solving context designed to connect fundamental concepts
to real-life recognizable situations. In the education lexicon, this is a modified case-
study approach. The first class on each topic is a lecture covering new and critical
material, and then students are given several days to study and think about the
material (or an assigned problem). The second class is a problem-solving session
presented as individual research/thinking exercises prepared at home with open
discussions and debate in class, spontaneous (no prior exposure to problem) exer-
cises in small cooperative learning groups or directed learning as a formal case
study with the entire class working together. Sometimes everyone is given the same
problem; other times, multiple problems covering different aspects of the topic are
distributed within the class, prepared solutions are presented and the rest of the
class debates the issues extemporaneously. Discussions are augmented by questions
designed to elicit prior knowledge (students know more than they think they know,
but don’t know how to connect data to action), stimulate exploration for alterna-
tives, induce evaluation and develop logic in thinking processes, understanding
and problem-solving strategies. Submitted written answers are scored by a rubric
designed as a teaching tool to recap key points that should have been recognized or
issues addressed, and also award major extra credit for new ideas and independent
thinking. Students can use the rubrics to build and improve their problem-solving
strategies and critical thinking through the semester. Significant points toward the
course grade (e.g., 15%, enough to make a grade difference) are awarded for class
participation to encourage active student involvement in discussion and debate and
to provide a reward for students “taking a chance” with tentative or new ideas, or
even interesting questions that show thought, creativity and connection.
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The problem-solving sessions provide an environment where students can
learn by exploring, trying out ideas and making mistakes without fear or threat.
The only “stupid” question is one that is not asked; the only “bad” idea is one that
is not voiced and considered thoroughly. Regardless of the problem format, each
student contributes ideas, and the class evaluates whether the idea will work or
why not—and if not, how to fix it. Although each student in most cases prepares an
independent proposed solution to submit, the composite solution developed in class
ultimately results from collective efforts and reflects multiple perspectives. Critical
concepts are stressed, usually more questions are asked than set answers given,
creative thinking is encouraged and connections between fundamental concepts
and real-life behaviors are developed and reinforced. Problems early in the semes-
ter are relatively straightforward while students learn how to think through solu-
tions. Subsequent problems build in complexity as students gain more information
in lectures, learn how to apply and integrate what they already know with in-depth
technical material from lectures and build a more extensive base of critical knowl-
edge and understanding. Typically, students feel uncomfortable during the 4 to 6
weeks, but reach a “eureka” point about two-thirds of the way through the semester,
where everything suddenly comes together. Then they are able to both recognize
the science controlling a situation and apply principles creatively and with depth to
propose workable solutions.

In addition to teaching thinking and learning strategies, problems can show
students quite graphically how details count. Details provide power in an analysis.
Details make processes work. Students are so accustomed to learning generalities
that they fail to recognize that the power and control of a situation is in being able
to use details to advantage to provide context, a frame of reference, and depth of
understanding. For example, students readily associate saturated or long chain fatty
acids with high melting points, but what is “high”? Is it the temperature of a warm
room, the kitchen counter in the sun, human bodies, boiling water or something
even higher? Which fatty acids melt under each of these conditions? What does
that difference mean in terms of observable behaviors? Fatty acids are generally
not volatile, but volatilization can be forced under vacuum or after conversion to
esters. This is an easy concept to understand, but details are needed to apply it
to determine temperature-pressure conditions required for physical refining or the
temperature gradient that will separate a specific fatty acid mixture by gas chroma-
tography. Similarly, aldehydes and ketones are well-known products of lipid oxida-
tion, but what does a shift of product mix, e.g., from hexanal to heptenal or octenal,
tell about the mechanisms and conditions of oxidation, and how does this affect
decisions about control strategies? Working through problems as a group provides
many opportunities to wake students out of their mental sleep and turn them on to
the power of details, not as meaningless lists of numbers stored away in references,
but as critical tools essential to the success of any proposed application or problem
solution.

I use problem-solving intensively to deal with complex material in advanced
graduate courses such as Lipid Chemistry, but problem-solving can be adapted to
any level, even elementary through secondary school (K-12), by changing the nature
of the questions and complexity of the problems. Undergraduates and new graduate
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students, for example, can be challenged to recognize the basic science underlying
phenomena in everyday life or observations in research papers. K-12 students love
to see how science can make sense of what they see every day. In all cases, the goal
is to move students from merely recalling memorized facts to thinking beyond the
information or words of the problem and using what they have learned to understand
their world—analyzing the scientific driving forces and applying their knowledge to
gain control of the situation.

To support development of problem-solving and thinking skills, students are
given three tools: Schaich’s Law, the Active Learning Process and a guide with
Problem-Solving Strategies. Schaich’s Law (Figure 4.1) states that: “Foods are not
black boxes—they behave according to fundamental laws of chemistry and physics.
If you want to understand and control food properties and characteristics, you must
first identify the underlying chemistry responsible for each property of interest. Then
you can use and manipulate that chemistry to your advantage.” This law is a constant
reminder to students that foods are chemical systems; it pushes them to think about
foods as (collections of) molecules rather than macroscopic systems. Whatever is
seen happening in foods can be explained in terms of underlying chemistry.

From an early age, students are drilled in memorizing and regurgitating facts,
but they are often stymied when asked to extend, apply or connect those facts to real
situations. The Active Learning Process (Figure 4.2) provides a road map to move
students past rote memorization of facts to higher-order thinking, make them aware
of the complex processes involved in learning and encourage them to make learning
a mindful, conscious process.

TOOL 1. SCHAICH’S LAW

FOODS ARE NOT BLACK BOXES --

TREATMENT

S

They behave according to fundamental laws
of CHEMISTRY and PHYSICS!

BEHAVIOR

If you want to understand and control food properties and
characteristics,

you must first identify the underlying chemistry
responsible for each property of interest.

Then you can use and manipulate that chemistry to your advantage.

FIGURE 4.1 Tool 1. Schaich’s Law reminds students to think of foods as molecules rather
than macroscopic systems.
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TOOL 2. ACTIVE LEARNING PROCESS

'NFOBX‘@Z'ON/ﬁ THINK!I! «— NO INFO / DATA
H
" QUESTION
CONNECT
(INSUFFICIENT ~ TEASON EXTRAPOLATE
INFORMATION)

\ EVALUATE

ACTI!
SOLVE A CREATE SOMETHING
PROBLEM NEW

FIGURE 4.2 Tool 2. The Active Learning Process makes students aware of the com-
plexities involved in learning and encourages them to make learning a mindful, conscious
process.

Figure 4.3 provides a starting point for thinking, not a checklist for answers.
These questions guide students to probe beyond obvious and general answers, to
think in greater depth, to apply details specifically and selectively, and to explore
how what they do not know may be important to the solution. In most cases, what
is not known at one stage is likely to be covered later in the course, so discussion of
“unknowns” builds anticipation and provides a framework for recognizing applica-
tions of fundamental information in lectures to come. Perhaps most important, the
process outlined in the strategies, with minor rewording, is broadly applicable to
any problem and, if adopted, can change the way students think in their jobs and
daily lives. In educational parlance, such learning becomes transformative.>-

This chapter presents a representative sample of problems used to teach Lipid
Chemistry. Most are aimed at the advanced graduate level, but one emulsions prob-
lem that can be adapted to any level, including K-12, is also included. These “prob-
lems” have been collected from a variety of real-life situations—industry problems,
government agency challenges, research papers, communications from colleagues,
personal observations—wherever something with interesting possibilities for teach-
ing pops up. Due to space limitations, only a few problems will be discussed in
detail to show how they are used to reinforce basic concepts of Lipid Chemistry and
to develop higher order thinking and problem-solving skills; others will be listed
along with the teaching concepts covered in each. Problems have been designed
to coordinate with, reinforce and support each Lipid Chemistry topic covered in
lectures (Table 4.12).
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TOOL 3. PROBLEM-SOLVING STRATEGIES
1. Decide/determine what the question REALLY is.

2. What fundamental information is needed to answer or solve the question?
What chemical or physical properties are involved?
What reactions are involved?
What system properties are involved?
What other issues may affect the outcome?

3. What information do you already have that may be relevant to the problem?
What is your system?
What are its properties?
What is the environment?
What resources are available to work on the problem?

4. What does this information tell you about the actual or potential behavior in the system
under question?
How do your system properties control its behavior?
What can you expect to happen if you change components
or conditions?

5. What additional information that you do not have will you need to solve the problem?
Where can you get that information --
Books and publications
Experts in the field
Suppliers
Research

6. How can you fit everything together creatively to solve the problem?
Don't overlook the obvious and conventional approaches, but also always try to THINK
OUTSIDE OF THE BOX!

FIGURE 4.3 Problem-Solving Strategies: A Series of Questions That Guide Students in
Thinking through Problems and Developing Individual Approaches to Analyzing Situations
and Developing Solutions

TABLE 4.1
Lipid Chemistry Concepts Taught at Various Levels Using
the Problem-Solving Approach

PhD Level

General lipid classifications, structures, characterization, properties and functions
Chemical and physical properties of fatty acids

Chemical and physical properties of triacylglycerols

Chemical and physical properties of phospholipids

Processing of fats and oils for food use

(Continued)




Teaching Lipid Chemistry through Creative Problem Solving

47

TABLE 4.1
(Continued)

Lipid structures in foods and biological materials
Characterization and analysis of lipids: Chemical analyses
Characterization and analysis of lipids: Instrumental analyses
Emulsions and emulsifiers
Degradation reactions of lipids—Heat
Radiation
Enzymes
Photolysis
Autoxidation—Basic reactions
Pro-oxidants
Antioxidants
Health issues of lipids; fat substitutes
Hot topics in lipid chemistry

Undergraduate and MSc Level

Classes and structures of lipids—derived, neutral, complex
Lipid functions in foods
Physical properties of lipids and their relationship to lipid functionality

Solubility Viscosity, plasticity and consistency

Melting point Solidification/crystallization
Flavor properties—carrier, potentiator, component, precursor
Reactions of lipids
Modification (chemistry and applications)
Hydrogenation
Esterification (intra, inter)
Degradation reactions (chemistry and applications)
Saponification
Hydrolysis
Heat
Enzymes—Ilipase, lipoxygenase
Oxidation—Dbasic reactions and conditions, catalysts, antioxidants
Emulsions and emulsifiers

Concepts Introduced in Materials Developed for K-12

General structure characteristics, intermolecular associations deriving from structure
relationship of structure and associations to properties of fats, alone and in foods

Solubility

Viscosity

Melting/solidification

Crystallization and solid fats
Emulsions—General properties and emulsifiers

Applications in mayonnaise and ice cream
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4.2 EXAMPLES OF PROBLEMS

4.2.1 MAKING MARGARINE FROM OIL

As product development manager for an entrepreneurial food company specializ-
ing in corn utilization, you have been directed to produce a line of margarines that
includes traditional stick margarines as well as tub margarines and new pourable
margarines based on corn oil. You have one week to give the board a development
plan that includes your proposed production approaches as well as the scientific
justification for them.

Points to consider in developing your plan:

(@ What physical or chemical properties of lipids (oils) are needed for each
type of margarine?

(b) What are the endogenous properties of the corn oil used as a base? How
must these be modified to produce each type of margarine?

(©) What process(es) can be used to modify oil properties?

(d) Outline several approaches that could be used to produce stick, tub and
pourable margarines from corn oil. Be specific about the steps to be used
and what each step will accomplish. Include scientific justification for your
proposed methods.

(e) Discuss advantages and shortcomings (if any) for each approach.

(f) What information are you missing to solve this problem completely? Where
could you find this information?

4.2.2 TeAcHING CONCEPTS

Introduction to margarine processing
Identification of target properties for each margarine (mp, consistency/
texture/other)
+ Likely components, etc. associated with these properties
Factors controlling melting points and melting behavior:
Fatty acid chain length and degree of unsaturation
Geometric and positional isomers of fatty acids
Arrangements of fatty acids on glycerol backbone
Alignment and packing arrangements of fatty acid chains
« Distribution of different types of fatty acids in mixtures
Factors controlling solid properties
Melting points (degree of saturation/unsaturation)
Crystal structures—polymorphism
Packing arrangement of fatty acid chains in pure fatty acids, in
triacylglycerols
Specific mix of fatty acids
» Characteristics of semisolids—viscosity, consistency, mouthfeel,
plasticity
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« Concept of solid properties as a broad range gradient rather than step
function
Fatty acid composition of corn oil and melting points of component fatty
acids
Approaches to obtaining target properties for each margarine
Change mp—nhydrogenation
Change crystal structure—intra/inter-esterification
Change both and avoid unwanted side reactions by blending with other
oils
Pros/cons, advantages/disadvantages, controversial issues of each
approach
Identify reaction control as unknown
Integrating information into solutions and strategies

4.2.2.1 Discussion

This problem is typically presented with the initial fatty acids lecture and is used as
an introduction to problem-solving processes. Hence, it is relatively uncomplicated
and includes more questions as learning tools to guide students in thinking beyond
the obvious. In trying to teach a logical mental approach to applying information,
the starting point is defining the problem and outlining critical factors involved in
the starting materials, the process, the problem and the solution. Even at the under-
graduate level, all students can identify melting point as the controlling factor and
that high, medium and low melting points are needed for the three margarines. The
key to solving the problem is being able to apply a variety of information about
melting points to the specific materials. Here is where details count.

At this point in the semester, all students will recognize fundamental relation-
ships and reactions, but few will go further to look up specific data, e.g., melting
point ranges for each type of margarine, the fatty acid composition of corn oil,
melting points of component fatty acids—both free and in triacylglycerols—and
melting ranges attainable with various degrees of hydrogenation (information that is
in fact in the course materials), information that will be critical to produce the final
margarines. Similarly, although students understand general concepts of melting
points and crystal structures, they have difficulty in integrating the two to generate
solid properties. In-depth discussions with considerable probing provide a frame-
work within which students begin to understand interrelationships among melting
behavior, crystal forms and texture properties in real products, and begin to see
that details of oil composition and fatty acid behaviors are critical for defining their
target properties.

Considering how melting points can be altered theoretically then leads to ideas
about how melting points can be modified practically. Hydrogenation is introduced
in the fatty acid lecture as a reaction of double bonds, and all students have had some
introduction to lipids and lipid reactions in a prerequisite food chemistry course.
The idea in the discussions is to extend knowledge about a basic reaction to create
a process, or to recall prior general knowledge about a process and apply it to a spe-
cific situation. Here, unknowns become important. Students may recognize that oil
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properties can be modified by hydrogenation and inter- or intra-esterification, but
ask them how? or how much? or how do you make A versus B? and they are stymied.
Information that is unknown or not understood often is the factor preventing learn-
ing or development of successful solutions to problems, but unknowns are seldom
recognized or evaluated. Hence, analysis of knowledge structures and identification
of unknown information is stressed in all problems throughout the semester. Details
of hydrogenation and inter-esterification reactions and methods for controlling these
reactions to tailor product properties will not be introduced until later in the semes-
ter. However, this beginning problem shows quite clearly how critical control of the
reactions is for attaining desired specific properties, and thus provides a reason for
students to look forward to later sections. It also establishes a broad and firm base
to which new information can be connected and where technical details will make
sense and be important rather than overwhelming. This simple margarine problem
is a building block linking fatty acids to triacylglycerols and then to processing and
even analyses, with each new lecture adding to this base and increasing depth and
breadth of understanding.

Anticipation of future lectures can be further enhanced by asking questions
about analyzing the progress of hydrogenation reactions, determining triacylglyc-
erol (TAG) structure generated by inter-esterification, health effects of fats/oils
and their modified versions, regulatory issues, oxidative stability and antioxidants,
etc. Thinking about these questions, even without answers, begins to create the
logical connections from which knowledge networks will be built throughout the
semester.

It should be noted that successful use of problem-solving requires considerable
involvement of the professor in guiding—not directing—class discussions in both
process (supporting students with reminders, hints, questions, encouragement) and
content (amplification or more detailed explanation of basic concepts, introducing
related new issues). This is scaffolding, or building a learning support framework.8°
The semester starts out with the teacher’s having most control and guiding students
into new thinking processes. As the semester progresses, students learn more about
lipid chemistry and how to reason with it and use it; they gain both confidence in
their abilities and competence in their assessments, and they play a larger role in
directing class discussions. As this happens, the professor role shifts increasingly
to contributing experience, expertise and perspectives and add depth and breadth
to the exercise.

4.3 MANIPULATING PROPERTIES OF TAGS

1. You are an Oompah-Loompah working at Willie Wonka’s Chocolate Fac-
tory and have decided that the Augustus Gusses of the world can be just as
satisfied with chocolate candies made of cocoa butter equivalents (CBEs),
which are much cheaper, as with expensive hand-made real milk chocolate.
Willie Wonka says, GO FOR IT.

(a) What lipid and final product properties or factors must be considered
in developing cocoa butter equivalents?
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(b) From the information about fats and oils you have in your course mate-
rials, select two candidate fat sources for the CBE, one of which must
be a non-tropical fat.

» Explain why you chose these fats.

* What modifications will be necessary for each?

» Suggest detailed approaches for development of the CBE using
each fat.

(c) What information that you need to solve this problem are you
missing?

2. You have just become the general manager for the Sweet-n-Sour Dairy Co-
operative that can’t supply skim milk to consumers fast enough because all
the space in the plant is being filled with the butterfat removed from the
milk. Because you are an optimist, you believe that your opportunities for
growth and remuneration are as full as your plant.

(@ What are the general chemical and physical properties of butterfat?

» Which have positive attributes (give the context)?
»  Which have negative attributes (give the context)?

(b) Which attributes do you think offer some opportunities for developing
alternative products from butterfat? Why? (These applications do not
have to be food applications.)

(c) Suggest approaches for utilizing the butterfat.

(d) What information that you need to solve this problem are you
missing?

3. Floods in the Midwest destroyed the corn and soybean crops that produce
source oils for several products your company manufactures. At the same
time, excessive and unusually dry weather has limited supplies and dras-
tically driven up prices of coconut, palm and cocoa fats/oils, which your
company uses in other products. As product development manager, you are
directed to find substitute oils or fats. Your board of directors also decides
to avoid similar disasters in the future by expanding operations vertically,
i.e., adding oil production and refining to company activities.

Using the data in your course packet about the properties and fatty acid com-
position of natural oils and fats, or any other information you can find, propose
alternative oil sources:

(@) To buy to replace presently used corn, soy, and palm/coconut oils and
cocoa butter. Include your reasoning and justifications.
(b) To begin to grow for the following applications. Include your reasoning
and justifications.
 Substitute(s) for corn and soy in high volume products
» Substitute(s) for corn and soy in specialty products with limited
markets
» Cocoa butter replacement
» Replacement source for coconut and palm
(¢) What information needed to solve this problem are you missing?
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4. You are a drone for Busy Bee Bakers, who want to corner the cookie mar-
ket with a sandwich cookie containing “healthy” fats. You recognize that
consumer acceptance will critically depend on maintaining the typical
crunchy texture of the cookie and the smooth, melting consistency of the
cream fillings. Also, there must be no off-flavors. Furthermore, the cookies
must survive greedy, grasping toddlers’ hands, squashing in book bag and
sharing lunch boxes with fruit and juice.

(@ What chemical and physical properties or characteristics will be nec-
essary in the specialty fat(s) you will use for the cookie? The filling?
Why are these properties important? Which can be modified without
negatively affecting consumer acceptance of the cookies?

(b) What health issues will you address in formulating the cookie and
filling?

(c) What fats and oils will you use for these two applications? Why did
you select them? What modifications will be necessary?

(d) Suggest approaches for the cookie development.

(e) What information needed to solve this problem are you missing?

4.3.1 TeacHING CONCEPTS

« Fatty acid composition of natural fats/oils and products derived from them
(e.g., chocolate, tropical fats, conventional vegetable oils, specialty oils).

» Specific chemical and physical characteristics of individual fats or oils.

« Common characteristics and substitutability of different oils.

» Melting points, solid properties, crystal forms, plasticity of TAGs.

+ Plastic vs. nonplastic melting behaviors.

+ Practical implications and creative application of TAG properties.

 Functional properties of fat or oils in traditional and nonconventional food
products—Ilooking beyond traditional ingredients.

« Fractionation of fatty acids/TAGs by chain length and unsaturation.

* Modification and analysis issues.

» Market forces and product costs.

* Integration of health issues with functionality.

» Chemistry solves “problems” in industry.

4.3.1.1 Discussion

TAGs are so varied and have so many different sources, properties and applications
that it is difficult to cover enough in a single problem. A more interesting and reveal-
ing approach is to have different students or different groups working on a series
of problems that cover a variety of applications of TAG chemistry, physical proper-
ties and functions. Presentation and discussion of all the problems in class gives
each student exposure to every problem, time to think about and fully develop one
problem and an opportunity to apply what they know to solve others “on the run” in
class. In comparing and contrasting other problems with their own, students begin
to see commonality in some TAG behaviors and can identify key properties that are
specific to individual oils. All together, these activities provide students opportuni-
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ties to use multiple levels and types of thinking as well as different types of mental
processing in finding solutions to the problems.

Making connections between oil properties and specific product behaviors is a
major emphasis. As with the margarine, students see the connections superficially
but not yet in enough detail to develop control over formulations or processing to
create specific product qualities. The chocolate problem comes from real life. All
students have eaten cheap holiday chocolate bells and eggs targeted at children
who go for the taste and discriminate texture poorly, so they have personal expe-
rience for reference. Similarly, producing high-quality cocoa butter substitutes or
equivalents is an important economic problem in industry. What makes cocoa but-
ter unique? Is it really possible to re-create another fat or oil in the image of cocoa
butter? What controls or modifications are required? What are the advantages or
product quality losses in doing this? Discussions range from philosophical or ethi-
cal (if, as the Aztecs thought, cocoa is the food of the gods, why should we try to
change it?) to theoretical (what makes the TAG structure in cocoa butter so unique?)
to practical (how can the cocoa butter TAG structure be duplicated by controlled
inter-esterification? What other fats have similar properties or can be modified to
create them?). The concept that details count is stressed again as students are sent
to look up detailed information about CBEs in industry and about properties and
fatty acid compositions of alternative fats. It should be noted that the course packet
contains extensive background information about natural fats and oils, TAG proper-
ties, specific TAG applications and current market issues. Students are encouraged
to use these materials as starting points, then go to the web and research literature
to fill in gaps and deepen their understanding. Importantly, this one problem prob-
ably generates more interest in inter-esterification mechanisms and control than any
other application, so it serves as a very compelling positive inducement to learn the
complicated chemistry of inter-esterification in subsequent lectures.

The butterfat problem introduces prospective use of information. If you have a
lipid with a given set of properties, what can you do with it? Students need to use
this kind of critical creative thinking in industry as much as retrospective solving
of an established problem. Practice in this kind of application is very important
because it requires an organization of thinking processes different from that which
students normally use. At the same time, it forces students to think about how fatty
acid properties change with chain length and unsaturation and how these proper-
ties can be used differentially. It also introduces issues of isolation and analysis as
unknowns (again, to be covered in later sections) and of real-life industry problems
that need creative solutions.

The idea for the flood problem came from one year in which there were disas-
trous weather conditions worldwide and markets for major crops and natural materi-
als were extensively disrupted. Weather uncertainties are a fact of life with natural
products, and the fats and oils industry and food manufacturers must be able to
adapt. This scenario provides a perfect backdrop for comparing properties of dif-
ferent source fats on many levels—compositional and functional properties, grow-
ing conditions, market forces and prices, possible political and regulatory issues,
etc.—and evaluating trade-offs in use of alternative fats. Considering issues beyond
the chemistry of lipids is important to industry, where most students will make their
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careers, and it also stimulates different types of thinking and right-brain analyses,
in contradistinction to the typical quantitative analytical analyses they normally
use.

The cookie problem introduces TAG shortening and confectionary functions
that are important in the food industry. It was derived from personal communica-
tions from a scientist involved in the original reformulations of Oreos when health
effects of tropical fats were questioned, and is designed to force students to connect
functional properties to fatty acid composition and physical properties, to consider
alternatives and trade-offs in formulations and to introduce health issues in the use
of fats and oils.

As with the margarine problem, these applications of TAG chemistry provide
numerous opportunities to introduce additional issues, e.g., modifications, analyses,
stability, health effects, economic or market considerations, regulatory issues, etc.,
that will not be covered until later in the semester—another taste to whet the appe-
tite and provide connections to future lectures.

4.4 DESIGNING A USE FOR PHOSPHOLIPIDS

You are a research scientist in a multinational conglomerate that has divisions in
chemistry, foods, pharmaceuticals and environmental protection. While working in
the laboratory, you discovered a new class of molecules that you named phospho-
lipids, and you characterized the physical and chemical properties of major com-
pounds. However, you won’t get your bonus unless these new compounds make
money for your company.

Carefully consider the physical and chemical properties of phospholipids.
(The information contained in your class notes is what you determined in your
laboratory.)

(@) Propose at least one application for which your company could develop and
market a product based on phospholipids.
(b) Explain your rationale (scientific reasoning) for the application, e.g.:
+ Why do phospholipids appear promising or feasible for your
application?
+ What fundamental chemical properties or reactions are being
utilized?
* How do the specific properties relate to the application?
* How does extension/application of those properties create the
application?
(c) Identify information you are missing and need to find or get help with to
fully develop your proposed idea.

The product or application can be in any field already covered by your company, or
may branch into a new area that would offer new opportunities for the company.
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4.4.1 TeacHING CONCEPTS

 Prospective application of information to CREATE in contrast to retro-
spective use of information to solve existing problems.
 Physical and chemical properties of phospholipids
Amphiphilicity and surface activity
Water-binding/hydration
Metal binding
Formation of bilayer structures—mesophases, liposomes, membranes
Liquid crystals
Associations with other molecules
Anti- and pro-oxidation effects
« Connections of chemistry to physiology, medical, environment, real life
* Identification of missing information needed to make an idea “work”

4.4.1.1 Discussion

Like the butterfat utilization described above, this problem is designed to stimulate
a new kind of thinking—prospective application of information to CREATE rather
than retrospective use of information to solve problems after the fact. Using guide-
lines established in creative problem solving or brainstorming, no idea is rejected
because it “won’t work” or “isn’t good enough,” etc. Instead, the scientific basis of
each idea is examined. Phospholipid chemistry is discussed in the context of each
proposed application; feasibility is evaluated in terms of advantages, disadvantages
and what will be required to make an idea really work. In the process, students once
again learn how details really count.

4.4.1.1.1  Examples of Applications Proposed by Students

« Dispersants for dry soup mixes

+ Cold-water dispersant for chocolate drink mixes

+ Improve solubility and rehydratability of freeze-dried fruits

+ Oil herder for oil spills

+ Stabilize, bind water and control phase-inversion of low-fat emulsions

» Combine with lipase to maintain animal fat emulsions (e.g., sausages) and
increase yield of breakdown products for flavors

* Acceleration of lipid oxidation in milk fat globules for flavor generation

« Optimization of liposome formulations as drug carriers

 Cholesterol deposit cleaner to dissolve and solubilize deposits in arterial
walls

« Binders for control of circulating arachidonic acid (prostaglandin control)

+ Natural antioxidant in vegetable oils

+ Use with C16/C18 fatty acids for developing high fat, high energy artificial
“fruits” as bird food

+ Control aggregation of lipoproteins and changes in phospholipids compo-
sition during extraction and storage of plasma

+ Carry vitamin E and increase epidermal permeability of protective skin
cream
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* Create liposomes submerged in collagen gel to carry anti-inflam-
matory agents (AA) modifiers

» Establish phospholipid—phospholipid interactions to improve effi-
ciency of degumming in oil processing

4.5 TROUBLE-SHOOTING OIL PROCESSING

A new seed plant (biological) has been developed by genetic engineering to produce
food oils. It has high yields (high oil per seed), many seeds per plant and many
plants per acre, but the oil is not very stable (i.e., it becomes rancid easily) and it
has limited functional properties. It does not form a plastic fat when hydrogenated.
The melting point is very low, and when solidification does occur, it is in the f
form, although some sandy crystals form during storage at normal refrigeration
temperatures.

You are a food oil refiner who has been called in to help before the project
is thrown back to the plant geneticists. The oil has been refined, but perhaps not
efficiently or appropriately. Propose explanations for the following, based on the
information about the oil composition given in Table 4.2.

TABLE 4.2
Oil Composition

Oil Composition: Fatty Acids in TAGs:
Arachidonic 3%
Triacylglycerols 99.8% Linolenic 15
Tocopherols 0.01 Linoleic 55
Carotenoids 0.1 Oleic 8
Chlorophyll 0.05 Arachidic 3
Other 0.04 Stearic 15

(@ Why is the oil not stable? Give at least four reasons. Hint—think about the
source of the oil. Suggest ways to overcome this problem.

(b) Asan oil processor, what can you do to modify the oil to improve its func-
tional properties and tailor the final products to specific product needs?
Give at least two approaches. Be specific about what you will modify and
why, and what effects this modification will have on the oil.

(c) What suggestions for modifications, if any, would you give to the plant
geneticists for their next generation of genetic modifications of these
plants?

(d) What information that you need to solve this problem are you missing?

4.5.1 TeAcHING CONCEPTS

» Endogenous factors affecting oil stability—antioxidants, pro-oxidants,
unsaturation
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Processing factors affecting stability—contaminants potentially intro-
duced, pro-oxidants removed, heat, metals

Evaluation of processing procedures and adequacy

Identification of missing information

Can refining “fix” a poor 0il?

Can finishing process “fix” poor refining?

Tailoring winterization, hydrogenation, inter-esterification
selective rather than broad changes
achieving desired changes without creating additional problems

Oil processing partnership with end user and research

Numbers count (using quantities as clues in problem-solving)

USING FAT CONSTANTS TO IDENTIFY UNKNOWN OILS

The Calamity Oil Refinery ships a variety of oils worldwide. The U.S. Customs
Bureau intercepted a shipment of Calamity Oil in which the outer cases were labeled
olive oil but the inner bottles had no labels. The oils were tested and found to have

the following characteristics in the standard oil tests:
v 115-120
Np 1.464 (15°C)
sV 194
mp -21t02°C
Sp grav 0.920
(@ From these values, determine the most likely identity of the oil. Remember,

(b)
©

4.6.1

it could be pure oil, a modified oil or a mixture of oils. You will accept or
reject the shipment for import based on your determinations.

Give your reasoning for your assignment.

What information that you need to solve this problem are you missing?

TeacHING CONCEPTS

Use of fat constants to identify fats and oils
Variation of fat constants with small changes in fatty acid composition
Saturation/unsaturation (# of double bonds)
Trans and positional isomers
Oxidation
Other adducts
Potential effects of storage and other conditions on fat constants
Develop sense of how much each constant varies with specific fatty acid
changes
Develop sense of which constant provides the best clues and information
about oil identity
Standards of identity for specific fats and oils
Fat constant accuracy and sensitivity
Regulatory and quality control use of fat constants—appropriate and
inappropriate
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4.7 INTEGRATING CHEMICAL AND INSTRUMENTAL
ANALYSES TO DETERMINE LIPID COMPOSITIONS

You are a working cattle and dairy farmer who also does research for the Agri-
cultural Experiment Station at Podiddle University. With all the negative publicity
being given to beef and dairy products for being high in saturated fats, you decide to
attempt to modify the fatty acid content of steaks and milk by feeding your animals
diets high in fish oil or soybean oil. The feeding trials go well, your animals are
still alive and healthy, and the milk doesn’t smell fishy. However, now you are faced
with the problem of determining how efficiently the fatty acids in the animal diet
replaced endogenous fatty acids in tissues and in milk.

(a) Construct flow charts to show how you would isolate and separate the lip-
ids of beef muscle and of milk.

» What differences, if any, would there be between extraction methods
used for the two lipid sources? Why are these necessary?

« What differences do you expect in the lipid and fatty acid contents of
the two tissues? Why?

» How do these differences affect the isolation and separation proce-
dures you will use?

(b) Describe

« “Shortways” (polyunsaturated fatty acids [PUFAs] incorporated—yes
or no).

* “Long ways” (more complete and specific methods for fatty acid com-
position, localization and position) for determining the extent to which
the PUFAs were incorporated into membrane and milk lipid struc-
tures. You don’t have to list minute details of techniques; give the test
or procedure you would use, general conditions, what the test(s) would
tell and how the information would be provided.

(©) What information necessary to ensure success of these analyses are you
missing? Where can you find the missing information?

4.7.1 TeAcHING CONCEPTS

+ Lipid composition/localization of muscle vs. milk
« Lipid extraction procedures:
Sample preparation and pretreatment
Solvents
Specific considerations for individual materials
Extract cleanup
Protection processes
» Methods for separating lipid classes—chromatography, chemical or physi-
cal fractionation
» Chemical/physical assays for lipid characterization—short chain fatty
acids
(poly)unsaturation
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differentiation of lipid classes and specific components
+ Instrumental analysis of lipid components, distinguishing number and
position of double bonds
« Positional analysis of TAGs and phospholipids

4.8 EMULSIONS
(This problem is adaptable to all levels, K-12 through graduate)

(1) What kind of an emulsion is mayonnaise? What are the phases? What is the
emulsifier?

(2) What is the function of the vinegar, and why is it added to the egg yolks
before the oil?

(3) Why can blender mayonnaise use more oil (1 cup oil) per egg than the
mayonnaise made by hand ?

Explain the following specifications in terms of the chemical or physical processes
involved in emulsion formation and stability:

(4) Have all the ingredients at room temperature.

(5) Beat the eggs yolks before adding anything else to them.

(6) Add oil slowly, in droplets, to the egg yolk initially.

(7) Use only 1/2 to 3/4 cup oil per egg yolk.

(8) Remedy a broken mayonnaise by beating some dry mustard into the may-
onnaise in a warm bowl.

(9) Mayonnaise made in a blender must use the whole egg, not just the yolks.

(10) Explain the physical basis for each of the following remedies for broken

mayonnaise emulsions suggested by other sources:
(@ adding an additional egg yolk
(b) chill the mayonnaise while beating

4.8.1 TeacHING CONCEPTS

+ Critical roles of force and emulsifier in making emulsions
* Recognition of theoretical concepts at work in a real product
« Factors affecting emulsion formation and stability
Functions of individual ingredients
Effects of mixing method on emulsion stability
Effects of mixing force on particle size, stability, and potential for
destabilization
Influence of oil-emulsifier and other ingredient proportions
Influence of order of addition
» Effects of various emulsifiers and stabilizers:
Hydrophobic-hydrophilic balance
Particles (wettable vs not wettable)
Polymers on oil surface
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Multiple emulsifiers (e.g., in ice cream)

« Effects of aqueous phase viscosity
Size of oil droplets } Stokes Law Factors
Oil:water ratio

+ Destabilization time/rate

4.9 LIPID DEGRADATION PROCESSES

You are the director of the analytical lab of an international oil processing company.
The documentation of several tanks of oil was misplaced. Now your analytical crew
must determine what the oil is and how it has been processed or treated because
countries in the European Economic Community have very strict regulations about
what they allow. In particular, EEC countries do not allow irradiated products, and
U.S. regulations do not allow use or marketing of heat-abused lipid products. Also,
health conscious food manufacturers are now setting more stringent requirements
limiting acceptable levels of all forms of oxidation and other degradation of oils.
You must determine what can be done with this oil. The principal TAG component
of the oil is:

0O
I
o CH,-0O-C(CH,),CH=CH-CH,-CH=CH(CH,),CH, (R)
|
I
R,-C-O-CH
CH,-O-C-R, (R, and Ry same as R,)

(@) Write full breakdown reactions that occur for this TAG when it is y-
irradiated, photosensitized, heated and(or) autoxidized. Include molecular
formulas/structures, specific reaction pathways, names of major products
expected for each degradation pathway.

(b) Identify the major products that are characteristic of each form of degra-
dation. Which specific products or product classes would be most useful
marker compounds for screening degradation mechanisms in processed
fats and oils? How could each of these best be detected?

(©) What major changes in lipid properties or characteristics would be expected
from each general degradation pathway? From specific products in the
pathways?

(d) If Compound B below is found in this oil, can the oil be marketed in either
the U.S. or Europe?

H,C(CH,),CH=CHCH,CH=CH(CH,);CH,

|
CH,(CH,)sCH=CHCH,CH=CH(CH,);CH,
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4.9.1 TeacHING CONCEPTS

 Practice in writing out degradation reactions and determining expected
products for specific fatty acids or TAGs (as opposed to looking up prod-
ucts in tables)
* Reinforce degradation pathways and organic chemistry background.
« Comparison of degradation pathways and mechanisms:
Recognition of common products
Recognition of parallels between mechanisms
Distinction of products specific for each degradation
« Appreciation for the breadth of products resulting from degradations (con-
nect to problems with analysis)
» Consequences of degradation—alteration of physical, chemical and sen-
sory properties/quality
* Regulations and quality control issues

4.10 OXIDATION BY LIPOXYGENASE

Farmer Brown was an organic gardener who decided to test his farm produce for
lipoxygenase (LPOXx) to determine whether it would have great shelf stability. He
made up a phosphate buffer solution at pH 7.5, added some soybean oil and analyzed
LPOXx contents in peas, tomatoes, grains, potatoes and cucumbers by measuring
lipid hydroperoxides. He encountered problems with his assay, observing appar-
ently very low activity for all of the enzymes except from tomatoes. He also found
variable products, including some C10 and C12 hydroperoxides and derivative alde-
hydes, dihydroxy compounds and a variety of carbonyls. You are a consultant called
in to evaluate what is going wrong and then “fix” Farmer Brown’s assays.

(@ What is wrong with Farmer Brown’s assays? Why?

(b) What information necessary to solve this problem is missing? Based on
Farmer Brown’s results, make assumptions about what you think he did.
Explain how these procedures would affect assay results. Now use these
procedures as a basis for recommending changes (see (c)).

(c) How would you modify the assays to make them accurately reflect lipoxy-
genase activity and reactions in each of the vegetables? Be specific, explain
your reasoning in proposing the changes, as well as how and why you
expect the assay results to change.

4.10.1 TeacHING CONCEPTS

» Lipoxygenase reaction mechanisms, expected primary and secondary
products

+ Identification of multiple dimensions or facets of “problem”

+ Recognizing potential sources of degradation or inconsistency



62 Teaching Innovations in Lipid Science

« Factors affecting apparent lipoxygenase activity in vegetable extracts:
Sample preparation (does it make enzyme available?)
Plant source
Possibility of isozymes
Enzyme and substrate concentrations
pH
Fatty acid composition of plants
Oxygen concentration in solutions
Specific substrate used in assay
Potential inhibitors (e.g metal complexers)
Autoxidation confounding of LPOX reaction
Competition from hydroperoxidase activity of LPOx, from lyases
Assay method
« Factors affecting overall reaction of lipids in extracts
Sample preparation and handling
Contaminants (e.g., metal) in reagents, water, glassware
Buffer components (purity, metal complexing by PO,)
Exposure to light
Photosensitizers in plant extracts

411 CONTROLLING OXIDATION

The Quality Food Corp. manufactures and markets dried soup mixes. They have
found that their chicken noodle soup mix has a stable shelf life of only a few weeks.
The mix consists of chunks of dehydrated chicken, dry noodles, salt and a chicken
fat-based seasoning blend in dehydrated broth, packaged together in a clear cel-
lophane package with colored printing. During storage, off-odors develop and are
quite noticeable when the package is opened. Off-flavors develop in both the broth
(after reconstitution in water) and the meat chunks. The meat chunks become tough;
the seasoning blend and meat chunks darken. You are vice-president for research
and have been called in by the board of directors to account for the problems. What
information will you provide?

(@ What chemical reaction(s) and compounds are most likely to be causing the
problems described for the
Odors
Flavors
Texture changes
Color changes
Be specific and show reactions.

(b) What information is missing that would help identify key reactions,
products or problem spots? What could you do to find or generate that
information?

() Suggest approaches to solve the problems and create a product that should
retain its quality during storage for at least 6-12 months. Be creative; be
specific. Explain the reasoning behind your suggestions. Discuss advan-
tages and possible shortcomings of your proposed process.
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4.11.1 TeacHING CONCEPTS

Lipid oxidation in real foods vs. reactions on paper:
Direct products
Secondary products

Consequences beyond lipid oxidation products (co-oxidation of pro-

teins and other molecules)
Recognition of pro- and antioxidant factors in complex systems:

Fat composition

Food matrix

Sources of metals, hemes, photosensitizers, amino acids

Sources of endogenous antioxidants

Moisture content and water activity

Light exposure

Packaging permeability—Iight, moisture, O,
Looking “beyond the lamp post”—other molecules and reactions that may
be active and interactive with lipid oxidation

Co-oxidations of protein, starch, seasonings, pigments

Maillard browning

Packaging migration

Phase partitioning of lipox or other products
Tailoring effective processing and antioxidant “corrections” that are safe,
appropriate, cost-effective

4.12 EDUCATION PERSPECTIVES ON TEACHING

BY PROBLEM-SOLVING

63

Although the problem-solving approach described in this chapter evolved from
personal experiences and perspectives and no education background, retrospective
evaluation shows that it has solid grounding in educational and learning theory.

() It provides a virtual laboratory in which students personalize learning as

they relate problems to their own experiences. This makes students more
ready to learn and more receptive to new information and new approaches
to thinking and reasoning.

(2) It creates a culture in which even mistakes or misunderstandings become

opportunities for learning as students explore, debate, question and probe
situations in depth.

(3) It facilitates teaching to different learning styles. Students differ in how

they take in information (seeing it, hearing it, reading it, using it), whether
they respond more instinctively to concrete or abstract content, and
whether they process new material by active experimentation or reflective
observation (Figure 4.4). Dealing with multiple learning styles is perhaps
a professor’s greatest challenge in reaching all students in the classroom.
Using problem-solving in a variety of formats is exciting and rejuvenating
on the teaching side as well as the learning side because it offers so many
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Accommodators
(learn by doing)
“What would happen if | did this?”
Input: concrete examples
Processing: active experimentation

Thinking mode: concrete-active (activist)
Teaching modes: independent

Divergers
(observe concrete then think)

“Why does this happen?”

Input: concrete examples

Processing: reflective observation

Thinking mode: concrete-reflective (reflector)
Teaching modes:

(listen to abstract - think-do)
“How does this happen?”
Input: abstract concepts
Processing: active experimentation
Thinking mode: abstract-active (pragmatist)
Teaching modes: Interactive, problems,

discovery lecture with analysis and application,
thinking time after questions
Convergers Assimilators

(think abstract—observe concrete)
“What is there to know?”

Input: abstract concepts

Processing: reflective observation
Thinking mode: abstract-reflective (theorist)
Teaching modes:

assignments requiring active involvement
and applications of details

authoritative lectures with demonstrations,
lab exercises with detailed tutorial

FIGURE 4.4 Patterns of learning, based on differences in how students take in and process
information (work of Kolb as described by Little).

options and opportunities for dealing with information. Somewhere in the
mix, each student finds a path that fits.>°

(4) Itintegrates all aspects and stages of learning. Learning involves condition-
ing, reinforcement, memory process, concept formation, problem-solving
and creativity in four phases:t

» Receiving information—lectures, class notes, references, Internet,
discussions

» Processing information—thinking, evaluating, applying, questioning,
integrating with prior knowledge or experience, memorizing

+ Storage or retention—encoding information for retaining in memory

* Retrieval or recall—recognizing and recalling stored information
appropriate for use or application

Long-term and lifelong learning strategies are strengthened when connec-
tions are continually made between information delivered in class (Stage
1), thinking processes (Stage 2), understanding information logically so it is
retained without “memorization” (Stage 3) and recognizing already known
facts that are relevant to the issue (Stage 4).2* Pulling this all together at
once has a very powerful effect on students—it definitely changes the way
they think.

(5) It transforms thinking and learning. Problem-solving transforms thinking
through cognitive reframing, training people to think differently about dif-
ficulties that cannot be changed and to think more positively about tough
subjects.?2 Rather than being overwhelmed with the details of the physical
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and organic chemistry of lipids, students see first-hand how the chemistry
drives real applications, and this makes it easier to connect and under-
stand. Working on real-life problems removes mental stumbling blocks
against learning the chemistry and gives students a reason to learn. Once
initial associations are established, students become more familiar with
the underlying chemistry and more willing to use it. They learn how to
concentrate on relevant and important points rather than irrelevant ones.
This total process provides a strong positive reinforcement to motivate
students.

Problem-solving transforms learning by discarding old habits of dealing with
information, opening up frames of reference, forcing consideration of alternatives,
and changing perspectives.5613-16 Real-life situations in problems provide effective
and realistic focus for reflection; they lead students to recognize questions beyond
the obvious and superficial, probe unspoken assumptions, explore alternatives, ana-
lyze consequences of choices and actions, and thereby make meaning of their world.
The process required to arrive at solutions is a rational process that dynamically and
actively links theory to practical behaviors or properties and thus forces students to
reevaluate how they see, think about and understand the world around them. The
end result is a transformation in thinking that becomes the foundation of lifelong
active, thoughtful learning.

To close, | will admit that teaching by problem-solving is very intense. For the
professor, it is more work than lecturing because there is never a time to sit back
and slide on routine. There are problem sets to grade every week, new applications
to find and a kind of constant internal pressure to be creative and interesting. The
positive counterbalance is that problem-solving is much more stimulating and fun,
and working with each new group of students, even on the same problem, brings
different challenges, ideas and perspectives. Problem-solving keeps teaching ener-
gized and fresh.

For students, it has been said that this course is not for the faint of heart. There
are no weeks for sloughing off between exams and the intense higher-order think-
ing required can sometimes scare and overwhelm students initially. However,
any advanced course that covers a lot of material in depth is daunting to students.
Problem-solving actually overcomes this by dealing with small amounts of new
material at a time and integrating it with previous learning and with real life before
moving on. In addition, dividing class sessions between modified lectures and prob-
lem-solving discussions provides both traditional and innovative learning forums
for students.

What do the students say about learning by problem-solving?

« Students universally report that learning through logical development and
through connections of fundamental properties and reactions to real-life
situations is more effective than memorizing massive amounts of material
to regurgitate factually on exams.

» Students find that using hands-on examples and working with problems
helps them conceptualize new information and connect it to things they
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already know. As a result, they understand concepts better, remember them
long-term and are able to use and apply them practically. They also learn to
recognize when knowing and applying details is important.

Through problem-solving, students learn large amounts of material “pain-
lessly,” without memorizing and without realizing how much they have
retained. When material is constantly reinforced throughout the semester,
students find they can answer most of the questions on a “working knowl-
edge” final exam without studying or looking up the answers.

By comparison, when traditional exams were added back to the course,
students felt overwhelmed by material and focused all their mental efforts
on memorizing to answer questions precisely rather than thinking how to
use information and letting the connection and retention follow. Students
have repeatedly elected weekly problems over term papers and exams.
Examples and problem-solving make classes more interesting and challeng-
ing. Several sets of part-time students from industry have even taken the
problems back to their companies to use as exercises in group meetings.
Problems and discussions guide students beyond the printed page and
obvious answers, and show them how to recognize multiple aspects of a
question and to evaluate multiple solutions.

Learning skills developed through problem-solving can be applied to other
classes and all aspects of life.

Students develop self-confidence and a sense of achievement far beyond
traditional lecture—exam approaches.

Problems make learning FUN!!!

Quotes from students:

“This course has completely changed the way I think and deal with problems
at work.”
“This approach will benefit my whole life and career. It is excellent, interest-

ing and challenging.”
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5.1 INTRODUCTION

Most researchers in the area of lipid science are familiar with the desire to develop
value-added consumer products. By improving a basic ingredient or a processing
step, value can be added to all downstream products, resulting in some societal or
monetary benefit. By analogy, exposing undergraduates to research early in their
careers provides an opportunity to add value to their science education, resulting in
students that are better equipped for any number of career paths in science. Under-
graduate research opportunities forge a vital link between theoretical knowledge
and practical application that is often absent in theoretically biased undergraduate
programs. Many colleges and universities acknowledge the value that exposure to a
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practical research project may provide, encouraging students to fortify their degree
with research projects and sometimes even allowing for special degree designations
(e.g., cooperative education degrees) if certain work-term requirements are met.

The following is intended to serve as a guide for the researcher who relies
on contributions from undergraduate students in a research laboratory setting.
Although teaching researchers (i.e., professors) are the most likely audience, the
considerations and guidelines set forth may be of interest to others who are involved
in such research projects. These will include scientists from public institutions and
those from industry, as practical and cooperative education work terms are not lim-
ited to post-secondary institutions.

Over the past 15 years, the authors have directly supervised or co-supervised
over 190 undergraduate student projects, mainly in the corresponding author’s pre-
vious lab at the University of Lethbridge, Alberta. The projects took the form of
“Independent Studies” (credit course, minimum time commitment of 10-12 h/wk),
cooperative education work terms (credit course, full-time paid positions) and sum-
mer student work terms (full-time paid positions, credit obtained with an optional
evaluation component). All projects were 4 months in duration, although many
students went on to work in the lab for multiple terms, often continuing work on
the same general project. Several continued on to successfully complete graduate
degrees within the lab, while others have gone on to other labs and professions. A
summary of the present whereabouts of those we were able to keep track of is shown
in Figure 5.1.

FIGURE 5.1 Career paths of 92 former students who have completed undergraduate
research projects in our lab over the course of 16 years. A total of 128 students (67 female, 61
male) completed 194 individual projects, averaging 1.5 projects per student.
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It is our intent to provide some general and specific considerations to the teach-
ing researcher involved in the delivery and supervision of these types of projects.
Topics that will be addressed include project development, student recruitment,
supervisory tips, student evaluation and authorship issues. Although the authors’
collective experience is in the supervision of student projects in a lipid biochemistry
environment, many of the principles can be applied to most research settings where
undergraduate students are part of the laboratory.

5.2 RECRUITMENT—FINDING THE RIGHT STUDENTS

Many students at this level of their training are keen to undertake research projects,
regardless of their future career aspirations. For some, an undergraduate research
project might be viewed as a chance to bolster an application to professional or
graduate school, for others an opportunity for summer employment and some may
undertake research simply to explore their options and interests. In any event, it
is important to consider more than their academic performance or career ambi-
tions when recruiting students for independent studies. Unless scholarship eligibil-
ity (e.g., summer studentships) is of the utmost importance, the student’s attitude
is perhaps the most important attribute to consider. Often the most academically
gifted students do not possess the right attitude toward research and may, in fact,
be detrimental to overall lab morale. It has been our experience that many stu-
dents with slightly inferior transcripts can excel outside of the structured classroom
environment and, if given the opportunity, will often thrive in a research lab with
adequate mentorship.

Attitude will also, to a large extent, determine how well a student will fit within
the research group, a factor that should not be overlooked if the student is to work
closely with other students and technical staff or perhaps even serve effectively as
an ambassador between collaborators (e.g., if co-supervised). While overall attitude
may be difficult to assess and predict, a brief interview process will provide the
principal investigator (PI) and other supervisory staff with an idea of the student’s
personality and motivation for undertaking a research project. A curriculum vitae
(CV) or resumé can also be revealing, particularly if it contains obvious mistakes
that provide insight into an applicant’s attention to detail. Previous work or lab refer-
ences and the PI’s own level of experience in applicant evaluation will also prove to
be valuable in helping to choose suitable students.

Teaching senior-level (i.e., third- and fourth-year) undergraduate courses pro-
vides an excellent opportunity for recruiting students for undergraduate research
projects. The length of semester courses gives the teaching researcher ample time
and opportunity to evaluate potential students based on their academic performance,
class participation and overall attitude. The opportunity to interact with students for
several months offers researchers a preview of how a student may fit within their
particular research program. To complement this situation, the course curriculum
at this level is sufficiently advanced to permit the incorporation of relevant research
material in the classroom, giving students an opportunity to develop an interest in
a particular research area. Students are often introduced to the instructor’s research
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program through in-class discussions, the assignment of term papers or presenta-
tions related to the instructor’s area of research, and identification of current gaps or
limitations in the area of research that need to be addressed.

Maintaining an open dialogue with teaching colleagues is also an excellent
way to discover and evaluate potential students. Students who are referred from
other faculty members, or whose attributes may otherwise be verified from trusted
sources, remove some of the guesswork from the selection process.

Developing and maintaining a lab website will attract students from other insti-
tutions. While they represent a low percentage of all the students who have passed
through our lab, they have made meaningful contributions to our efforts. Out-of-
town students tend to seek full-time work terms, often during the summer when
they are returning to visit family for the summer break. Our web page (http:/www.
afns.ualberta.ca/hosted/wrg/) has also been instrumental in attracting postdoctoral
fellows (PDFs) and graduate students as well as serving as a store of information
concerning manuscripts, course materials and assignments, and contact informa-
tion for lab members.

5.3 PROJECT DEVELOPMENT

The primary differences between undergraduate- and graduate-student projects are
time and scope. While graduate projects are intended to span several years and typi-
cally begin somewhat open-ended in scope, undergraduate projects need to be man-
ageable over a short term (4—8 months is typical). The challenge when developing
a project for an undergraduate student is to keep it manageable within the limited
time frame and substantial enough to maintain the student’s interest and encourage
an element of ownership over the project. This latter condition cannot be overem-
phasized. Too often where undergraduate projects fail, it is because students lose
interest or become just cogs in an assembly line operation where their contribution
to the bigger picture is either ill-defined or perceived as inconsequential. Despite
the common perception, undergraduates are not merely cheap technical help. While
their contributions may relieve graduate students or technical staff of relatively
simple, tedious or repetitive tasks, a learning experience is expected and must be
delivered, particularly where students pay tuition for the opportunity. Students who
are denied an adequate learning experience typically lack incentive to take owner-
ship of their project and will rarely excel in their role. When developing a research
project, it is almost always better to carve out a well-defined subsection of a larger
project that they can realistically hope to see to completion rather than burdening
them with repetitive tasks on large numbers of samples.

Unlike a graduate project, where students can be presented with a general
research goal and be expected to take a role in developing their own research strat-
egy, undergraduate projects require more detailed planning on the part of the super-
visor. A flow chart that outlines the sequence of the main elements in the research
project is shown in Figure 5.2. Several items to address in developing an indepen-
dent study course outline follow.
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Assess student interest

Initial Contact with Supervisor(s) and overall suitability

. 4

Registration

-

Introduce to group members,

Lab Orientation facilities, procedures and policies

-

Identify overall context, specific research

Literature Search
goals and relevant methodology

-

Develop workplan & timeline for completing project

Research Proposal Initial evaluation of research & communication skills

-

Practical training in research methodology,

Experimentation data analysis and interpretation

-

i Summarize research in manuscript format
Final Report Assess written communication skills

. 2

Seminar Presentation

4

Evaluation

Develop oral presentation skills
Assess comprehension through Q&A

Assess overall performance of student,
provide recommendations for improvement

FIGURE 5.2 The progression of a typical student through an undergraduate research proj-
ect. Notes on the right indicate the objectives of the student (regular text) and the supervisor
(italics) at each stage.

5.3.1 THE ResearcH OBJECTIVE

As with any experimental strategy, a clear understanding of the objective is required.
Providing sufficient background information to put the project in its appropriate con-
text will help the student better understand his or her role. For example, if students
are to analyze food samples for trans-fatty acid content, they should understand the
importance of this information in the context of the overall research efforts. If pos-
sible, background literature and review articles should be provided well in advance,
perhaps as early as the initial meeting. A good start to a successful project often
hinges on the students’ understanding of what they are to do, and why it is impor-
tant. We recommend that students conduct their own initial literature review and
develop a short research proposal before beginning any work at the bench. While
this ensures that they come into the lab with a basic understanding of their objec-
tives, we have found that, with short-term projects and inexperienced students, con-
siderable momentum might also be lost in the early stages of a project if too much
time is spent on a written proposal. Currently, we feel it is more realistic, given the
time constraints on such projects, to provide new students with substantial guidance
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with this requirement. Returning students and those on full-time paid projects are
expected to develop their own research proposals.

5.3.2 EXPECTATIONS

Given the short-term nature of undergraduate projects and the inexperience of the
students themselves, it is best to set out clear milestones and timelines. While a
concrete timeline is not necessary, setting specific goals gives students direction.
It is our experience that extra attention paid here is likely to yield dividends down-
stream, particularly in the case of students on full-time work terms.

During initial meetings with prospective students it is advantageous to have
them articulate their expectations of the research project as well. An open and frank
discussion of what can be realistically expected will prevent disappointment later.
In a general sense, the more communication at the beginning of a project, the more
likely the outcome will be mutually satisfying.

5.3.3  SkiLLs AND TECHNIQUES LEARNED

Providing a list of techniques students can expect to learn ahead of time will provide
some basis for them to evaluate how likely they are to benefit from the experience.
It is imperative that immediate supervisors (e.g., technicians, PDFs, graduate stu-
dents) also be informed, in order to plan for their needs. If a student desires to learn
specific techniques and the scope of the PI’s activities allows for some flexibility, an
honest effort should be made to accommodate the student’s wishes. This will result
in more motivated students who are more likely to succeed in their endeavors.

5.3.4 SUPERVISORY RESPONSIBILITIES

Although the responsibility to evaluate the student typically lies with the Pl, day-
to-day supervision of undergraduate students often falls to other research staff or
graduate students. Ensure that the responsibilities and expectations of the supervis-
ing team members are clear, particularly in the case of graduate students who may
have limited supervisory or teaching experience. If two or more people will share
the supervisory responsibilities, it is vital to ensure that only one is responsible for
assigning duties and scheduling, to avoid unintentional conflicts. It is ultimately
the responsibility of the professors to monitor their labs for potential interpersonal
conflicts and to ensure that junior supervisory personnel conduct themselves appro-
priately and professionally.

5.3.5 TiME COMMITMENT

One should be realistic about the time commitment expected of the student. A mini-
mum commitment of around 10-12 hours per week is typical for part-time under-
graduate projects. Some students will attempt to carry a full course load in addition
to their research project and must schedule their research into an already bursting
schedule. If a certain procedure requires several consecutive hours to complete,
and students are available for only an hour or two per day between lectures, how
productive will they be? It is important to be clear with students about the time
commitment required during the recruitment process and develop projects that can
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be somewhat flexible. Other members of the lab can be relied on to assist in this
regard as well, provided this does not cause their own projects to suffer. Lengthy
experiments or procedures can either be started or completed by full-time lab mem-
bers, with the undergraduate student participating as time permits. If these situa-
tions arise frequently, a conscious effort should be made to expose the student to
all aspects of the procedure, as opposed to coming in and performing the same
task time and time again. It is important, however, to ensure that any assistance
offered from full-time lab members is not abused, and to emphasize that the student
is responsible for completion of the project. Full-time lab members should not be
expected to “carry” a substantial portion of an undergraduate project due to the
student’s time constraints. Where a suitable compromise cannot be agreed upon in
advance, students should be encouraged to postpone their project until their aca-
demic schedule permits adequate time commitment to the research.

We have also encountered a recurring situation where students involved in a
full-time work term (e.g., to fulfill a cooperative education designation requirement)
wish to enroll in another course or two during the semester. It has been our policy
that co-op students seek the permission of the PI before enrolling in any course
scheduled during the workday, with approval granted on a case-by-case basis. If
approved, they are to document their time spent away from the lab as well as the
extra time they have worked to make up for it. Time spent away from the lab for
course work should be restricted to scheduled lecture or lab periods only. Addi-
tional study and completion of assignments should be done on the student’s own
time and should not become an excuse for failing to complete experiments. No full-
time work-term student should be allowed to take more than one course during the
regular workday. The make-up time required in the lab becomes too demanding to
maintain, and the lab project invariably suffers. Students wishing to take more than
one course should be encouraged to consider alternatives (e.g., carry a full course
load for the term instead, and return for a summer work term). When considering
allowing a student to work after regular hours in the lab, the institution’s policies
must be kept in mind and adhered to (e.g., working alone and safety policies).

5.3.6 EVALUATION

All course outlines should address student evaluation. In a research project, stu-
dent evaluation will often take the form of a final written report, oral presentation
or both. It may also include other criteria, such as the quality of their bench work,
record-keeping, ability to follow directions, professionalism, participation and atti-
tude. The relative weighting of each will likely vary from lab to lab, as can the gen-
eral expectations. These are important considerations for undergraduate students
as they may work in several different labs over their course of study and arrive in a
lab with preconceived notions of what the expectations will be. When possible, it is
best to communicate to a student the types of actions that will result in excellent and
substandard grades. We have found it useful to provide students with blank copies
of evaluation sheets that their supervisor(s) will use when evaluating their perfor-
mance. Figures 5.3 and 5.4 are examples of evaluation forms for oral presentations
and final reports, respectively, that we have used in the past.
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Presentation Evaluation

Student: Date:

Title:

Please use the space provided for specific comments.

Organization (15) — Introduction, logical flow of ideas, conclusion or summary

Presentation style (15) — Speaking voice and pace, any distracting tendencies, reading slides instead of
using them as a guide, appropriate use of humor

Content (40) — Appropriateness of material to a 21d,3t4,4th year (circle one) course, explanation of
concepts, overall knowledge of topic, ability to answer questions

Use of visual aids (20) — Legibility of slides. Includes background and font color/style/size, clarity of
figures and slides, proper referencing and format (e.g., legends, axis labels)

Timing (10) — Deviation of more than 10% (above or below) the prescribed length will result in
deductions

TOTAL /100 Evaluator initials:

FIGURE 5.3 Evaluation form used for the student’s oral presentation of his or her research
project. All senior lab personnel (graduate students, technicians, PDFs) should be encour-
aged to evaluate all students and submit completed forms to the PI for compilation and final
evaluation. If resources permit, comments can be combined and typed for anonymity prior
to providing the student with constructive feedback.
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Term Paper Evaluation

Student: Date:

77

Title:

Please use the space provided for specific comments.

Content (60)

Organization (20)

Grammar, Style, Spelling (10)

Referencing (10)

TOTAL /100 Evaluator initials:

FIGURE 5.4 Evaluation form used for the student’s term paper. As with the evaluation of
the oral presentation, all senior lab personnel (graduate students, technicians, PDFs) should
be encouraged to evaluate all students and submit completed forms to the PI for compilation
and final evaluation. If resources permit, comments can be combined and typed for anonym-

ity prior to providing the student with constructive feedback.
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5.3.7 CerTIFICATION CONSIDERATIONS

While developing a particular project, a supervisor should keep in mind the issue of
safety and adhere to all governmental and institutional safety requirements. Many
institutions require WHMIS (i.e., workplace hazardous material) training, and some
of the more challenging projects may require radionuclide worker or biohazard cer-
tification. It is best that these issues be addressed before committing to a student
project, because delays while waiting to attend a safety course may be considerable,
allowing for very little bench work within a 4-month work term. Existing safety
certifications are among the reasons to encourage good students to continue on in
the lab for two or more projects.

5.4 STRATEGIES FOR SUCCESS

5.4.1 Goob HABITS AND SKILLS

The teaching, development and continual reinforcement of good laboratory habits
should remain foremost in one’s mind when training and supervising an under-
graduate student. As in life, bad habits forged early become more difficult to correct
with age or experience. Therefore, regardless of what the student’s past experience
may be, it is best to start with the basics. This will not only help students build
confidence and familiarity in their new environment, but will give the supervisor an
opportunity to observe their technique and make corrections as required. Though
it is sometimes assumed that teaching basic techniques is the responsibility of the
teaching labs, taking the time early to ensure that a student’s previous training meets
the expected standard will give you both confidence in the data that is generated. If
several students arrive in the lab with a similar problem, as evidenced by bad habits,
it may be indicative of poor technique being taught in the teaching labs and should
be discussed among faculty and lab instructors so that the error is corrected.

In almost any research lab, several simple procedures can be used to assess a
new student’s skill set, attention to detail and manual dexterity. In our lab, many
projects involve the study of the lipid biosynthetic enzymes. Buffer preparation and
colorimetric protein quantification assays often provide new students with the first
experimental work of their project. We will often start by giving students a buffer
composition and ask them to come up with a recipe for a specific volume of buffer
(e.g., 250 ml), with written step-by-step instructions on how to prepare it. They are
allowed to ask questions at any time, and often they do. Having them put their pro-
cedure to paper initially allows the supervisor to check their calculations, written
communication style and even their attention to detail before they even touch a bea-
ker. Once the recipe has been approved, students proceed to make the buffer under
direct supervision, perhaps with a brief interruption to address the correct care and
operation of the pH meter. It is an effective exercise in that they will learn where
things are located in the lab (reagents, glassware, instruments) one step at a time and
at their own pace. It will provide the supervisor with many opportunities for lab-
specific rules (e.g., cleaning up the balance area, returning reagents to their shelves),
and it will give the supervisor an opportunity to determine whether students will
require more or less supervision than average during their tenure in the lab.
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Protein assays based on colorimetry can also prove to be an effective exercise for
both student and supervisor, even if a bovine serum albumin solution of unknown
concentration is used in place of a sample. It is simple and rapid to perform. In
this case, it is appropriate for the supervisor to carry out the procedure in front of
students, and then have students repeat what was just shown to them. Replicates
will provide student and supervisor with instant feedback on the reproducibility of
pipetting technique. A dilution series of a protein standard solution, prepared by the
supervisor but assayed by both, can be used for evaluation and to plot a standard
curve.

Safety issues should also be addressed before or during this initial lab session.
In our lab, in keeping with departmental rules, students are given a handbook of
safety procedures to study before coming into the lab for on-site safety orientation.
The location of safety equipment (i.e., spill Kits, safety showers, eyewash stations,
fire extinguishers) is pointed out and demonstrated where appropriate. Following
this on-site training, students are expected to complete an on-line safety quiz, which
acknowledges their understanding and acceptance of due diligence policy. Safe lab
practices are enforced by all senior lab personnel and should be monitored by all
lab workers.

5.4.2 ProtocoLs AND PROCEDURES

Clear instructions and written protocols form the foundation of the undergraduate
student’s independent research project. While students are expected to take their
own notes and record the protocol in their own words in their lab book, a standard
written protocol that they can refer to will ensure that no part of the procedure has
been altered by means of omission, miscommunication or misinterpretation. This
establishes continuity and consistency that are essential, particularly since under-
graduate projects under the same umbrella can change hands many times over the
course of years. On a related note, care should be taken to annotate outdated pro-
tocols as such and make sure they are removed from circulation. We have had sev-
eral instances where a student will attempt to use a procedure that has since been
modified, causing future problems with interpretation and reporting. We recom-
mend that, once a procedure or protocol has been modified, all loose hard copies
(i.e., those not in a lab book) of the procedure be destroyed and that only electronic
records be kept. If necessary, old copies may be removed to a private office. Out-
dated methods published in journal articles can prove problematic. It is usually the
responsibility of the immediate supervisor to ensure that the proper protocols are
being employed.

That being said, a protocol, no matter how clearly written, is no substitute for
thorough hands-on instruction by qualified personnel. The protocol itself provides
only the practical framework for a procedure and typically offers little in the way
of theory or rationale. It is absolutely essential for supervisors of undergraduate
students to take the time to rationalize each step of the protocols during the training
process. Knowing what to do is very different from understanding why it should
be done, or perhaps more importantly, why it should be done a certain way. This
is also a key element of their learning experience, since it will help them gain a
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practical understanding of how methods are developed and how their work relates to
general scientific method. For students to develop into independent critical thinkers,
it is important for them to understand the rationale and underlying science behind
the protocols.

Fortunately, the laboratory is a hands-on environment, where a demonstration
speaks volumes. Capture the opportunity wherever possible to illustrate the underly-
ing science in a hands-on, memorable way. For example, one mistake students often
make with lipid extractions is to assume that the upper phase is always organic. An
effective means of breaking this perception is to have them hoist a bottle of chloro-
form. Often, even the simplest demonstration can enforce a fundamental concept.

Do not be afraid of engaging and questioning students. Ask questions that force
them to think beyond the protocol. Encourage them to use their theoretical knowl-
edge to rationalize their methods or results themselves. Challenge them to defend
their explanations by posing hypothetical alternatives. In the lab it is often easy to get
caught up in protocols and forget that, at its core, science is a very powerful approach
to problem solving. It is just as important to help students develop this way of think-
ing as it is to teach them how to use the tools and techniques of the laboratory.

Finally, remember that even with the best training, mistakes happen and tech-
nical issues will arise. It is important, particularly with undergraduates, to keep
mistakes in perspective and resist overreaction so as not to needlessly shatter a
student’s confidence. Approached tactfully, mistakes can often be turned into valu-
able teaching opportunities.

While this approach requires a certain amount of time and patience that may not
seem worth it for such short-term projects, the value of the learning experience for
the student increases dramatically and students are more likely to return for addi-
tional semesters, summer work terms, or even as graduate students. In the shorter
term, students who are thoroughly trained and encouraged to think independently
tend to have greater confidence and are better able to address any difficulties they
may encounter. As they gain experience, they are more likely to assume a leader-
ship role and are often able to contribute as effectively as other, more academically
qualified members of the research team.

5.4.3 REecorDp KeepING AND DATA MANAGEMENT

Maintaining a laboratory notebook is one of the most important, if often under-
emphasized, skills that students must learn over the course of their research proj-
ect. With short-term undergraduate projects that may be passed from student to
student a number of times before publication, the emphasis on adequate lab notes
cannot be overstated.

Developing a standard set of guidelines for laboratory notebooks, and in some
cases, even sample labeling and storage, is the simplest means of establishing a
common expectation for what is required of students. These should be explained
thoroughly prior to any research being undertaken, and it is ideal to have the super-
vising team member read and offer feedback after the first several entries are made,
to correct any deficiencies early. This will help ensure that key details are not missed
that could compromise the publication of later experimental results.
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It is also worth emphasizing the need to track all experimental samples from
“cradle-to-grave” again, to best facilitate the passage of project materials between
students. Whether there is a lab-wide coding system in effect for samples of a cer-
tain type or not, students should be reminded to clearly identify their samples in
storage and in their lab notebooks. In our lab, it is customary for departing students
to record an inventory of any research materials they have in storage on the last
page of their notebook. Near the end of the project, a walk-through with a more
permanent member of the lab, detailing the physical location of important files and
samples, is encouraged.

Data in electronic formats should, where possible, be included in the lab book as
hard copy; however, for publication purposes at a later date, it is usually preferable
to have access to an electronic version of their data files and any written work asso-
ciated with the project. Students should be required to provide a disc backup of all of
their files that can be located with their lab notebook for future reference. Filenames
of the associated data files may be included in the relevant lab book entries.

Some students may prefer to type their lab book entries and paste them into
their notebooks. While this does carry certain advantages, such as increased leg-
ibility, standardization of formatting and the availability of an electronic copy with
integrated data files for searching at a later date, there is a major caveat to this
approach. There is a risk that important details may be missed or forgotten if stu-
dents are not forced to take good notes while working at the bench, because there
is often a tendency for them to wait to record their notes until they can get to a
computer to type them. The easiest way to combat this is, of course, to have them
complete their notebook entries as they work. If a computer-generated version is to
be completed, lab notes should still be recorded at the bench in a separate notebook.
Students should also be reminded to paste hard copies of their entries into their book
on a daily basis, to prevent accidental and potentially catastrophic data loss in the
event of a computer malfunction.

5.4.4 DEeveLoPING AND EVALUATING WRITTEN COMMUNICATION SKILLS

Most undergraduate projects include a written component in the evaluation, usu-
ally in the form of a final research report or review. Writing is a common weakness
among undergraduate science students, as scientific accuracy is valued over clarity
of composition and appearance in many undergraduate classes. This is another area,
however, where establishing good habits will yield considerable benefits over the
long term.

Students should be encouraged to prepare publication-quality reports free of
careless grammatical, typographical or formatting errors. Carelessness in written
work should not be condoned any more than carelessness at the bench, particularly
because such mistakes have the potential to reflect poorly on the value of the experi-
mental data itself.

The appropriate use of references should be included in the evaluation criteria
for written work. Too often, there is a heavy reliance on review articles or non-peer-
reviewed material, for example, from Internet sources. Such inappropriate citations
should be strongly discouraged. It is common practice in our lab to limit the use of
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review articles to two and also to institute guidelines on how recent the chosen refer-
ences should be (i.e., most references should be from the last 5 years). Incorporation
of figures and tables from published references should be discouraged in favor of
synthesizing original figures based on information from multiple sources. Students
should be instructed on the appropriate citation formats or the use of citation-man-
agement software. Many academic libraries offer discipline-specific workshops or
publish tip sheets on the appropriate use and formatting of citations for students. If
no such program exists at your institution, science librarians or reference specialists
are usually available on an appointment basis for consultation. Some institutions
even offer one-on-one writing consultation services that may be beneficial to stu-
dents who require assistance with editing or proofreading. These services greatly
relieve the time burden on technical staff who may otherwise be called upon to
assist students in this area, and students in need of assistance should be encouraged
to avail themselves of these services where they are offered.

Good time management will also in many cases drastically improve the quality
of written work submitted. While there is often a temptation to put off writing until
near the end of the semester, the literature review may yield important insights into
experimental results, which may not be explored if uncovered too late. This is par-
ticularly frustrating in situations where students have struggled with technical dif-
ficulties early in their projects, only to find insight at the end while preparing their
report. Requiring students to submit an abstract near the midpoint of the semester
will encourage them to get started on their literature reviews at an earlier stage.

Although publication of undergraduate research papers has not traditionally
been commonplace, and many supervisors prefer to pursue more conventional
avenues of publication, over the past several years there has been a steady rise in
the number of publications catering specifically to undergraduate research. While
some of these publications are discipline- or even institution-specific, many publish
across disciplines, and some have formed undergraduate review boards to expose
students to both ends of the publication experience.

5.4.5 INTERPERSONAL CHALLENGES

Occasionally, problems will arise in spite of all the care and planning that goes
into student selection and project development. Any number of challenges or con-
flicts may occur that can affect student performance or overall lab morale, and it
falls upon the shoulders of supervisory personnel to resolve such issues before they
become unmanageable. In such circumstances, it is imperative that those involved
in conflict resolution maintain an appropriate level of professionalism and personal
objectivity. Common sense and a cool head will generally be much more effective
at addressing any problems than temperamental outbursts. Remember that attitude
reflects leadership, and that not all problems start with the student.

Motivational issues are one of the most common problems that arise in under-
graduate projects and can be one of the most challenging to address. When students
do not perform the tasks set forth, show a general disinterest in their project or only
do just “enough to get by,” it is tempting to blame the students for being lazy. While
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it is sometimes the case that students are lazy or some other personal circumstance
is preventing them from performing as expected, a lack of motivation can some-
times also be a symptom of poor leadership or project planning. Undergraduates,
by virtue of their lack of experience, are particularly susceptible to slipping into
idleness if they become bored or frustrated with some aspect of their work. It is
therefore important to maintain open communication between supervisor and stu-
dent to ensure that a student is making progress and that any problems are addressed
promptly to avoid losing momentum. The principle of inertia applies to students
doing research as well as it does to physics. It is much more difficult to get students
moving again once they have stalled than it is to keep them moving in the first
place.

Students possessing a lack of confidence are another problem frequently faced
during their initial foray into the research lab. This is to be expected to some degree
from all students who lack experience in the lab and can often be overcome once the
first few experiments are in hand. For supervisors, the problem lies with those stu-
dents who continue to need continuous “handholding” even after they have become
oriented with their protocols. Sensitivity and patience are required here to avoid
compounding students’ situation further with the feeling that they are being dis-
ciplined. Often, such students will ask questions to which they know the answers
just because they lack confidence in their own knowledge. Rather than responding
with frustration or annoyance (even if it is the tenth time they have asked the same
question), or giving them the answer outright, a good strategy is to ask them what
they think the answer is, or provide some direction as to where they might find the
answer for themselves. Often they will come up with the right answer on their own.
Even a simple rephrasing of the problem in different terms may be enough to trigger
them to work it out on their own. If mistakes are made, keep the criticism construc-
tive. If there are certain techniques or procedures they seem particularly uncomfort-
able with, ensure that they have received adequate training on the protocol and the
underlying rationale.

Personality conflicts among students and other lab members are relatively
uncommon, but can be particularly disruptive due to the nature of common work
areas and the tendency for people to take sides. While circumstances dictate that
these types of conflicts be dealt with on a case-by-case basis, the supervisor must be
aware of the effect such conflicts have on overall lab morale and take swift action to
prevent divisions from forming among other lab members.

A special case worth noting is that of a conflict’s arising between a supervisor
and a student. Such conflicts must be addressed tactfully to avoid further prob-
lems from developing. In situations where the student may answer to more than
one supervisor, care must be taken that one does not unintentionally undermine or
contradict the other. Maintaining open communication between supervisory per-
sonnel is vital, and complex situations may require intervention or corrective action
undertaken by the ultimate authority in the lab, the PI.

As in most situations where human beings interact with each other over pro-
longed periods, romantic relationships between students and other lab personnel
occasionally develop during the course of a project. While it is difficult to discour-
age or control relationships between students, relationships between students and
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supervisory personnel must be avoided, and supervisors should be informed before-
hand of any existing institutional policy in this respect. Even so, human behavior
can be difficult to predict and such developments should be dealt with promptly.
Most modern institutions recognize that personal relationships may indeed develop
and have developed policies to address such scenarios. If a draconian edict simply
forbidding relationships is put into effect, one runs the risk of forcing the parties
into a clandestine relationship, a potential consequence of which is the relationship’s
becoming public in the form of a future sexual harassment complaint or, at the
very least, a grade appeal. A simple solution may be to ensure that neither party
is in a position of power or control over the other, including reporting, supervision
and evaluation structure. If the lab is sufficiently large, these duties can usually be
transferred to another supervisory member. If small, the issue should be discussed
and the student should be encouraged to consider withdrawing from the project if
no acceptable arrangement can be made. Similar considerations should be made and
conflict-of-interest policies should be consulted when recruiting a close relative of
an existing lab member.

5.5 A FINAL WORD

A final consideration in developing undergraduate projects is the impact the experi-
ence will have on the student. While no effort should be made to disguise the reali-
ties of working in research, supervisors of undergraduate students should remain
sensitive to the fact that students’ first experiences in the research lab, whether good
or bad, will undoubtedly have a long-term influence on their attitudes and percep-
tions toward research as a possible career path. A sour first experience could leave
a lasting scar on many a potentially golden graduate student and future researcher.
The PI and other supervisory personnel would be wise to keep this in mind while
guiding undergraduate students through their formative research experience.
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6.1 INTRODUCTION

This chapter describes two sets of sample cards that are useful in teaching the pro-
cessing and utilization of oilseeds and cereals. A companion website (Www.ccur.
info/samplecards) contains all the sample cards, book covers and posters discussed
in this chapter that can be downloaded to your computer for printing. The sample
cards provide flow diagrams of common methods used to process oilseeds and cere-
als into food and feed ingredients and products, biofuels and biobased products.
Other sample cards show grading standards and types of oilseeds and cereals.

The authors first observed these kinds of teaching materials while taking a
graduate cereal technology course taught by the late Professor Arlin Ward in the
Department of Grain Science and Industry, Kansas State University. Jeni Maiers
and Darren Jarboe have refined and expanded that concept with a focus on corn and
soybean processing and products.

* Corresponding author.
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6.1.1 PURPOSE

The materials described in this chapter have proven to be extremely useful in under-
graduate and graduate courses, particularly for agronomy courses in oilseed and
cereal crops; food science courses in fats and oils, cereal chemistry and technology,
oilseed chemistry and technology, food carbohydrates, food proteins, and grain and
food processing; and agricultural, biological and chemical engineering courses in
engineering applications and grain and food processing. These materials have also
been useful in training university outreach or extension personnel on ways to add
value to crops and in introductory training of industry personnel, from operations to
management, as well as in technical sales and product training applications.

A major benefit of using the sample cards is that students can see original mate-
rials, intermediate fractions and products, ingredients used in consumer products
and final products that consumers readily recognize, all in the context of how they
are produced. The sample cards show how fractions are recovered, converted into
ingredients and used to manufacture finished products.

6.2 SAMPLE CARDS

There are 32 sample cards (www.ccur.info/samplecards/oilseeds.html) for oilseeds
and 42 cards for cereals (www.ccur.info/samplecards/cereals.html). Additional
cards will be added as need is identified. The sample cards are provided on the web-
site in .pdf format for easy viewing and printing. The list of oilseed sample cards is
shown in Table 6.1, while Table 6.2 lists the cards provided for cereals. Both lists are
periodically updated on the website.

Each sample card provides process flow diagrams with spaces for respective
samples to be mounted. The spaces are identified by boxes that are appropriately
labeled for each sample. Figure 6.1 shows an example card for different oilseeds
along with typical fatty acid compositions of oils recovered from these seeds. Fig-
ure 6.2 depicts soybean processing and shows how samples of dry products are
mounted. Figures 6.3 and 6.4 show examples of soybean oil refining and degum-
ming in which liquid samples have been incorporated. Alternatively, pictures of
products rather than actual samples can be inserted in the .pdf file. Figure 6.5 shows
an example of soymilk manufacturing with pictures of the samples inserted in the
sample boxes. Pictures of the samples are not included on the website; however,
detailed instructions on how to insert pictures are provided later in this chapter.

Samples of dry materials, such as grains, oilseeds flaked for extraction, ground
meal and powdered ingredients, are placed in small polyethylene bags. Bags of
three different sizes are used, depending on the sample size and the box size on the
sample card. Liquid samples can also be displayed by placing the liquid into sample
tubes, which in turn are placed in polyethylene bags and then stapled onto the cards.
Suppliers, sizes and pictures of the bags and tube are shown in Table 6.3.

A long-reach stapler is recommended for mounting samples. We recommend
using Swingline® stapler model #34121, which is ideal for stapling samples in the
middle of a card or if there are multiple samples on a card.
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6.2.1

TABLE 6.1

List of Sample Cards for Oilseeds

Sample Card Number

200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231

Note: This list of sample cards for oilseeds can be found on the

Oilseeds
Sample Card Title

Oilseeds

Oilseeds

Types of Soybeans
Grading Standards for Soybeans
End-use Value Grading
Grain Cleaning

Soy Uses

Tofu

Soymilk

Soyfoods

Soybean Extraction
Soybean Extraction
Extraction Diagram
Qil Extraction Facility
Soybean Oil Refining
Degumming

Alkali Refining
Bleaching
Deodorization
Physical Refining
Meal Desolventization
Biodiesel

Soy Protein Products

Soy Protein Functional Properties

Soy Flour & Grits
Texturized Soy Proteins
Soy Protein Concentrates
Soy Protein Isolates

Soy Protein Texturization
Soy Protein Spinning
Soy Protein Fractionation
Extruders

web at www.ccur.info/samplecards/oilseeds.html.

WORKBOOKS AND COVERS
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To create a workbook, completed sample cards can either be three-hole punched and
placed into binders or compiled into a spiral-bound notebook. See Figure 6.6 for
an example of each workbook. The binders work well for large amounts of sample
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TABLE 6.2
List of Sample Cards for Cereals

Cereals
Sample Card Number Sample Card Title
100 Cereal Grains
101 Types of Wheat
102 Grading Standards for Wheat
103 Wheat in the United States
104 Wheat Flour Milling
105 Wheat Mill Flow Diagram
106 Pasta
107 The Oat Kernel
108 Oat Breakfast Cereals
109 Rice & Wheat Breakfast Cereals
110 Malting
111 Types of Corn
112 Types of Dent Corn
113 The Corn Kernel
114 Grading Standards for Corn
115 End-use Value Grading
116 Grain Storage
117 Grain Cleaning
118 Sweet Corn
119 Corn Drying & Storage
120 Mexican-Type Foods
121 Corn Hominy
122 Brewing
123 Fuel Ethanol Fermentation
124 Dry Corn Milling
125 Corn Dry Milling Flow Sheet 1
126 Corn Dry Milling Flow Sheet 2
127 Corn Wet Milling
128 Wet Corn Milling
129 Corn Refining
130 Corn Oil Processing & Refining
131 Different Starches
132 Amylose & Amylopectin
133 Starch Granules
134 Modified Corn Starches
135 Modified & Derivatized Starches
136 Chemical Conversion to Glucose
137 Enzymatic Conversion to Dextrose
138 Enzymatic Conversion to Fructose
139 Different D.E. Corn Syrups
140 Corn Zein Isolation
141 Corn Sweetners

Note: This list of sample cards for cereals can be found on the
web at www.ccur.info/samplecards/cereals.html
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FIGURE 6.1 Oilseeds sample card with mounted samples.

cards (10 or more). We recommend using binders with 3- to 5-inch capacities hold-
ing 8.5- by 11-inch paper. Spiral-bound notebooks are ideal for 10 cards or less. The
spiral combs come in a variety of sizes, typically ranging from a quarter of an inch
to 2 inches. Most copy centers will be able to bind the spiral-bound notebooks, and
they will be able to help pick out the correct comb size.

Included on the website are covers for binders and spiral-bound notebooks.
Binders are available that have a plastic sleeve covering, allowing the cover to be
placed inside. A cover for the binder spine is also included.
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FIGURE 6.2 Soybean extraction sample card.
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FIGURE 6.3 Soybean oil refining sample card with liquid samples.
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FIGURE 6.4 Degumming sample card with liquid samples. (Degumming process redrawn
from diagram provided by Delaval Separator Co., Sulllivan Systems, Inc., Larkspur,
California.
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FIGURE 6.5 Soymilk sample card with pictures inserted as samples.
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TABLE 6.3

Suppliers, Sizes and Photos of the Sample Bags and Tube

Suppliers

Associated Bag
Phone: 800-926-6100
www.associatedbag.com

Associated Bag
Phone: 800-926-6100
www.associatedbag.com

Associated Bag
Phone: 800-926-6100
www.associatedbag.com

Chromatography
Research
Supplies, Inc.
Telephone: 800-327-
3800
(U.S. only)
502-491-6300
Fax: 502-491-3390
www.chromres.com

Sizes

1inch by 2 inch

Clear Poly Bags

Item number: 28-4-400
1,000 pieces

1.5inch by 2 inch
Clear Poly Bags

Item number: 28-4-402
1,000 pieces

2 inch by 2 inch
Item number: 28-4-405
1,000 pieces

8 mm capacity

Shell Vial & Plug
Item number: 083042
200 per pack

Bags and Tube
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FIGURE 6.6 Three-hole binder (left) and spiral-bound notebook.

6.2.2 INSERTING PICTURES

Adobe® Acrobat® 7.0 Professional or later is required to insert pictures into a .pdf
file. Pictures of the samples are not included on the website. Listed below are steps
for inserting pictures into a .pdf document.

6.2.2.1 Copying the Picture

1. Gather the respective pictures on the computer.
(@ Open the picture in a photo editing program such as Adobe

Photoshop.

or

(b) Insert the picture into another program such as Microsoft® Word
(Figure 6.7).

2. Select the picture and choose Edit>Copy.

6.2.2.2 Inserting the Picture into a .pdf Document

1. Open the sample card.

2. Click the View menu and find the option called Snap to Grid. If there is
a checkmark, deselect it (Figure 6.8). This will allow greater freedom to
move the picture around in the document.

3. Go to the toolbar and select Commenting>Stamp Tool>Paste Clipboard
Image as Stamp Tool (Figure 6.9).
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FIGURE 6.7 Screen shot showing how to insert a picture in Microsoft Word.

4. Next, click anywhere in the document. The picture is now inserted in the
document.

5. To move the picture, select the Hand Tool. Click and hold the mouse to
move the picture around (Figure 6.10).

6. To resize the picture, select the Hand Tool, and while holding down the
Shift key, drag one of the picture’s handles to resize it (Figure 6.11).

7. To delete a picture, right click (Windows) or Control-click (Mac OS) the
picture and select Delete from the menu (Figure 6.12).

6.2.3 Paper

A few options exist when selecting paper for the sample cards. Regular 8.5- by 11-
inch white copy paper will work if the cards contain only pictures of the samples.
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FIGURE 6.8 Screen shot showing how to deselect Snap to Grid.

However, using 70-pound white or off-white paper will achieve better, more profes-
sional results.

Sample cards with mounted samples require heavier paper to withstand the
weight of the samples. Either cover or card stock will work for this application.

6.2.4 PRINTING

The sample cards are designed for color and borderless printing (printing that
reaches the edges of the paper, see Figure 6.5 for an example). However, the .pdf
files can still be printed on any desktop printer, either in color or black and white.
Most desktop printers will not be capable of borderless printing, resulting in a white
border around the card. Also, make sure to check the printer’s manual to see if it can
print on cover or card stock. Most desktop printers cannot use these heavy papers.



98 Teaching Innovations in Lipid Science

FIGURE 6.9 Screen shot showing where to locate the Stamp Tool.

If borderless printing is preferred, you have two options. The first is to take
the .pdf files to a commercial printer. Make sure to request borderless printing and
cover or card stock. The second option is to purchase a desktop printer capable
of borderless printing on heavier paper. The Hewlett-Packard® DeskJet 9800 is an
example of a printer that can achieve borderless prints on cover or card stock.

To print the workbook covers, follow the same principles used for the sample
cards. One exception, however, is the binder cover. The binder cover size is 11.25
inches wide by 11 inches high, which is beyond the capabilities of most standard
desktop printers. Instead, use the spiral-bound cover, which will print on all desktop
printers. These covers are also ready for printing at a commercial printer.
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FIGURE 6.10 Screen shot showing the Hand Tool.

6.3 SUPPLEMENTARY MATERIALS

We often supplement the sample cards with additional materials such as references
on oilseeds processing and utilization by Erickson,! Wan and Farr? and Johnson?
and references by White and Johnson,* Kulp and Ponte® and Wrigley, Corke, and
Walker® on cereals processing and utilization. These references provide much more
detail than can be included on the sample cards. The Soya & Oilseed Bluebook,”
published annually by Soyatech, Inc., provides oilseed statistics on production, pro-
cessing, products and utilization. The tables and graphs can be downloaded from
www.soyatech.com after subscribing to the publication. The U.S. Department of
Agriculture Economic Research Service website (www.ers.usda.gov) can provide
additional economic information.
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FIGURE 6.11 Screen shot showing the resize handles.

6.4 POSTERS

The .pdf files of two posters are also provided on the website: one on soybean pro-
cessing and utilization (Figure 6.13) and another poster on corn processing and
utilization (Figure 6.14). The posters depict how these crops are fractionated and
converted into food ingredients, biofuels and bio-based products. We have used the
posters as placemats for dinner parties, teaching materials in the sample cards work-
book and laminated posters hung in high-traffic areas. The posters are 11 inches
high by 17 inches wide. They will easily reduce for printing on a standard desktop
printer (8.5 by 11 inches up to 11 by 14 inches). We do not recommend enlarging the
posters beyond 11 by 17 inches.
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FIGURE 6.12  Screen shot showing how to delete a picture.

6.5 WEBSITE CONTENTS AND COMPUTER PROGRAM

Included on the website are the following:

« List of oilseed sample cards

« List of cereal sample cards

« 32 oilseed sample cards

42 cereal sample cards

 Oilseed cover for three-ring binder

+ Oilseed spine cover for three-ring binder
+ Oilseed cover for spiral-bound notebook
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 Cereal cover for three-ring binder

« Cereal spine cover for three-ring binder

« Cereal cover for spiral-bound notebook
 Soybean processing and utilization poster
« Corn processing and utilization poster

Adobe Acrobat Reader is required to view the website contents, or, if you are using
a Mac, Preview or Acrobat Reader can be used.

FIGURE 6.13 Soybean processing and utilization poster.

FIGURE 6.14 Corn processing and utilization poster.
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7.1 INTRODUCTION

In the general sense, biotechnology is the application of technology to biological
systems such as crop plants. Plant breeding can be considered a biotechnology, but
when most people talk of crop biotechnology they are referring to crops genetically
engineered using modern recombinant DNA techniques.

7.1.1  HisTORY

The history of crop breeding is intertwined with the history of civilization. Before
crops were domesticated and farming began, people needed to spend most of their
time hunting and foraging for their food and could not spend time on art, architec-
ture and engineering, nor could they live in cities with high populations. Plant and
animal domestication and agriculture changed all that, allowing a surplus of food
to be produced to feed people who spent little or no time gathering or producing
food. Crop domestication and formation of civilizations began ~10,000 years ago
in southwest Asia with wheat, in east Asia with rice and in meso-America with
corn—the plants that remain the three most important crops to this day, although
domestication and breeding of dogs is thought to predate crop plant domestica-
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tion and breeding (Table 7.1) (Doebley, 2006; Fernandez et al., 2006; Hanotte et
al., 2002; Konishi et al., 2006; Larson et al., 2005; Li et al., 2006; Savolainen et al.,
2002; Weiss et al., 2006).

Crop improvement and the art of plant breeding goes back to the beginning
of crop domestication. The science of genetics and breeding began with Mendel’s
classical experiments some 150 years ago. Mendel reported his inheritance experi-
ments in 1866, and the foundation of molecular genetics started just 3 years later in
1869 when Miescher discovered a weak acid abundant in the nuclei of white blood
cells that came to be known as DNA (Hartl and Jones, 2005). General features of
chromosomes became known by around 1900, and, by the 1920s, several lines of
evidence indicated a relationship between chromosomes and DNA (Table 7.1).

Genetic transformation was first reported in Streptococcus in 1928, and in
1944 it became understood that DNA was responsible for the genetic transforma-
tion. Experiments published by Hershey and Chase in 1952 substantiated that DNA
is passed from one generation to the next in a virus. In 1953, Watson and Crick
proposed that DNA is structured as a twisted double helix, which was our first
understanding of the three-dimensional structure of DNA. It was elucidated that the
genetic code consists of four letters of the four different bases of DNA: adenine (A),
cytosine (C), guanine (G) and thymine (T). In double-stranded DNA, A pairs with
T and C pairs with G via hydrogen bonding.

The “Central Dogma” of gene expression is that DNA is transcribed into RNA
and RNA is translated into protein. “Words” of the genetic code are three letters
known as a codons and each codon encodes a specific amino acid. For example,
the codon ATG is transcribed into the corresponding codon in RNA, AUG, and
translated into the amino acid methionine. The field of recombinant DNA goes back

TABLE 7.1
Timeline of Biotech and Crop Improvement

15,000 years ago (bp)
8-15,000 bp

10,000 bp

10,000 bp until 1800s
1800s

Domestication of dogs

Domestication of cattle, goats, pigs and sheep

First crops domesticated

Most modern crops created through the art of plant breeding

Beginnings of the science of genetics and its application to crop
improvement

1866 Mendel describes genetic inheritance

1900 General features of chromosomes become known

1928 Genetic transformation reported

1944 DNA found to be responsible for genetic transformation

1940s and 50s Crop hybrids such as corn developed; seed industry develops
1950s Watson and Crick describe the structure of DNA

1970s Recombinant DNA techniques developed

1980s Genetic engineering (GE) of higher plants and animals developed
1990s GE crops widely grown by farmers

1990s+ GE of oilseed crops developed for different end uses of the oil
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to the discovery of restriction enzymes in the 1970s, allowing the cutting and splic-
ing of specific DNA fragments. Werner Arber was awarded a Nobel prize in 1978
for elucidation of restriction enzymes and their uses. The use of recombinant DNA
was rapidly adopted for microbial genetics and breeding studies in the 1970s. It
became known that microorganisms such as bacteria and yeast can take up and
express DNA from virtually any source including higher animals and plants. An
early commercial application of recombinant DNA techniques was the production
of human insulin in microorganisms, and diabetics have been using recombinant
human insulin produced in microbes ever since (http://www.gene.com/gene/about/
corporate/history/timeline/index.jsp).

It was not until the 1980s that recombinant DNA techniques were applied to
higher eukaryotic organisms such as higher plants and animals. Palmiter et al.
(1983) reported on the development of transgenic mice. Studies of the tumor-induc-
ing soil bacteria Agrobacterium tumefaciens led to the discovery that this organism
naturally transfers genes into the genomes of plants (Zambryski et al., 1980). The
DNA that is transferred, termed T-DNA encoded on tumor-inducing plasmids (Ti
plasmids), was found to encode genes that induce the tumors in the transformed
plant tissues and it was found that these genes can be replaced with other genes of
interest, thus disarming the Ti plasmid and allowing the use of this natural plant
transformation vehicle for plant genetic engineering (Figure 7.1). The first reproduc-
ible method for plant transformation and regeneration was reported by Rob Horsch
in 1985 (Horsch et al., 1985).

This led to the development of so-called crop “genetic engineering,” and the
first “genetically engineered, or GE” crop introduced into the marketplace was the
Flavr Savr tomato by Calgene Inc. in 1994 (http://dragon.zoo.utoronto.ca/~jim2000/
T0501D/introduction.html; http://www.geo-pie.cornell.edu/crops/tomato.html). The
first wide-scale production GE crops began in 1996 with the introduction of Bt and
Roundup Ready™ crops, especially corn, soybeans, cotton and canola. Such GE
crops have been enormously popular with farmers, and in 2006 in the U.S., 89% of the
soybean crop representing ~27 million ha, 83% of the cotton crop representing ~5.3
million ha and 61% of the corn crop representing ~19 million ha were GE or biotech
crops (http:/usda.mannlib.cornell.edu/reports/nassr/field/pcp-bba/acrg0606.pdf).

7.2  MAJOR BIOTECH CROPS IN PRODUCTION BY FARMERS

7.2.1 BTt crops

Bt crops contain a delta endotoxin protein that harms only members of a specific
insect family such as Lepidoptera larvae, in particular, European corn borer. Grow-
ers use Bt corn as an alternative to spraying insecticides for control of European
and southwestern corn borer. Bt crops can save farmers pesticide costs and increase
yields. They are compatible with biological insect control and are considered more
environmentally friendly than use of broad-spectrum insecticides, which can be
reduced or eliminated with the use of Bt crops (http:/www.uky.edu/Ag/Entomol-
ogy/entfacts/fidcrops/ef130.htm).
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Plasmid Desired DNA Plant cell
inoculated with
A. tumefaciens

l

Recombinant Plant cell containing desired DNA

plasmid Agrobacterium
tumefaciens
containing Wt

Ti plasmid

d

Cultured plant cells

A. tumefacienscontaining
engineered Ti plasmid

/

Adult plant expressing
desired trait (DNA)

Regenerated
FIGURE 7.1 General process for plant genetic engineering (inserting foreign genes into
plant cells). A plasmid containing DNA is cut with a restriction enzyme and DNA of the
desired gene (gray) is inserted. The desired gene is then inserted into Ti (tumor-inducing)
plasmid naturally found in A. tumefaciens. Plant cells are inoculated with A. tumefaciens
containing the engineered Ti plasmid + the desired DNA. A. tumefaciens transfers the
desired DNA into plant chromosomes. Plantlets with the desired trait are then regenerated.

The Bt gene in Bt crops was isolated from the naturally occurring soil bacte-
rium Bacillus thuringiensis. Bt insecticides have been used since the 1960s and are
considered among the safest and most environmentally benign pest control agents
because of their very high selectivity, excellent safety record and ready biodegrad-
ability. Bt does not harm insects of nontarget families or other organisms (http:/
npic.orst.edu/factsheets/BTgen.pdf). It is desirable, however, only to target pest spe-
cies within target families and minimize effects on other species.

The Lepidoptera family includes not only corn borers but also butterflies. A pre-
liminary small-scale lab study published as a note in Nature in June 1999 suggested
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that there might be impacts of Bt corn pollen on monarch butterfly caterpillars,
which feed on milkweed leaves. In this experiment an impact on young monarch
butterfly caterpillars was observed when they were force fed milkweed leaves with
a thick coating of pollen from a specific rare type of Bt corn with unusually high Bt
protein levels in the pollen. This prompted a series of field studies to determine if
there is a detrimental impact of Bt corn on monarch butterflies under natural envi-
ronmental conditions. The results of five of these studies conducted around the U.S.
and Canada are published in the Proceedings of the National Academy of Sciences
of the United States of America and are summarized by the USDA at http://www.
ars.usda.gov/is/br/btcorn/index.html#bt9. It was concluded that Bt corn causes no
immediate harm to monarch butterflies under natural field conditions. It is worth
noting that although Bt crops are not as precise in their targeting of serious crop
pests as is ideally desired, they are far more precise than alternative pest control
methods developed so far.

7.2.2  Rounbur Reaby Crors

Roundup™ is the most successful herbicide in history. A key step in the synthesis of
the aromatic amino acids, phenylalanine (Phe), tyrosine (Tyr) and tryptophan (Trp),
is the condensation of phosphoenol pyruvate (PEP) with shikimate 3-phosphate,
forming 5-enoylpyruvylshikimate 3-phosphate (EPSP) catalyzed by EPSP synthase
(Figure 7.2). The active ingredient of Roundup is glyphosate, which is structurally
similar to PEP (Figure 7.3). Glyphosate inhibits EPSP synthase, preventing the for-
mation of the essential amino acids Phe, Trp and Tyr Killing the plant tissues. All
living organisms use 20 different amino acids as building blocks to make their pro-
teins. Animals, including humans, are able to synthesize only 10 of these amino
acids; the other 10 must be obtained from the diet and are therefore known as essen-
tial amino acids. Three of these are the above-mentioned aromatic amino acids;
animals lack the pathway for their synthesis including not having the EPSP synthase
enzyme targeted by glyphosate. Thus glyphosate has minimal direct effects on ani-
mals. It thus has excellent toxicological properties, with numerous studies indicat-
ing it to be very safe. Glyphosate also rapidly loses its activity after use. It can be
sprayed in a location one day and a day or two later highly susceptible plants can be
planted in the same location with no effects. It also does not accumulate in the soil
or waterways (http://www.speclab.com/compound/c1071836.htm).

As mentioned above, as of 2006, Roundup Ready crops along with Bt crops
were the most widely grown biotech crops. Roundup Ready crops are resistant
to Roundup and other glyphosate-based herbicides. Roundup Ready crops con-
tain a form of the EPSP synthase isolated from the bacterium Agrobacterium sp.
strain CP4 that is resistant to glyphosate. Use of Roundup Ready crops along with
glyphosate-based herbicides such as Roundup can greatly facilitate weed control,
especially in crops for which weed control has traditionally been challenging, such
as soybeans. Glyphosate binds to the CP4 EPSP synthase in an unusual condensed
conformation that is not inhibitory to the EPSP synthase reaction. A single-site
mutation in the active site (Ala-100 to Gly) can restore glyphosate sensitivity to the
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FIGURE 7.2 Biosynthesis of aromatic amino acids.

enzyme (Funke et al., 2006). A single point mutation changing proline-106 to leu-
cine of a native plant EPSP synthase can also confer glyphosate resistance (Zhou et
al., 2006). Roundup controls most weeds very effectively but there are a few, mainly
dicot weeds, that are not effectively controlled by it. Such weeds can be effectively
controlled by dicamba; dicamba-resistant crops have been developed and these are
being combined with Roundup Ready crops (Behrens, 2003; Herman et al., 2005).
A major technological advance in the sustainable production of crops is
conservation tillage or no-till crop production. This conserves topsoil and can
reduce the fuel needed for crop production by 80% or more. The use of Roundup
Ready or other herbicide-resistant crops greatly facilitates the use of conserva-
tion tillage (http://www2.ctic.purdue.edu/ctic/FINAL.pdf; http://www.omnistar.
nl/brochures/OSInc No Till Briefing v2.pdf).
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FIGURE 7.3 5-enoylpyruvylshikimate 3-phosphate (EPSP) is formed by condensation of
phosphoenol pyruvate (PEP) with EPSP catalyzed by EPSP synthase. The active ingredient
of Roundup is glyphosate, which is structurally similar to PEP. Glyphosate inhibits EPSP
synthase preventing the formation of the essential aromatic amino acids phenylalanine (Phe),
tryptophan (Trp) and tyrosine (Tyr) killing the plant tissues

7.3 NEW USES OF CROPS AND RENEWABLE RESOURCES

Most biotech crops grown by farmers to date, such as the Roundup Ready and Bt
crops mentioned above, involve “input traits” or traits of value to farmers or grow-
ers. “Output traits,” on the other hand, are traits that are of more interest to consum-
ers. There is considerable current interest and effort to develop biotech crops for
improved output traits, especially with respect to improved plant oils. The focus
of new oilseed crops with new uses is on both improved human and animal nutri-
tion and new industrial resources. Most plant cells and tissues contain five major
common fatty acids, palmitic (16:0), stearic (18:0), oleic (18:1), linoleic (18:2) and
a-linolenic (18:3) (Somerville et al., 2000). This is also true of most plant seed oils.
Many plants, however, are known in nature to accumulate high levels of various
unusual fatty acids in seed oils but not membrane lipids. Also, oilseeds are being
genetically engineered to make fatty acids not normally made by higher plants.

7.4 IMPROVED HUMAN AND ANIMAL NUTRITION

Plant oils are generally healthier than animal fats because they are lower in saturated
fatty acids and lack cholesterol. For many cooking applications, however, plant oils
often have levels of polyunsaturated fatty acids that are too high for good oxida-
tive stability, and traditionally, such oils have been partially hydrogenated for such
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cooking applications. This hydrogenation unfortunately results in the production of
trans-fatty acids that are now well known to be undesirable in human health. Thus,
there has been considerable effort to develop vegetable oils that are oxidatively
stable without hydrogenation and therefore lack trans fatty acids resulting from
hydrogenation. Qils with large increases in stearate contents with corresponding
reductions in unsaturated fatty acids have been developed for stable cooking fats
and oils without the need for hydrogenation (Knutzon et al., 1992; Kridl, 2002; Liu
etal., 2002a, 2002b). Similarly, both breeding and genetic engineering have resulted
in the development of high-oleate oils that are more oxidatively stable than regular
oils for edible applications such as cooking, and for industrial applications such as
for lubricants or biodiesel. For example, Kinney et al. at DuPont have developed
soybeans with ~90% oleic acid in the seed oil simply by blocking the main A-12
desaturase, Fad2-1, responsible for converting seed 18:2 to 18:3 (Broun et al., 1999;
Kinney, 1996). DuPont is collaborating with Bunge in marketing the high-oleate
soybeans (Fyrwald and Hausmann, 2006).

One of the more important issues of diet and health is the dietary levels of ®-3
fatty acids and the balance of w-3 and ®-6 fatty acids. The diets of most Western-
ers are deficient in ®-3 fatty acids and contain an excess of ®-6 fatty acids. The
three main -3 fatty acids of nutritional significance are a-linolenic acid (18:3),
eicosapentaenoic acid (EPA; 20:5) and docosahexaenoic acid (DHA; 22:6). Higher
animals, including humans, cannot synthesize the »-3 double bond but can convert
a-linolenic acid into EPA and DHA, although not always efficiently.

All three of these ®-3 fatty acids are needed in healthy diets. Certain fish such
as salmon, tuna and mackerel have traditionally been the main dietary sources.
There is, however, a significant problem with using such fish as the main source
of these important dietary components. First, global demand exceeds the level that
can be acquired from wild catches. Second, fish can accumulate contaminants that
threaten health such as mercury and polychlorinated biphenyls. Third, such fish do
not actually make the ®-3 fatty acids, but simply accumulate them from the food
chain. Farmed fish, such as salmon, need to have the -3 fatty acids in their diets
for their accumulation of these fatty acids. It would be best and most sustainable to
supply their -3 fatty acids from a crop source such as oilseeds with high levels of
eicosapentaenoic and docosahexanoic acids.

Higher plants normally only make and accumulate a-linolenic acid, not the lon-
ger chain ®-3 fatty acids although many lower plants such as many marine algae
make and accumulate eicosapentaenoic and docosahexaenoic acids. Some plants
such as linseed or flax accumulate high levels (> 50%) of a-linolenic acid in their oil
but no plants are known to have detectable levels of EPA and DHA in their seed oil.
Recently considerable progress has been made in engineering oilseeds to make and
accumulate these fatty acids in their seed oil (Kinney, 2006; Singh et al., 2005). It
takes two additional desaturations and an elongation step to convert a-linolenic acid
in plants into EPA and a third desaturation and another elongation for biosynthesis
of DHA. Levels of eicosapentaenoic acid in seed oil similar to high accumulating
fish have been achieved and development of high DHA accumulating oilseeds is in
progress (Kinney, 2006). Progress is also being made in engineering oilseeds for
increased vitamin E (tocopherol) levels, which will not only increase the nutritional
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value of such seeds but, also in combination with -3 fatty acid-accumulating oils,
will help provide oxidative stability to such oils (Kinney, 2006).

7.5 NEW INDUSTRIAL RESOURCES

A very promising area of farming and agriculture in the future is use of plants as
a source of renewable materials. Oilseeds are particularly attractive as a source
of renewable specialty chemicals, and advances in biochemistry and molecular
genetics are helping make this a reality. A pioneering achievement in engineer-
ing oilseeds as an enhanced source of industrial chemicals was the development of
high-laurate (12:0) canola, for which laurate in the seed oil went from undetectable
levels to ~60% (Voelker et al., 1996). Laurate is an important component of cold-
water detergents.

Numerous other targets of oilseed genetic engineering for accumulation of indus-
trially valuable fatty acids are being pursued, including oils that have high levels
of acetylenic, conjugated, cyclopropyl, epoxy and hydroxy fatty acids (Table 7.2).
These have applications as adhesives, coatings, composites, lubricants and resins.
Genes encoding most of the enzymes catalyzing the biosynthesis of these fatty acids
have been cloned and expressed in plants. In most cases, the substrate and products
of these enzymes involves fatty acids esterified to phospholipids of the endoplas-
mic reticulum (ER). Plants are known in nature that can accumulate up to 90%
of these unusual fatty acids, with this high accumulation exclusive to the oil or
triacylglycerol (TAG) with levels in membrane lipids such as phospholipids gener-
ally maintained to only a few percent (Jaworski and Cahoon, 2003; Schmidt et al.,
2006; Singh et al., 2005).

Genetic engineering of oilseeds for accumulation of these industrially valuable
fatty acids have, with the exception of laurate canola mentioned above, generally
resulted in 20% or less of them. High accumulators of these fatty acids clearly have
a mechanism for the selective transfer into TAG. Candidates for this include phos-

TABLE 7.2
Some Targets of Oilseed Genetic Improvement

Oil Composition Uses
High saturates Shortenings and margarines
High oleate Stable cooking oil, lubricants
High ®-3 oils Nutrition, inks and coatings
Oils accumulating EPA and/or DHA? Nutrition
High-laurate oils Detergents
Epoxy fatty acid accumulating oils Resins, coatings, adhesives
Hydroxy fatty acid accumulating oils Lubricants, resins
Conjugated fatty acid accumulating oils Coatings, resins
Acetylenic fatty acid accumulating oils Antimicrobial agents, coatings
Cyclopropyl fatty acid accumulating oils Lubricants

2 EPA = eicosapentaenoic acid; DHA = docosahexaenoic acid
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DAG-UFA

PC-NFA =——> PC-UFA TAG-UFA

FIGURE 7.4 A normal fatty acid in phosphatidyl choline (PC-NFA) is converted into an
unusual fatty acid still in PC (PC-UFA). The PC-UFA is in turn converted into diacylglyc-

erol (DAG) and acyl CoAs containing such UFA and finally into triacylglycerol (TAG), the
predominant component of oil.

UFA-CoA

pholipases, acyl CoA synthetases and final TAG biosynthetic enzymes with speci-
ficity for these specific fatty acids (Jaworski and Cahoon, 2003; Schmidt et al., 2006;
Singh et al., 2005; Weselake, 2000; Weselake, 2001). The major ER membrane lipid,
phosphatidyl choline (PC), is often the initial site for unusual fatty acid biosynthesis
(Figure 7.4). Shockey et al. (2006) recently provided evidence that type 2 diacylg-
lycerol acyltransferase (DGAT?2) is particularly important in conjugated fatty acid
accumulation in tung (Vernicia fordii) seed oil. This enzyme catalyzes the final step
in seed oil formation.

7.6 BIOTECH CROPS: WHY THE CONTROVERSY?

Most everyone who has followed the applications of biotechnology in crop improve-
ment understands that it has not been without controversy. As with most new tech-
nologies, crop genetic engineering can have possible associated risks along with
benefits. That some would question what the risks are is expected and appropriate.
The level of opposition that was reached in some circles, however, particularly in
Western Europe in the late 1990s, was perplexing to many scientists working in the
area. Some activists since the mid to late 90s have worked to frighten the public
in order to minimize or prevent the use of recombinant DNA techniques in crop
improvement. Curiously, in most countries of the world, GE plants are tightly regu-
lated even though they contain similar genetic changes that scientists might be able
to achieve by many other means, which are often are not regulated at all.

It is estimated that the regulatory costs for getting approval of a GE soybean
line are between one and 10 million US$ (Schmidt et al., 2006). It is theoretically
possible that genetic changes can be made to a native soybean EPSPS gene. These
changes render it Roundup resistant by traditional mutagenesis, and breeding and
modern molecular genetic techniques can be used to identify such mutants (Zhou et
al., 2006). In many parts of the world, including the United States, such lines might
not need any regulatory approval at all, which eliminates the associated regulatory
costs. Thus, it might seem, with everything being equal, that a business would pre-
fer to avoid genetic engineering of plants if the same trait can be achieved by other
means.

From a business-development perspective, however, there are additional con-
siderations. For a trait or crop that might be widely grown or utilized, genetic engi-
neering could provide more robust intellectual property (IP) protection, possibly
improving the return on the investment. IP issues are at the core of much of the
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controversy regarding GE crops. Antibiotech activists usually raise questions about
food safety or environmental issues, because these are issues that the general public
is usually more directly concerned with or knows more about than IP, and as such,
these issues get a lot more attention. Studies indicate biotech crops are as safe or
safer, however, than conventional crops and equal or better for the environment
(Chassy et al., 2005). Because of this, other major issues that spur opposition among
some antibiotech activists are IP and some seed business practices.

Traditionally, farmers have planted their own seeds, and shared or bartered
seeds from neighboring farmers. Starting in the early part of the last century, pro-
duction of hybrid seeds began to predominate in crops where hybrids show yield
increases that more than cover the cost of the hybrid seeds. For example, in about
the last 50 years, hybrid seed came to dominate corn production. The inbred parents
are protected by the hybrid seed companies so farmers must buy the hybrid seed
from seed companies every year and cannot replicate them for themselves. With self
pollinated crops, where hybrid vigor is not very substantial, such as with soybeans,
seed companies could do little to prevent farmers from planting their own seed,
which limits the sales and profits of seed companies. Hybrid vigor is the situation
wherein hybrids grow much more vigorously and yield significantly more than their
inbred parents.

With the introduction of GE crops 11 years ago, seed companies selling these
crops instituted a new business practice of having farmers sign legally binding doc-
uments stating that they will neither save their own seed nor provide the patented
seeds to other farmers. Concurrently, there has been some consolidation in the seed
industry, with many seed companies acquired by large chemical companies or com-
panies that were predominately in chemical sales, especially, at least formerly, agri-
cultural chemicals (Fulton and Giannakas, 2001; Kalaitzandonakes, 1998).

Some environmental groups have been traditionally at odds with chemical com-
panies, so seeing much of the GE seed business ending up in the hands of such
companies has helped fuel GE crop opposition. Some of these seed/biotech com-
panies have been experimenting with technological means to prevent or minimize
pirating of their seeds instead of using legal means. These are sometimes termed
genetic use restriction technologies or GURTs (Lence and Hayes, 2005), and one
such GURT that had been pursued by a major biotech seed company had been called
“terminator seeds.” Such seeds can be planted like regular seeds and produce grain
(seed) yields like regular crops that can be processed into foods, feed etc. as usual,
but the progeny seed do not germinate, resulting in the farmer having to go back to
the source and buy the seed every year.

Such seeds generated considerable controversy when their utilization was first
considered by a major seed company in the mid to late 1990s. The technology was
not implemented by the original company that investigated it, perhaps due in part
to the controversy it created. This is akin to software and media companies trying
to prevent copying of CDs and DVDs, and pharmaceutical companies trying to
prevent generic production of drugs that are still under patent. Patents have been
widely considered by businesspeople and economists to be an important stimulator
of technological and economic developments, but social scientists have tradition-
ally had mixed opinions about patents. The concerns include the fear that wealthier
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individuals and companies might be better positioned to gain patents, and patented
products might not be affordable by lower income individuals. In other words,
business/investor interests can be at odds with consumer interests and patents might
exacerbate this. In the case of seed or food crops it can be argued that this is a more
serious issue than others because food is necessary for our existence and farming
traditions are considered more sacred than other businesses.

A related concern is if some biotech crops become so popular with farmers that
some of their seeds handed down by their parents that they traditionally planted
are not maintained, the genetic diversity of these crops could be lost. Several orga-
nizations of many governments, such as the United States Department of Agricul-
ture (USDA), maintain large germplasm collections of many crops to preserve such
genetic diversity. There is a movement to maintain germplasm collections from
many parts of the world, including countries that lack resources to maintain germ-
plasm collections themselves, in an international seed bank in northern Norway
(Charles, 2006).

A concern that some have voiced, which is related to IP issues and the seed busi-
ness, is whether crop biotechnology favors large companies at the expense of smaller
companies (Lesser, 1998). Unlike machinery, where the economy of scale usually
favors large producers at the expense of smaller farmers, technologies in seeds
themselves are thought to be scale-neutral. Larger, wealthier farmers, however, may
learn about or have access to improved seeds earlier than smaller, poorer producers.
Also, larger companies can often have more extensive research and development
groups. Government regulatory hurdles to bringing GE crops to market are one of
the safeguards pushed by antibiotech activists. Oddly enough, this can favor large
companies at the expense of smaller seed companies because large companies can
afford to do the work to meet the regulatory requirements and can maintain depart-
ments that deal effectively with regulatory issues (Miller and Conko, 2004).

Traditionally, improved crop cultivars that have been grown by farmers have
been developed by university or government scientists and made freely available
to the public. The U.S. Plant Patent Act of 1930 first allowed the patenting of asexu-
ally propagated plant varieties (or cultivars) with the exception of tubers. In the
1960s, some European countries afforded breeders IP rights to sexually reproduced
crop cultivars. The Plant Variety Protection Act of 1970 in the U.S. also provides
IP protection to novel plant cultivars for 18 years (http://www.nalusda.gov/pgdic/
Probe/v2n2/plant.ntml). A number of governments moved to further privatize this
process in the 1980s. In the United States, for example, federal support for plant
breeding has disappeared, and the federal government’s policy is that this is the
responsibility of the private sector. The USDA, for example, up until the 1980s,
employed many plant breeders and was responsible for developing many crop cul-
tivars grown extensively by farmers up until this period ~20 years ago. It no longer
employs plant breeders, however, and does not release crop cultivars anymore. In
the ensuing period, cultivar development of major crop plants has come to be domi-
nated by the private sector, much like engineering products and business have been
for a long time.
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Since the introduction of biotech crops, corporate involvement and IP owner-
ship in crop seeds has expanded. Additionally, many scientific discoveries made by
university and government scientists that have practical utility are often patented
and licensed to private companies. Naturally, there are those who do not like this
change in tradition, which is not universally supported by the agricultural com-
munity. There is a concern that resource-limited farmers might not have access
to such developments or scientists might be limited in their freedom to apply such
technological improvements to minor crops. A group known as the Public Intel-
lectual Property Resource for Agriculture, or PIPRA, has been formed to help
address these issues. PIPRA is an initiative by universities, foundations and non-
profit research institutions to make agricultural technologies more easily available
for development and distribution of subsistence crops for humanitarian purposes in
the developing world and specialty crops in the developed world (http:/www.pipra.
org/). Additionally, the IP Modeling Group is trying to understand how to calibrate
IP and patent law policy so as to maximize benefits to society (http://www.cipp.
mcgill.ca/en/projects/ipmg/).

An additionally complicating factor in the biotech crop controversy is the back-
drop of agricultural trade disputes that have been going on for several decades. This
has led to a major divide between exporting and importing countries of major agri-
cultural commodities. Major exporting countries of canola, corn, rice, soybeans and
wheat, such as Canada, South American countries, South Africa and Australia, have
extensively adopted biotech crops, and major importing countries such as Western
Europe and Japan have not. Exporting countries have accused importing countries
of using restrictions on biotech crops as “non-tariff trade barriers.” Although this
may be true, there are many other factors to be considered (Wilson et al., 2001).

Many Western European countries and Japan want to maintain many of their
small family farms, and biotechnology is seen as yet another technology that makes
their farms less competitive on the global market. There is even a debate in Brit-
ain as to whether the government should continue to subsidize farms or whether
they should instead employ many of the farmers as wild-habitat managers. Some
ecologists argue that maintaining land in agricultural uses needlessly is not as eco-
logically desirable as converting it back to wild habitat. Much of the land in the
northeast U.S. was farmed by early settlers, and since then much of it in rural areas
has been diverted back into wild habitat as more productive land in other parts
of the U.S. became farmed, and scientific and technological advancements greatly
improved crop yields per unit land area. This, of course, has not been without social
and economic consequences, and many in the United States, who once derived a
living from agriculture, now need to make a living in different ways.

Also, with fewer farmers, there can be a ripple effect in rural economies.
Although many technological advances have contributed to this process, the appli-
cations of biotechnology to developing new uses of plants can provide new opportu-
nities for farmers and rural communities. A very important potential contribution of
science and technology to crop improvement will be to increase yields per unit land
area, thereby helping stem wild habitat destruction in many developing areas of the
world such as tropical rain forests (Chassy et al., 2005; Jauhar, 2006).
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7.7 EDUCATING THE PUBLIC ON PLANT
LIPID BIOTECHNOLOGY

Fundamental to educating the public on plant lipid biotechnology is improving the
general knowledge of plant breeding and genetics/DNA science. It is also important
to dispel major misconceptions associated with biotech crops. The term genetically
modified organism (GMO) has been so thoroughly associated with some miscon-
ceptions that it may be best to avoid using this term when possible. Historically,
few, except scientists involved in breeding and genetics, have had much of an under-
standing or interest in how the crops grown by farmers were developed. A ques-
tion on a survey conducted in many nations in recent years asked: only GMO crop
derived foods contain DNA, true or false? Well over 10% of the respondents said
this was true. Furthermore, it is not uncommon for the lay public to be concerned
about what effect consuming GMO corn might have on their own DNA. The good
news about this is that most people now understand that they themselves have DNA
and the GMO controversy has increased interest in the subject, although this inter-
est may be waning as GMOs are less frequently in the news.

It is obvious, however, that few have considered the genetics of the crop plants
they consume. In fact, it is common for many nonscientists to be unclear about
whether plants are actually living organisms, as most plants do not move with suffi-
cient speed to be readily observed as movement (and we naturally associate motility
with life). Thus, a little education on general biology is also useful. Interestingly,
although surveys indicate the public finds the term GMO to be frightening and
negative, such surveys indicate they have a positive attitude about biotechnology.

Outlined below are some fundamental concepts that we attempt to transmit to
students via our introductory course in DNA Science/Crop Biotech at the University
of Kentucky.

7.7.1  DNA Science/Crop BiotecH 101

 Plants, bacteria, fungi as well as animals are all living organisms.

 All living organisms have genes that encode the cumulative traits or phe-
notype that make up that organism.

+ The phenotype of all organisms, just like for you and me, is a consequence
of our genotype and environment.

 Genetic information is coded in DNA of chromosomes. The DNA code can
be considered a “genetic alphabet.”

» There are four letters (bases) in the DNA code, A, C, G and T. These DNA
bases are precisely the same in all living organisms.

« The DNA bases are to an organism as letters of written alphabets are to
books; genes are like words composed of different letters, traits are like
sentences and whole organisms like books.

» Crop plants, including oilseeds, produced by traditional breeding have
many genes (words) changed relative to their parents, and GE crops have
fewer words changed but the changes are more directed and precise. The
DNA building blocks (bases or letters) are the same.
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* Most foods we consume contain DNA, although in oilseed refining the
DNA is retained in the meal, not extracted into the oil. DNA in our foods is
digested just like protein when consumed. After digestion, DNA from all
living sources, GMO or not, is exactly the same.

Scientists working in breeding and genetics need to increase and improve their com-
munication of these principles to the general public. The busy lives and competing
interests of most adults are such that most will not pay much attention to such efforts
but those with concerns about our food and how it is produced might. In the long
run, DNA science and genetics need to be incorporated into general science educa-
tion throughout the world. This is happening, but not as fast or uniformly as would
be ideal, and the connections to biotech crops are not always apparent. The rationale
for this is that our health is dependent on our own genetic information or genotype
along with our environment/life style.

Also, DNA science and genetics are revolutionizing medicine and medical
applications, including new treatments and pharmaceutical developments. Simi-
larly, DNA science and biotech are revolutionizing agriculture and various applica-
tions of crop products including oils. As mentioned earlier, much healthier oils are
being developed via biotechnology. Also, DNA science/biotech can contribute to
more environmentally friendly and sustainable crop production. Moreover, genetic
engineering, together with chemistry and engineering advancements, will contrib-
ute enormously to future renewable resource needs from fuels for production of
numerous useful chemicals and materials. Working with science teacher associa-
tions, such as the U.S. NSTA (http://www.nsta.org/index.html), can be useful in
this regard. lowa Extension has developed Biotechnology Curriculum Units for dif-
ferent grade levels: http://www.biotech.iastate.edu/publications/ed_resources/bio-
tech_curriculum.html.

Questions on DNA science and genetics need to be incorporated into national
assessment and college entrance exams to encourage teachers, students and parents
to learn more about this important subject. Access Excellence at the National Health
Museum has developed a unit on food biotechnology for high school teachers and
students called “Dining on DNA” that is available online: http://www.accessexcel-
lence.org/RC/AB/BA/DODpub/. An animated primer on the basics of DNA, genet-
ics and heredity with a medical focus is available at http://www.dnaftbh.org/dnaftb/.

Introducing DNA science and biotech to youth groups is another useful way
to educate the public. Various 4-H organizations, for example, have theme activi-
ties and camps on DNA science/genetics, often using a crime scene investigation
(CSI) theme, since this appeals to nonscientists as well as the scientifically inclined
(http://www.ces.ncsu.edu/depts/agcomm/writing/2004/biotechcamp.htm;  http:/
www.ca.uky.edu/brei/4-H_Program.htm). A good resource for youth leaders with
little knowledge of biotechnology, developed by lowa Cooperative Extension, “A
Crime, A Clue, and Biotechnology,” is available for a nominal fee (~$20 including
shipping) from lowa Cooperative Extension: http://www.extension.iastate.edu/e-
set/biotech.html.

In 1997, the U.S. National 4-H Council’s Environmental Stewardship program
published the excellent leader’s guide called “Making Sense of Biotechnology in
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Agriculture: Fields of Genes.” It is available at http://fog.n4h.org/. The Wisconsin
BioTrek program has well-developed biotech educational outreach activities for the
public, http://www.biotech.wisc.edu/outreach/outreach.html, and is willing to help
with similar outreach efforts in other parts of the world. An effective way to intro-
duce DNA science/biotech to kids of all ages is to have them extract and look at
DNA from some common fruit or vegetable and then make a smoothie with the
same fruit or vegetable and talk about genetics and DNA as they consume it. It
works best with something they like to eat such as bananas or strawberries. Pro-
tocols are available on the web for extracting and spooling DNA from common
foods, such as bananas, using items available at a regular grocery store (http://apps.
caes.uga.edu/shof/main/index.cfm?page=liatpics&trunkName=Banana%20DNA
%20Extraction, http://kvhs.nbed.nb.ca/gallant/biology/dna_banana.html, http:/
kvhs.nbed.nb.ca/gallant/biology/dna_banana.html and http://www.ca.uky.edu/brei/
Teach/4-H/Info/ DNA%20Sci%20Exercises.htm). Some of these also include DNA
science/biotech lesson plans.
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8.1 WHAT ARE ISOPRENOIDS?

Isoprenoids make up a group of hydrocarbons found in unicellular and multicellular
organisms (Eubacteria, Archaebacteria, protozoa, fungi, algae, insects, animals and
plants) that are diverse in chemistry, structure and function.-* Over 30,000 natural
isoprenoid compounds have been characterized and still more are being discovered
and identified. The precursors of isoprenoids are isopentenyl diphosphate (IPP) and
dimethylallyl diphosphate (DMAPP), isomers which constitute the building blocks
for the formation of this large family of naturally occurring compounds.# Isopren-
oid compounds that are generated from the C5 monomers IPP and DMAPP include
C10 monoterpenes, C15 sesquiterpenes, C20 diterpenes, C30 triterpenes and C40
tetraterpenes.t*

8.2 WHERE ARE ISOPRENOIDS FOUND?

Many diverse isoprenoid compounds occur naturally in the plant kingdom (Fig-
ure 8.1). Plant-derived flavors and scents are due to the presence of these com-
pounds, e.g., menthol, limonene, camphor, geraniol. Plant resins contain terpenes,
from which rosin and turpentine are obtained. Other plant-derived isoprenoids
include terpenes (linalool, linalyl acetate, terpinen-4-ol, citronellol and a-pinene),
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which are utilized as cutaneously applied essential oils.> Natural rubber, guayule
and gutta-percha are polyterpenes. The plant hormones abscisic acid and gibberellic
acid, are also isoprenoid derivatives. Sterols that are biologically important in the
formation of membrane structures and hormones are C30 isoprenoid compounds.
Other examples include C40 carotenoids, chlorophylls and ubiquinones, which are
composed of isoprenoid chains (Figure 8.1).

In mammals, examples of isoprenoid-containing compounds are cholesterol,
oxysterols, steroid hormones, bile acids, retinoids, heme A, ubiquinones, dolichols,
prenylated proteins and isopentenylated tRNAs.® Cholesterol is an important con-
stituent of mammalian membranes, while its oxidized derivative, oxysterol, plays
a significant role in molecular signaling.”® Other isoprenoid-derived bioactive mol-
ecules are involved in signaling and in gene regulation; thus they regulate many
cellular events in eukaryotes.58 Other examples of isoprenoid compounds include
juvenile hormone and ecdysone in insects, prenylated mating hormones in fungi
and ergosterols in yeast.5 Membrane lipids from Archaebacteria and Eubacteria also
consist of isoprenoid derivatives.

8.3 HOW ARE ISOPRENOIDS SYNTHESIZED?

Isoprenoids are synthesized via the classical mevalonate (MVA) pathway or the
recently discovered non-mevalonate methylerythritol phosphate (MEP or Rohmer)
pathway.®-! The MEP pathway occurs in phototrophs (algae and higher plants) and
in most Eubacteria.*2 In Archaebacteria, some Eubacteria and eukaryotes, the
MVA pathway is utilized to generate IPP.2 In some eukaryotes in which both path-
ways coexist, MVA-associated isoprenoid biosynthesis occurs in the cytosol while
the MEP pathway operates in plastids. In general, non-plastidic eukaryotes synthe-
size isoprenoids via the MVA pathway alone while both pathways coexist in higher
plants, some algae, mosses and liverworts, and marine diatoms.? Interestingly, both
pathways are used to form IPP in the bacterium Streptomyces.!? There is increas-
ing evidence of crosstalk between these two independent pathways that regulate
isoprenoid biosynthesis in organisms in which both coexist.13-16

The MVA pathway generates isoprenoids targeted for the biosyntheses of ste-
rols, brassinosteroids, triterpenes, sesquiterpenes, polyterpenes, squalene, dolichol,
ubiquinones, oxysterols, farnesol, geranyl geranyl and prenylated proteins.*¢° This
pathway is vital to animal and plant cells, and many end products arising from MVA
biosynthesis are necessary for growth and development.51%18 MVA, the precursor
to cytosolic isoprenoid compounds, is the product of three enzymes (acetoacetyl-
CoA thiolase, 3-hydroxy-3-methylglutaryl-CoA [HMG-CoA] synthase and HMG-
CoA reductase) by which acetyl-CoA is converted to HMG-CoA and eventually to
MVA.2® Subsequently, MVA is converted to IPP, the building block for synthesis of
further isoprenoids (Figure 8.1).

The MEP pathway is closely associated with photosynthesis, which supplies the
carbon source as well as the required reducing electron flow for this pathway.?’ This
plastidial pathway generates volatile isoprenoids (isoprene C;Hgz, monoterpenes),
diterpenes, tetraterpenes and isoprenoids for the biosyntheses of photosynthetic
pigments (carotenoids and the side chains of chlorophylls, tocopherols [vitamin E],
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phylloquinones and plastiquinones) and phytohormones including abscisic acid,
cytokinins and gibberellins.3415 In the MEP pathway,? condensation of pyruvate
and glyceraldehyde-3-phosphate by DXP synthase results in the formation of 1-
deoxyxylulose-5-phosphate (DXP). The next enzyme deoxyxylulose phosphate
reducto-isomerase (DXR) converts DXP to 2-C-methyl-D-erythritol-4-phosphate,
which eventually yields IPP/DMAPP (Figure 8.1).

8.4 WHY ARE ISOPRENOIDS IMPORTANT?

In animals, cholesterol is derived from IPP, while in yeast, sterols are produced.
Because isoprenoids function as membrane structures, reproductive hormones,
mating pheromes, photoprotective agents, visual pigments and signal transduction
components, defects in isoprenoid production have been implicated in cancer and
coronary artery disease.>® Cholesterol has an important role in the regulation of
lipid metabolism, and mammalian cellular cholesterol levels are maintained within
a narrow range,’” deviations from which may give rise to lipid-associated diseases in
humans, including atherosclerosis, Tangier disease and Niemann-Pick disease type
C. The administration of cholesterol-lowering agents has been shown to delay the
onset of Alzheimer’s disease.”

Many important medicinal plant compounds are derived from isoprenoid biosyn-
thesis. Taxol from Taxus species has anti-cancer properties, while the anti-malarial
drug artemisinim is obtained from Artemisia annua.? Limonene and perillyl alcohol
are monoterpenes potentially useful as anti-cancer therapeutic agents.?? Schisandra
triterpenoids display anti-HIV-1 activity?® while Sagittaria diterpenoids possess
antibacterial activity.?* Limonoids, which give the bitter taste of citrus, are triter-
penes with anti-microbial, anti-malarial, anti-cancer and insecticidal properties.?

Pollination, an important process in the life cycle of a plant, relies on floral scent
production that is due to the emission of terpenoids and benzenoids.? In snapdragon
flowers, it has been reported that these floral-derived terpenoids are produced via
the MEP pathway.?

There are some 600 carotenoids distributed across species that constitute the
accessory photosynthetic pigments in phototrophs.?” Some of these caroteinoids
function in photoprotection by the removal of excess energy generated during pho-
tosynthesis or detoxification of reactive oxygen species.® This ability to physically
deactivate reactive oxygen species is due to the presence of the double bonds that
are found in isoprenoid compounds.® Furthermore, endogenous isoprene production
has an antioxidant function in plants, protecting the isoprene-emitting plant against
ozone damage.?® The production of isoprene and the monoterpenes, limonene and
pinene, is beneficial to the plant in conferring the ability to tolerate high tempera-
tures in the light.?

8.5 HOW DOES PLANT ISOPRENE EMISSION
AFFECT THE ENVIRONMENT?

Up to 10% of carbon fixed during photosynthesis can be lost by emission to the
environment as phytogenic volatile organic compounds (VOCs), which include
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alkanes, alkenes, alcohols, aldehydes, ethers, esters and carboxylic acids, with the
most abundant group being isoprenoid in nature.#? Such VOC emission is due to
the volatility of these compounds. It has been suggested that emissions function
as metabolic safety valves in removal of excess energy or carbon that accumulates
upon stress, in physicochemical protection that stabilizes membranes against oxida-
tive stress, and in plant—plant, plant—insect or plant—pathogen communication in
defense.?®

There are many reasons as to why some vascular and nonvascular plants emit
isoprene that is synthesized in chloroplasts from DMAPP by isoprene synthase. 3303t
Such isoprene emissions are believed to help plants survive rapid alterations in air
temperature and to protect photosynthetic membranes from thermal damage. Given
that the amount of isoprene released by plants to the atmosphere is comparable to
that of methane, and that isoprene is reactive to hydroxyl radicals, this substantial
emission of isoprene will no doubt affect the oxidizing potential.20-3t

The rate of isoprene emission has been reported to be correlated with elevated
temperature and ozone levels.® Light-dependent isoprene production is induced
by water stress and is inhibited under conditions of darkness and by inhibitors of
photosynthesis.2® Hence, it is believed that isoprene production may actually have
an evolutionary significance in permitting plants to tolerate and survive rapid fluc-
tuations in temperature by the ability of isoprene to dissolve into membranes, thus
aiding the plant to withstand high temperature stress.3%3! Nonetheless, the presence
of isoprene in the atmosphere has an adverse effect on the environment due to its
oxidation, culminating in the production of ozone, blue haze and smog in the pres-
ence of nitrogen oxides.!

8.6 WHICH ISOPRENOIDS IN FOODS KEEP US HEALTHY?

Many isoprenoid compounds found naturally in foods have been demonstrated
to benefit human health. These include plant sterols, carotenoids and triterpenoid
derivatives. Plant sterols (phytosterols) have been tested in trials involving their
application as functional foods because they promote the lowering of blood cho-
lesterol levels and hence can be used to combat atherosclerosis and cardiovascular
disease in the human population.3?% Previously, both the intraperitoneal and subcu-
taneous administration of phytosterol had been reported to reduce plasma choles-
terol levels.?? Specifically, phytosterol intake in the diet as enriched margarines has
been demonstrated to reduce cholesterol levels in humans, and it has been proposed
that such incorporation of phytosterols in the diet will bring about other beneficial
effects.®* Phytosterols are believed to inhibit cholesterol uptake in the gut.®? Fur-
thermore, the ingestion of plant sterols has been demonstrated to impede the devel-
opment of colon cancer.*?

Carotenoids display antioxidant activities and are thus significant in promoting
human health, in particular immune function, while the provitamin A carotenoids
are important for vision.?? Astaxanthins are carotenoids that have been suggested
to enhance human health due to their antioxidant and anticancer properties.® Also,
it has been demonstrated that the dietary triterpenic compounds (olealonic acid,
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maslinic acids, erythrodiol and uvol) from pomace olive oil can induce vasorelax-
ation of the aortas in spontaneously hypertensive rats.%

8.7 APPLICATIONS BY THE INHIBITION OF
ENZYMES IN ISOPRENOID BIOSYNTHESIS

Mevinolin is a fungal metabolic from which mevinolinic acid is derived. Mevino-
linic acid is an inhibitor of HMG-CoA reductase, an enzyme in the MVA pathway,
and it has been used as a drug to lower plasma cholesterol because HMG-CoA
reductase is a rate-limiting step in cholesterol biosynthesis.3” More than half of the
total body cholesterol in humans is synthesized de novo, and therefore HMG-CoA
reductase is an appropriate target for cholesterol-lowering agents.

The antibiotic fosmidomycin specifically inhibits deoxyxylulose phosphate
reducto-isomerase (DXR), the second enzyme in the MEP pathway.*® Fosidomy-
cin and other inhibitors such as phosphonohydroxamic acids have demonstrated
potential as antibacterial and antiparasitic drugs, targeting isoprenoid biosynthe-
sis in pathogenic bacteria and in Plasmodium falciparum (the causative agent for
malaria), which has evolutionary links to photosynthetic organisms.®*4° Inhibition
of the MEP pathway is detrimental to these disease-causing organisms because iso-
prene biosynthesis is essential for their viability.

For those organisms in which both MVVA and MEP pathways are present, the
picture is more complex when only one such pathway is inhibited, as crosstalk
has been reported to occur between these independent pathways. For example, the
development of herbicides by using inhibitors that target the MEP pathway to block
the biosynthesis of chlorophyll, carotenoids and phytohormones will not be feasible
if the MVA pathway can compensate for the loss arising from the interruption of
the MEP pathway.'6

Recently, the MVA pathway has been targeted for anti-cancer therapy by the
inhibition of HMG-CoA reductase or farnesyl prenyl transferase and geranyl gera-
nyl prenyl transferase, which are implicated in the posttranslational modification
of proteins like small GTPases including Ras and Ras-related proteins.#* Such
inhibition, brought about by the administration of drugs that block the MVA path-
way or those that affect protein prenylation, have altered the growth and survival of
malignant cells in cultures and in animal models, demonstrating potential for fur-
ther use in the treatment of human cancers.** Despite success in preclinical inves-
tigations, conducting clinical trials has proven more challenging than anticipated
because of potential problems associated with the clinical use of these drugs.*

8.8 CAN WE GENETICALLY ENGINEER PLANTS AND MICROBES
FOR THE PRODUCTION OF DESIRED ISOPRENOIDS?

Because of the beneficial health effects shown by the incorporation of phytoster-
ols into our diets, scientists have worked toward the possibilities in the overpro-
duction of health-promoting isoprenoids, such as phytosterols, in transgenic crops.
Demonstrations of the benefits of such genetic manipulations are usually first tested
out in model plants such as tobacco and Arabidopsis before these strategies can be
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applied to crop plants, because crop species are usually more difficult to genetically
transform.

In initial experiments toward this end, the enzyme tested in the genetic manipu-
lation of phytosterol biosynthesis was HMG-CoA reductase, a rate-limiting enzyme
of the MVA pathway. It was demonstrated that the overexpression of hmgl* encod-
ing Hevea brasiliensis HMG-CoA reductase increased sterol content by 6-fold in
leaf tissue of transgenic tobacco.*® Further, the expression of a truncated version of
Hevea HMG-CoA reductase enhanced total seed sterol content by 3.2-fold in trans-
genic tobacco,** while the expression of a truncated version of hamster HMG-CoA
reductase increased total leaf sterol by 3- to 10-fold.*> The coexpression of a Hevea
truncated HMG-CoA reductase and a Brassica C24-sterol methyltransferase type
1, a critical enzyme in sterol biosynthesis, enhanced phytosterol content by 2.4-fold
in transgenic tobacco seeds.*¢

Enfissi et al.# have achieved production of more nutritious tomato fruits that
are enriched in health-promoting isoprenoids by the overexpression of an Arabi-
dopsis HMG-CoA reductase of the MVA pathway, or that of a bacterial 1-deoxy-
D-xylulose-5-phosphate synthase, an enzyme of the MEP pathway. Tomatoes that
overexpressed Arabidopsis HMG-CoA reductase showed a 2.4-fold increase in
phytosterols, while tomatoes that overexpressed plastid-targeted Escherichia coli
DXP synthase exhibited a 1.6-fold increase in carotenoid content. This experiment
illustrated that the manipulation of DXP synthase expression affected the plastid-
localized MEP pathway in transgenic tomato.*

The cloning of a cDNA encoding a cytochrome P450, CYP71AV1, presents the
initial step toward engineering plants and microbes for enhanced artemisinin pro-
duction. CYP71AV], a trichome-specific sesquiterpene monooxygenase, catalyzes
the oxidation of amorpha-4, 11-diene, a precursor in artemisinin biosynthesis.*® This
anti-malarial drug is present only at low levels in A. annua, and harvesting artemisin
from transgenic plants or microbes that overexpress CYP71AV1 and other relevant
genes would be the strategy to implement toward increasing artemisinin supply.

8.9 CAN PLANTS BE GENETICALLY ALTERED TO PRODUCE
ISOPRENOIDS THAT PROMOTE PLANT DEFENSE AGAINST
HERBIVORES?

Caterpillar herbivory induces plants to release terpenoids and other volatiles, attract-
ing parasitoids or predators of the insect herbivore and thereby forming an indirect
mechanism of plant defense.*® Hence, it is not surprising that insect salivary fac-
tors have been identified to suppress the expression of genes involved in isoprenoid
biosynthesis, particularly those in the MEP pathway.*® The genetic manipulation
of terpenoid production in transgenic Arabidopsis has resulted in the attraction of
insect bodyguards to the plant, the carnivorous mites Phytoseiulus persimilis.>! Fur-
thermore, the expression of a maize gene encoding the enzyme terpene synthase
TPSI10 that synthesizes herbivory-induced sesquiterpenes in transgenic Arabidop-
sis enhanced the attraction of females of the parasitoid Cotesia marginiventris to
lepidopteran larvae.> These are just some examples in which the manipulation of
isoprenoid biosynthesis leading to an overproduction of terpenoids has success-
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fully attracted the predator of the insect herbivore, indirectly conferring protection
against the herbivore.

8.10 WHAT OTHER ISOPRENOIDS ARE IMPORTANT IN
INDUSTRY?

Natural rubber is made up of isoprenoids and there are many plants that produce
natural rubber. For example, the chicle tree is the plant from which the brand name
of the chewing gum “Chiclets” is derived. Although the use of natural rubber from
plants has decreased over the past decades due to the production of synthetic rub-
ber, much natural rubber is still being used in the production of tires, latex gloves
and condoms.

Polyterpenes like natural rubber are generated from IPP by the action of the
enzyme rubber transferase. These include cis-1,4-polyisoprene from the rubber
tree Hevea brasiliensis and the desert shrub guayule (Parthenium argentatum) and
trans-1, 4-polyisoprene (gutta-percha) from Palaquium gutta.5®%* Gutta-percha is a
good non-electrical conductor that is used for the insulation of electric cables and
wires. Historically, it was utilized in the manufacture of the first trans-Atlantic cable
and was used in the core of golf balls. Its disadvantage over Hevea natural rubber
lies in its reduced elasticity due to its trans configuration.

Since Hevea latex contains a significant amount of cis-1,4-polyisoprene (30—
50% w/w), several investigations have been carried out to understand the biosyn-
thesis of cis-1,4-polyisoprene in its laticifers, the specialized ducts adjacent to the
phloem of this tree.54-% Ko et al.% reported that an analysis of the laticifer transcrip-
tome revealed not only an abundance of genes encoding rubber particle proteins but
also genes related to defense. This is not unexpected given that cis-1,4-polyisoprene
is synthesized on the surface of the rubber particles. An earlier study focusing on
the gene expression in Hevea had shown an enrichment of transcripts related to
plant defense and rubber biosynthesis in laticifers.>*

Other commercially important isoprenoids are rosin and turpentine, both of
which are derived from the distillation of conifer resin. Turpentine is the distillate,
while rosin is the solid residue remaining following distillation. Rosin is utilized for
the production of inks, soaps, adhesives, sealing wax and varnishes. Its use on string
instruments improves their sound effects. It is also used by certain performers to
increase friction on ballet shoes and on the ropes and gloves of bull riders. Turpen-
tine, which largely consists of monoterpenes, has industrial applications as a solvent
for thinning oil-based paints, in varnishes and in wood preservatives. It is also used
as an ingredient in household cleaners because of its antiseptic properties.

8.11 CONCLUSIONS

Isoprenoids are a large, assorted and significant group of compounds that greatly
affect our lives. This is largely due to their diversity in structure and function. Their
abundance and diversity encountered in the plant kingdom alone is evident when we
compare useful plant isoprenoids from species ranging from Taxus (taxol), conifers
(turpentine, rosin) to Hevea (rubber). Despite conservation in each of the MVA and
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the MEP pathways in plants, the final reactions will yield the already mentioned
diverse products as well as carotenoids, isoprene, taxolchlorophylls, gibberellins
and sterols.

With the discovery of the second (MEP) pathway leading to IPP biosynthesis,
scientists will address issues related to the regulation of these two independent path-
ways and as to how crosstalk occurs between them. Scientists will utilize techniques
in reverse genetics, metabolic profiling and posttranscriptional gene silencing to
this end. A deeper understanding of these pathways from investigations using these
relatively new approaches will eventually lead to better strategies in the manipula-
tion of these pathways to benefit mankind.

Investigations on relatively new terpenoids from marine organisms have dem-
onstrated that some of them have unusual structures, e.g., frequent substitutions
with halogen atoms, while others have demonstrated potential use as biomedical
drugs.5"%® Although much is already known on isoprenoids, there is still much more
to be discovered in this expanding field.
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9.1 RATIONALE

The media have discovered obesity in Canadian children. This stems from a report,
“Healthy Weights for Healthy Kids,” tabled by a House of Commons committee
in late March of 2007. The incidence of obesity in children of the 2-17-years age
group has jumped to 26%. Inactivity can be implicated, but modern snack foods and
drinks are really major factors. The sugar contents of the latter are invisible and, in
many packages, the content information is in small print and often printed sideways
to make sure nobody reads it.

Potato chips, a popular food, are easily seen and handled. Each bag has a promi-
nent table of “Nutrition Facts” that is usually ignored irrespective of whether the
purchaser is alone or in one of the groups where young people gather socially. As
shown in Figure 9.1, a serving is (60 g) and fat is 22 g of that (33%). Can a youths
visualize 60 g or 22 g? This is doubtful, as is their grasp of the identity of the fat,
sunflower oil in this case. The fact that it is a fluid fat allows us to recover and visu-
ally present that oil. A small group approach fits exactly the popular social behavior
of the teenagers, and the whole operation as a bonus has a scientific twist illustrating
densities of different fluids.

9.2 A VISUAL DEMONSTRATION OF FAT
EXTRACTION AND FLUID DENSITIES

There is a need to show students just how much fat they are eating in popular snack
foods. This demonstration was developed for high school classes touring a university

*Corresponding author

137



138 Teaching Innovations in Lipid Science

Nutrition Facts
Valeur nutritive

Per 1 package (60g)
pour 1 paquet (60g)

Amount % Daily Value

Teneur % valeur quotidienne

Calories / Calories 330

Fat / Lipides 22 g 33%
Saturated / saturés 2 g 12%

+ Trans /trans 0.2 g

Cholesterol / Cholestérol 0 mg 0%

Sodium / Sodium 400 mg 17%

Carbohydrate / Glucides 31 g 10%
Fibre / Fibres 1 g 5%

Sugars / Sucres 0 g
Protein / Protéines 4 g

Vitamin A / Vitamine A 0%
Vitamin C / Vitamine C 25%
Calcium / Calcium 2%
Iron / Fer 1%

INGREDIENTS: SPECIALLY SELECTED POTATOES,
SUNFLOWER OIL, SALT.

INGREDIENTS: POMMES DE TERRE SPECIALEMENT
SELECTIONNEES, HUILE DE TOURNESOL, SEL.

FIGURE 9.1 Typical nutrition information to be found on a bag of potato chips in Canada

food science department. It is based on the common potato chip because this shack
food is popular, cheap and readily available. As a bonus, no matter how large a bag
is used, there is seldom any residue to discard.

A major visual benefit is that the results are conveniently measured by volume in
glass, and the behaviors of fluids of different densities can be observed. Additional
benefits are achieved by forming teams of up to three or four students. Depending
on numbers, each person in a team can do one step in the procedure, or competition
interest can be achieved with different teams’ having different products. In any case,
spectators should be kept at a distance of 3 to 5 feet (1-2 meters). The initial steps
are rapid, the filtration slow and the series of water additions also slow, if held long
enough to be effective. The amount of glassware needed is not extensive. Plastics
should be avoided. There is a remote risk of fire and of inhaling acetone vapor. If
enough fume hood space is not available, a spacious well-ventilated room may be
safe if there are no electrical sparks. Acetone vapor is inflammable but relatively
harmless. However, although it evaporates rapidly, spills should be wiped up with
paper toweling. Extracted chips and filter paper should be disposed of outdoors.
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9.2.1 PROCEDURE FOR FAT SEPARATION AND RECOVERY
9.2.1.1 Introduction

This is a simple lab designed to show students the amount of fat that they consume
from a bargain bag of chips (which is about three servings or 150 g). The fat is
extracted with acetone, and water is added to facilitate the phase separation.

9.2.1.2 Materials

» Chips

 Glass mortar and pestle

+ Acetone

« Water

+ Balance

» Beaker (400 ml)

 Stirring rod

+ Graduated cylinder (250 ml), preferably with glass stopper
+ Funnel stand

* Funnel and fluted filter paper

9.2.1.3 Procedure

1. Weigh 50 g of chips and place in mortar. Grind with the pestle.

2. Transfer to the beaker. Add 50 ml acetone. Rinse the mortar and pestle
with another 50 ml acetone and add that to the beaker. Stir for 3 minutes.

3. Filter chips and acetone mixture into the graduated cylinder. Add water
to the cylinder in 10 ml aliquots as instructed to facilitate stepwise phase
separation.

4. After each addition of water, shake gently and let stand for a few minutes.
Approximately 50 ml of water is eventually required for complete phase
separation.

5. After separation is complete, record the volume of fat.

9.2.1.4 Results and Discussion

1. The density of water can be taken as 1.000, that of acetone as 0.790 and
of canola oil as 0.927. Explain the observations on each stage of water
addition.

2. Assume the recovery of fat from this simple extraction is 80%. How does
the mass recovered compare with the nutrient facts on the label?

3. How many fire extinguishers were there in the room? (A marginal question
to find out how observant students are.)

4. Where can one find acetone in the ordinary household (nail polish
remover)?
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10.1 INTRODUCTION

In 1993 Drs. Ladell Crawford, Katrina Cornish and Glenn Fuller initiated the Agri-
cultural Sciences Academic Workshop at the Western Regional Research Center.
The purpose of the workshop is to introduce third-year high school students to a
broad variety of scientific experience, both as a community outreach effort and in
the hope of encouraging some to become interested in scientific careers. The two
local schools from which students are recruited include one with a high percentage
of minority students traditionally underrepresented in the sciences. The material
included in this chapter is presented as one 90-minute session of the approximately
15 sessions that the students attend. Additional information on this workshop can be
found at <http://www.ars.usda.gov/is/pr/2005/050209.0.albany.htm>.

10.2 FAT IN THE DIET

Most of the students are well-informed and have heard news reports describing the
health effects of certain fatty acids. The intention of the following discussion is to
illustrate some of the points that could help them understand what the news reports
are describing and how the different fatty acids play a role in maintaining health.
There is a considerable amount of information about dietary fat in the popular
media. Much of this information is related to health effects of fats, but the meaning
of terms presented in such articles is usually lacking. Yet, it is precisely the mean-
ing of such terms that helps an informed consumer make appropriate dietary deci-
sions. Examples of these terms include “trans-fats,” “saturated fats” and “omega-3
fats.” The structures of fatty acids that are frequently described in press releases are
presented in Figure 10.1. Although the student participants have all taken chemistry
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Stearic Acid: a Saturated Fatty Acid
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Arachidonic Acid

FIGURE 10.1 Common dietary fatty acids. (a) Saturated and monounsaturated (cis and
trans), (b) omega-3 polyunsaturated and (c) omega-6 polyunsaturated.
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courses, they often have very limited exposure to organic structures, especially for
molecules with as many atoms as a typical fatty acid. Graphical depictions of fatty
acid structures are often difficult to visualize, so it is important to have something
concrete that the students can handle. One choice is wire models; space-filling mod-
els are also useful. The main points to be illustrated are the similar structures of
saturated and trans fatty acids, the fact that fatty acids with cis double bonds are the
common unsaturated fatty acids and the effect of increasing numbers of cis double
bonds on the structure of unsaturated fatty acids. It should also be pointed out to
the students that molecules are not rigid; they generally rotate freely about single
bonds, so that the difference between saturated and unsaturated fatty acids is some
restricted rotation as limited by the rigid double bond.

There continues to be some controversy with regard to whether trans fats have
a similar effect on health as saturated fats, or if they are detrimental to health. The
purpose of the lecture is not to proselytize, but to present information that will
give the students the background to make informed decisions. Because the effects
of trans fatty acids remain controversial, this situation is generally described as
follows:

The USDA dietary recommendation for saturated fatty acids in the diet is to con-
sume less than 10% of the caloric intake, while total fat intake is recommended at a
level of 20-35%, depending on age and other factors http://www.health.gov/dietary-
guidelines/dga2003/recommendations.htm. Saturated fats are found in dairy and meat
products at a high percent of fat content, and are present in plant fats (vegetable oils)
generally at lower levels. Among the commonly consumed plant fats and oils, how-
ever, palm oil, coconut oil and cocoa butter (the fat present in chocolate) are high in
saturated fat content.

The trans fatty acids occur naturally in dairy products and in meat, to a very small
extent. They also occur naturally in some non-food seed oils, such as tung oil, used
as a drying oil, i.e., an oil that gradually oxidizes in air to provide an impenetrable
coating on materials such as wood. The major sources of trans fatty acids in the diet
are oils that have been partially hydrogenated to produce a solid fat. Cottonseed,
corn and soy oils are most often used to produce such vegetable shortenings, and
lard, which is solid fat from animals, may also be partially hydrogenated to improve
stability. Due to the geometry of the trans double bond, the structure and physical
properties of trans fatty acids resemble those of saturated fatty acids while, chemi-
cally, they are unsaturated fatty acids. The trans fatty acid elaidic acid has a melting
point of 43°C and forms a solid fat at room temperature, as does stearic acid with
a melting point of 68°C, while the cis fatty acid oleic acid has a melting point of
13°C and forms a (liquid) oil at room temperature. Thus, prior to the requirement
for specifically labeling the trans fat content of foods, they would be included with
the unsaturated fat content, and one would have to assume their presence if the food
contained a partially hydrogenated fat. The perceived benefit of these fats was as an
oxidatively stable replacement in baked or fried products for lard or butter, which
contain cholesterol.

The beneficial unsaturated fatty acids contain cis double bonds that dramati-
cally alter the structure when compared with saturated fatty acids. The melting
points of a fat will be lower with increasing proportion of unsaturated to saturated
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fatty acids or higher content of polyunsaturated fatty acids. While olive oil is often
considered to be one of the better food oils for health, other vegetable oils contain
greater amounts of the essential fatty acids linoleic (omega-6) and linolenic (omega-
3) acids. In recent years, the fatty acids eicosapentaenoic acid (EPA) and docosa-
hexaenoic acid (DHA), both omega-3, have been shown to be especially important
in fetal brain development and maintenance of healthy neural and vascular systems.
The dietary source of these fatty acids is fish, though they are actually derived from
the algae and phytoplankton that fish feed on. Arachidonic acid (AA), an omega-6,
is important in balance with EPA and DHA, also playing a role in neural and vascu-
lar responses. Dietary sources of AA include some animal products and some fungi.
The DHA and EPA are also produced in humans from alpha-linolenic acid, but not
efficiently, while AA is produced from gamma linolenic acid, which is present in
oils from borage seed, evening primrose seed and blackberry seed.

Fat consumption continues to be a focus of health research, with excessive con-
sumption of saturated and trans fats associated with type 2 diabetes, metabolic
syndrome, fatty liver, elevated cholesterol associated with low density lipoprotein
(LDL cholesterol), reduced cholesterol associated with high density lipoprotein
(HDL cholesterol), and atherosclerosis. On the other hand, consumption of oils con-
taining beneficial fatty acids is associated with improved neural and circulatory
condition, reduced levels of chronic inflammation, improved skin health and bet-
ter health overall. It is important to point out that the results of research on health
benefits of different fatty acids frequently receive publicity and continue to prog-
ress, and occasionally the conclusions drawn from this research contradict previous
conclusions.

10.3 FATS IN FOOD

Fat adds flavor, texture and calories to food. It also provides a cooking medium for
frying, sautéeing and deep-fat frying. This latter medium can add considerably to
the fat content of the product and, depending on the oil used, provide beneficial
or detrimental nutritional quality. The fat content of a food product can be simply
illustrated by extracting the fat from potato chips. The fat extraction can be done in
different ways, depending on the time devoted to it. We have used solvent extraction
and supercritical CO, extraction of fat. The latter apparatus is not likely to be avail-
able in many laboratories, so the extraction procedure described is the most gen-
eral approach. Acetone (all laboratory experiments are conducted with students and
instructor wearing laboratory coats, protective eye wear, and gloves when needed)
is used as the extraction solvent and the extraction can take two forms:

1. Individual experiments, where students are each given a tube with 1 g of
crushed chip. They add 5 ml of acetone, extract in a capped tube heated
for 30 min, then centrifuge, remove the solvent and evaporate it in a hood
under a stream of nitrogen. We do this qualitatively, and a high-fat content
chip leaves a significant oily residue. This can be done quantitatively by
letting the students weigh the chip and then the extracted oil. The compari-
sons that can be done include deep-fat-fried chips and baked (low-fat), or
chips fried in partially hydrogenated fats.
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2. For a more graphic display, a larger portion of chips, 25 g, is extracted in
250 ml acetone under reflux, the extract filtered and solvent removed by
rotary evaporation. This approach has the advantage of generating a con-
siderable volume of oily residue and allows a good visual comparison of
the difference between deep-fried and baked chips.

The reader is referred to Chapter 9 for a detailed protocol on the extraction of fat
from potato chips.

Some lipids have properties that allow mixing of normally immiscible liquids.
This property is called emulsification, and one naturally occurring emulsifier is
phospholipid, a major component of egg yolks, as well as a minor component of seed
oils prior to refining. The common name for phospholipid is lecithin. One example
of the use of egg yolk as an emulsifier is in making mayonnaise. The most conve-
nient way to make mayonnaise in a laboratory setting is by blender, adding lemon
juice or vinegar to the blender, egg yolk and a small amount of cream of tartar,
and slowly adding oil until it thickens to the proper consistency. The volume of oil
needed depends on the volume of egg yolk (lecithin content), vinegar or lemon juice,
the acidity and possibly the type of oil used. As a rough guide, the egg yolk from a
large egg will emulsify approximately 200 ml oil. Because of the potential hazard
of Salmonella contamination of the egg, it is not a good idea to sample the mayon-
naise. If it is desired to sample the mayonnaise, the egg yolks should be pasteurized
by combining them with water, vinegar, and lemon juice and heating briefly to 65°C
as described on http://www.chefdecuisine.com/course/sauce/MAYONNAISE.asp.
Alternatively, pasteurized egg yolks can be purchased.

Fat also affects the texture of many foods, and one of the most desired textures
is the “melt in the mouth” feeling. One simple, and always very popular, example
of this phenomenon is chocolate. The chocolate used in this experiment is limited
to that containing only cocoa butter, not dairy butter, vegetable oils or partially
hydrogenated fats. This is mainly to limit the discussion to the unusual composition
of cocoa butter, which is primarily composed of a single species of triacylglycerol
containing palmitate, oleate and stearate, with oleate mainly in the sn-2 position
(Figure 10.2). As a result of this arrangement, there is high saturated fat content
and the melting point of cocoa butter is relatively high, corresponding to near body
temperature. Moreover, the fact that a single species of triacylglycerol makes up
most of the cocoa butter gives it a relatively sharp melting point, which disperses the
flavor components as the chocolate melts in the mouth. The combination of mouth
feel and flavor account for the popularity of chocolate. While recent reports ascribe

FIGURE 10.2 Major component of cocoa butter:1-palmitoyl-, 2-oleoyl-, 3-stearoyl-glycerol.
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health benefits to dark chocolate, the high saturated fatty acid content must also be
kept in mind.

Although the following experiment has not been included in the curriculum,
it is one of the demonstrations put on by the local American Chemical Society for
middle school students and parents during National Chemistry Week. It also illus-
trates the value of fat as a delivery system for flavor. The recipe for liquid nitrogen
ice cream was provided by Dr. Alex Madonik of the American Chemists Society,
California Section, National Chemistry Week organizer. There are also similar reci-
pes available on the Internet.

The following recipe produces 1.25 gallons of ice cream. Because liquid nitro-
gen is used to freeze the mix, protective gloves and eyewear must be worn.

4 cups of sugar

1 quart half and half

1 quart whole milk

1 pint whipping cream

2 tablespoons lemon juice

% cup frozen orange juice concentrate

2 10-ounce packages of frozen raspberries

The ingredients are combined, then 4-5 liters of liquid nitrogen are added with rapid
stirring. The rapid freezing prevents formation of large ice crystals and provides a
finely dispersed solid suspension of fat particles and aqueous flavor components that
impart the creamy sensation with flavor delivery.

10.4 INDUSTRIAL USES OF OILS

Probably the major nonfood use of fats and oils is in production of soaps and deter-
gents. Students in this course especially value hands-on experiments, and the soap
produced is used by the students to wash their hands. As ordinary as this may seem,
seeing soap made and “testing” the end result is one of the more popular experi-
ments. It can also be pointed out that soaps form a deposit in hard water and are
not as effective, while many detergents can foam effectively in the presence of the
minerals that cause water hardness.

To produce soap, we use coconut oil, because coconut soap produces plenti-
ful suds, even in the presence of some salt, and has a mild, pleasant odor. Coconut
oil contains about 50% lauric acid, a saturated fatty acid, and as a result is solid,
so it must first be melted by warming its container in warm water. Then, 225 g of
the liquid oil are added to a beaker, with 750 ml water and 48 g sodium hydroxide
(NaOH). The amount of NaOH is based on the amount of base needed to hydrolyze
(saponify) the coconut oil to completion, assuming it is all trilaurin (Figure 10.3).
Because palmitic and oleic acids are also present, it should be remembered that the
NaOH is in excess. The mixture is heated at 80°C and stirred rapidly on a heater
equipped with magnetic stirring capability until the saponification is complete, at
which point there will be no oil on the surface when stirring is stopped. This process
takes 2—4 hours, depending on the rate of stirring. The soap is salted out by addi-
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FIGURE 10.3 Saponification of trilaurin, a major component of coconut oil.

tion of 78 g sodium chloride (NaCl) with rapid stirring, then slow addition of 106 g
NaCl. This is approximately a saturating amount of NaCl. The mixture is allowed
to settle overnight, and the soap forms a solid layer on top of the salt solution. The
soap is re-dissolved in 750 ml water by heating to 80°C and stirring on a heating
magnetic stirrer, and salting out the soap as before. The soap block formed can be
cut into smaller pieces that the students can use to wash their hands. For purposes
of demonstration, the soap is prepared ahead of time, and on the day of the class,
one reaction is brought to completion to demonstrate the salting-out process, and a
second reaction is set up and heated just before the class begins, in order to show the
early stage with a layer of oil on top of the container.

Soaps and detergents work because they interact with water and organic phases,
thus helping to disperse organic soluble residues in water. Because water itself has
a high surface tension, it does not readily interact with all types of stains, but soaps
and detergents reduce the surface tension of water so that it can more readily inter-
act with stains. In addition to washing hands with soap, the effect on surface tension
can be illustrated by blowing bubbles. Bubble solutions are commercially available,
but can also be made by adding equal parts of liquid dishwashing detergent, glyc-
erol and water.

Another important industrial use of fats and oils is in lubricants. An important
quality of lubricants is viscosity, and among the lubricants obtained from renewable
resources, the viscosity of castor oil, as a result of its hydroxy fatty acid content,
is very high compared with “normal” vegetable oils. Castor oil is 90% ricinoleate,
12-hydroxy oleic acid (Figure 10.4), and the interchain hydrogen bonding results in
considerable “resistance to slipperiness,” as Newton defined viscosity.

Falling ball viscometry is the simplest way of comparing the viscosity of castor
oil with, e.g., canola oil. A toy marble, 1 cm in diameter, is of suitable density and
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FIGURE 10.4 Ricinoleic acid.
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size to use in the demonstration. 100- to 250-ml graduate cylinders are filled with
castor or canola oil, marbles of the same size and weight are dropped simultaneously
into each cylinder and the rate of fall observed. This demonstration is done strictly
on a qualitative basis, as the rate of fall through canola or other food oils is too rapid
to measure accurately without sophisticated instrumentation. On the other hand, the
marble floats very slowly through the castor oil. Because both oils are safe, this is
another hands-on experiment for the students.

Biofuels are becoming increasingly important worldwide. As petroleum fuels
become more expensive and pollution a greater problem, fuels such as ethanol and
biodiesel, which are derived from renewable resources, are supplementing gasoline,
diesel fuel and heating oil.

Biodiesel can be made from vegetable oils by a process similar to soapmaking.
We illustrate the ability to use vegetable oils or fats for fuel more simply by burning
them shaped as a candle. Vegetable oils can be placed in a small cup or shotglass, a
wick made from cotton string dipped in the oil, and the wick supported by pulling
through aluminum foil covering the glass. A candle can be made from solid fat by
inserting a wick into a container holding the fat. Any oil can be used in the glass; an
aroma component can be added as well. We have made a candle from Crisco, which
burns with a very smoky flame.

10.5 CONCLUSION

This course is designed to introduce students to a variety of scientific concepts that
could spark their interest in science, or at least make science more relevant to their
daily lives. The role of fats and oils in the diet as well as their nonfood uses can be
illustrated through a number of simple, generally safe experiments that can be car-
ried out at minimum expense.
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11.1  INTRODUCTION

Lipids are the most difficult food components to assess for quality, and conversely,
they affect the quality and nutritional value of foods the most. Lipid components are
prone to oxidative degradation, generally leading to the formation of off-flavors and
potential toxic compounds. Formed oxidation products may have detrimental health
effects and stimulate free radical formation in living organisms. Yet nutritionally,
many lipids are essential and required nutrients in our daily diet.

Teaching about lipid quality, and indirectly about food product quality and
nutritional value, provides an opportunity to combine analytical data with the
description of quality and nutritional factors. Standard analytical procedures offer
a variety of assessments to evaluate and describe quality, level of degradation and
nutritional value. Measuring the degree of oxidative degradation, including off-
flavor components and composition of food lipids, provides data describing quality,
safety and nutritional value of fats and oils, and, indirectly, foods containing these
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lipids. Chemical assessment of oxidative degradation such as peroxide value and
p-anisidine value offers a partial quantification of primary and secondary oxidation
products, respectively. However, the products measured by these methods are inter-
mediates that further degrade to form a variety of products that are not assessed by
these methods. Measuring off-flavor components provides data about the degree of
oxidative degradation of oil or fat and is directly related to a sensory assessment
ultimately used by consumers to assess oil quality.

The assessment of the nutritional factors of oils and fats is achieved by deter-
mining the amounts and composition of fatty acids, tocopherols, off-flavor compo-
nents, and primary and secondary oxidation products. Quantifying the amount and
composition of antioxidants offers information describing the extent of oxidative
degradation, because these components are affected first by this process.

The exercises described here provide students with unique opportunities to
learn how to perform analyses using standardized procedures, how to interpret data
and how to find the degree of usefulness of analytical results in describing quality,
nutritional value and potential health impact of lipids.

11.2  MATERIALS AND METHODS

11.2.1  MATERIALS

The numbers of samples analyzed in these exercises are different for undergraduate
and graduate students. Undergraduate students receive two coded fresh and aged
oils for analysis; class size dictates whether students work individually or in groups.
Graduate students always work individually and each student receives two sets of
four coded fresh and aged oil and fat samples. All samples are assigned randomly
to students to assure that each sample is run in quadruplication. Aged samples are
prepared by storing fresh oils and fats under controlled conditions at 65°C for 5 days
in open glass containers with surface-to-volume ratio at 1.

11.2.2 METHODS

The goals for all these exercises is to make students aware that only standardized
and approved methods are acceptable for quality assessment. In these assessments
the following methods are utilized:

11.2.2.1 Fatty Acid Composition

In AOCS method Ce 1h-05! individual fatty acids and their isomers are assessed as
methyl ester and the separations are carried on a gas chromatograph (GS) equipped
with capillary column. Methyl heptadecenoate (17:1) or methyl heneicosanoate
(21:0) are used as internal standards to quantify the fatty acid composition. The
methylation procedure is modified to use sodium methoxide as catalyst. Individual
fatty acid isomers are identified by comparing the retention time and relative reten-
tion data of separated peaks with that of standards using the same chromatographic
conditions. For each set of analyzed samples, response factor for each fatty acid is
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established by running quantitative mixtures of standards at different concentration
(AOCS Ce 1h-05).

11.2.2.2 Tocopherols

AOCS method Ce 8-892? was modified applying a different mobile phase containing
5% tert butyl methyl ether in hexane. This mobile phase provides very stable reten-
tion times and offers better separation of all tocopherol and tocotrienol isomers,
including plastochromanol-8. The latter is a derivative of gamma tocotrienol with
its side chain twice as long. Separation of the chromanols is performed on a normal
phase HPLC using a column packed with silica (250 mm x 3.0 mm; 3 pm). A fluo-
rescent detector is used with an excitation lamp operating continuously for detec-
tion of tocopherols. Fluorescent detectors utilizing strobe-type lamps for excitation
requires a large sample of oils because the detector is 20 to 50 times less sensitive.
For quantification, each individual tocopherol isomer needs to be calibrated sepa-
rately due to its different response factor.

11.2.2.3 Peroxide Value

AOCS method Cd 8b-902was used. In the standard method, during titration starch
was used as the indicator, which was replaced by the potentiometric end-point mea-
surement utilizing a platinum electrode. The end point is achieved when a reading
of 75 mV is accomplished during titration.

11.2.2.4 p-Anisidine Value
AOCS method Cd 18-902 was used without any modification.

11.2.2.5 Flavor Components

Flavor components were analyzed using an internal trap system developed in our
laboratory and installed in the GC.2 In this system flavor components are trans-
ferred directly from oil samples onto SPB-5 capillary column (60 m x 0.32 mm,
0.5 um phase thickness, Supelco), on which compounds are separated. The method
eliminates intermediate steps and adsorbents usually used to isolate volatile com-
ponents. For quantification, an internal standard such as dodecane in oil is applied.
For all analyzed components the response factors are calculated similarly to that of
fatty acids; see discussion above.

11.2.2.6 Sensory Analysis

Every student is trained to become a panelist, and attendance for the sensory ses-
sions is obligatory. Qils are presented to sensory panelists in random order to assess
the intensity of rancid odor. For evaluation of rancid odor intensity, a 15-point scale
is used, where 0 represents no odor and 15 a very strong odor. For each assessment
of rancid odor intensity a reference sample is used to provide reference intensity on
scale. As reference, canola oil stored at 65°C for 6 days at surface-to-volume ratio
of 0.5 is used to provide intensity of rancid odor at value of 8 on the scale used.
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Graduate students additionally performed descriptive sensory assessment, using
typical terminology usually applied for vegetable oils.

11.2.2.7 Students’ Assignment

Undergraduate students analyze oils for fatty acid composition, peroxide value,
flavor components composition and amount, and sensory assessment. Graduate
students analyze oils for all parameters discussed for undergraduate students, plus
they carry out identification of the oil or fat source using the composition of fatty
acids and tocopherols as indicators. Also, these students perform statistical analysis
based on fatty acid composition data to assess reproducibility and accuracy of the
methods used.

TABLE 11.1
Fatty Acid Composition of Selected Oils

Oil
Fatty Acid (FA)  Palm Olein  Canola  Mid Oleic Sunflower = Hydrogenated Canola

C12:0 0.30

C14:0 1.03

C15:0 0.04

C16:0 39.23 4.18 4.30 4.65
C16:1 0.19 0.23 0.09 0.17
C17:0 0.10 0.14 0.05 0.09
C18:0 4.15 1.85 3.71 4.23
C18:1trans 0.10 0.13 0.38 26.68
C18:1 42.73 60.64 59.56 51.89
C18:2trans 0.28 0.37 0.30 7.87
C18:2n-6 10.89 19.58 29.14 2.64
C18:3trans 0.07 1.60 0.07 0.40
C18:3n-3 0.20 8.49 0.68 0.14
C20:0 0.35 0.63 0.30 0.63
C20:1 0.14 1.30 0.26 1.08
C22:0 0.06 0.35 0.79 0.35
C24:0 0.07 0.15 0.26 0.16
C24:1 0.04 0.20 0.04 0.17
Groups

trans 0.45 2.10 0.75 34.95
SAT 45.32 7.29 9.42 10.13
MUFA 43.11 62.36 59.96 53.31
PUFA 11.08 28.07 29.82 2.78
n-3 0.20 8.49 0.68 0.14
n-6 10.89 19.58 29.14 2.64

n-6/n-3 55 3 43 19
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11.3 WORKING WITH RESULTS

Results from gas chromatography and HPLC analyses were calculated and tabulated
to provide quantitative data for fatty acid composition, content of off-flavor compo-
nents and tocopherols. Saturated, monounsaturated and polyunsaturated fatty acids
(PUFAS) present in foods affect human metabolism differently, and also some fatty
acids are essential. Omega-3 and omega-6 fatty acids share the same enzymes in
their metabolism to eicosanoids and prostaglandins; the ratio between these two
groups of essential fatty acids is an important factor to be considered in nutritional
assessment.* Examples of some oils’ composition are compiled in Table 11.1.
Oxidation, where mainly unsaturated fatty acids are involved and a variety of
degradation products formed, is the main degradation process of lipids. Off-flavor
components formed during oxidation are responsible for the rancid odor of oil that
affects perception of quality negatively. The presence of off-flavor components is
identified using gas chromatography by comparing the retention time and relative
retention time to known standards, while their content using internal standards is
determined. The actual chromatograms of the off-flavor components are usually
very complex, and to make the interpretation easier, only the main off-flavor compo-
nents are used for assessment as represented in Figure 11.1. These include hexanal,
nonanal, total amount of off-flavor components and anisidine value; all represent
the formation of secondary oxidation products in fresh and aged oils (Figure 11.1).
Anisidine value is measuring nonvolatile carbonyl components formed as second-
ary oxidative degradation products; carbonyls are the main compounds of oxidative
degradation. The same oils are assessed for intensity of rancidity by a sensory panel,
and the data acquired are presented as a bar graph with their errors of estimation
(Figure 11.2). Sensory data were statistically analyzed to assess the accuracy and
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FIGURE 11.1 Formation of oxidative degradation products during canola oil aging.
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FIGURE 11.2 Intensity of rancid odor in canola oils. Error bars represent standard devia-
tions for 4-12 replicates.

distribution. Graduate students performed descriptive sensory analyses to evaluate
not only rancid odor intensity but also the type of other odors in the oil samples.

The natural antioxidants such as tocopherols are typically measured using nor-
mal phase HPLC with fluorescence detection. Typical separations of tocopherol iso-
mers present in selected oils are presented in Figure 11.3. The tocopherol isomers
were quantified using calibration for each individual isomer. The total amounts
and the amount of individual isomers of tocopherols are presented in Table 11.2.
Changes of tocopherol content are evident by examining oils with different degrees
of oxidative degradation (Figure 11.4). Measurement of the amount of tocopherols
further complements the description of an oil oxidation status. The need to measure
degradation of individual tocopherol isomers is related to their different oxidative
degradation rate.

Graduate students identify the origin of oils using the fatty acid and tocopherol
composition as the main base, and compare them to an available database of the
compositions of oils and fats. The final step in the analysis for the graduate students
involves a statistical assessment of accuracy and reproducibility of the applied ana-
lytical procedures.

11.4 FINDING AND DESCRIBING RELATIONSHIPS

After completion and tabulation of the results, the nutritional significance of these
findings can be assessed and related to the measured parameters and the nutritional
quality of the oils. Students are required to prepare a report relating current knowl-
edge of human nutrition to the results obtained in these exercises. In the report,
students are asked to address the following topics:
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1. Provide a brief description and discuss the bases of the analytical proce-
dures applied.

2. Explain the information each measured parameter provides and what it
means in oil.

3. Discuss the relationship between fatty acid composition and nutritional
quality of oil.

4. Discuss how the composition of vegetable oil can be used to establish the
origin of the oils.

5. What does the tocopherol content and composition tell you about the oil?
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TABLE 11.2
Composition and Content of Tocopherols in Selected Oils (ppm)

Oils
Tocopherol Palm Olein  Canola  Mid Oleic Sunflower  Hydrogenated Canola
a-Tocopherol 180 289 786 276
B-Tocopherol 18
y-Tocopherol 486 46 512
8-Tocopherol
Others* 1020
Total Tocopherols 1200 775 850 788

*Qthers—include isomers of tocotrienol

6. Describe the relationship between the presence of peroxides and carbonyls
as measured by peroxide and anisidine values, respectively, and oil quality
and nutritional value.

7. What is the relationship among sensory data, oxidative degradation mea-
surements and nutritional quality of vegetable oils?

8. How would you translate compositional data and other measured param-
eters into nutritional information/recommendation for consumers? Sub-
stantiate your approach.
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FIGURE 11.4 Changes in tocopherol during aging of canola oil.
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Addressing these topics requires a detailed explanation of the analytical results
produced during the assessment of the oils and their nutritional relevance. In devel-
oping the report, students need to discuss the relationship between the parameters
assessed using the analytical procedures and the nutritional impact of these find-
ings. Students are also encouraged to develop conclusions in the form of recommen-
dations for consumers that take into consideration the relevant information acquired
in the quality assessment exercises.

In the report, the relationship between the fatty acid compositions and human
health needs to be discussed, particularly as it applies to the amount of the essential
fatty acids.* Saturated, monounsaturated and polyunsaturated fatty acids all affect
blood cholesterol levels and development of heart and other diseases differently.®

Treating all polyunsaturated fatty acids the same is incorrect. There are two
well-recognized groups of essential fatty acids, n-6 and n-3; each of them has a dif-
ferent metabolic effect on the human body. Recommended ratios between these two
groups of PUFAs (n-6/n-3) should be within 3 to 5 to assure proper balance among
metabolites produced from each group. It is well documented that both groups
of fatty acids are metabolized by elongation and desaturation, utilizing the same
enzymes to produce important eicosanoid and prostaglandins. The later metabolites
are involved in the regulation of many physiological functions in the human body.*5
An improper balance of these fatty acids will cause a deficiency of one of the eico-
sanoids, resulting in physiological and biochemical abnormalities in humans.

The North American diet is generally overloaded with n-6 fatty acids, particu-
larly linoleic acid, which is the main PUFA in most commercial oils and fats used
in food formulation and preparation.> Avoidance of omega-3 fatty acids, mainly
linolenic acid, is related to the fact that linolenic acid oxidizes at about twice the
rate of linoleic acid, causing earlier formation of rancidity and lower stability of
food. Formulators generally avoid addition of oils with linolenic acid content higher
than 2% in foods that have led to a deficiency of this group of essential fatty acids in
our diets.> In addition to fatty acids, this exercise also includes analysis of tocoph-
erols, natural antioxidants mainly produced by plants, which serve as the most effi-
cient antioxidants available to humans.* Nutritional considerations of vegetable oils
need to include the content and type of natural antioxidants present in oils to better
describe their nutritional properties. Based on the results of oil composition, the
student is encouraged to formulate nutritional recommendations.

Oxidation can greatly affect the quality of a vegetable oil, which is evidenced
by a reduction in the amounts of polyunsaturated fatty acids and tocopherols, the
production of oxidation products and the formation of off-flavor components. It has
been well documented that oxidation of unsaturated fatty acids can produce com-
ponents that have detrimental effects on human health. Measuring the presence and
the amount of oxidative degradation components adds information about the quality
of oils and their applicability as food, ingredient in food formulation and medium
for food preparation. Analyses of off-flavor components, peroxide and anisidine
value describe the status of a vegetable oil, thus facilitating the choice of which fat
or oil to be used in food applications.

In addition to all analyses for undergraduates, a more in-depth analysis and
interpretation is expected from graduate students. They are expected to identify
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the origin of the oil and fat samples provided, perform statistical analysis using the
analytical data obtained and critically review the analytical methods applied.

Identification of an oil origin is based on the fatty acid and tocopherol content
and composition. Each sample of oil has a characteristic composition of fatty acids
and tocopherols, utilizing available databases of composition of oils; it is possible to
establish the origin of oils with confidence, assuming the oil is not extensively oxi-
dized or modified. Recent developments in plant breeding and genetic modification
have altered the fatty acid profile of a number of commercial oils, making their iden-
tification based solely on the fatty acid composition more difficult. Consequently,
other factors such as the tocopherol or sterol content and composition need to be
considered for origin identification that is usually less affected by the modification.

Statistical evaluation of analytical procedure is based on examination of cumu-
lative data produced by all students for particular oils. The exercise is designed
in such a way that four different students or operators assess the same oil sample.
Utilizing at least four replications for all oils analyzed, basic statistical analysis can
be performed to assess the accuracy and reproducibility for each analytical proce-
dure used in the exercise. Following statistical analysis, graduate students are asked
to critically assess the methods for validity and potential problems in performing
procedure. The graduate students are also encouraged to suggest improved methods
of these analyses and how these new approaches will offer a better characterization
of fats and oils.

The described exercises provide the students with hands-on experience when
performing analyses as prescribed by approved analytical procedures. The most
valuable experience for students is in the interpretation of results and finding rela-
tionships of how measured values obtained using the analytical methods relate to
human metabolism and health. This process allows students to formulate nutritional
recommendations, and describe and determine characteristics of vegetable oils that
are beneficial to human nutrition. Some of the analytical processes are more com-
plex and will need some specialized equipment. A good knowledge of nutrition and
analytical chemistry is required to recognize the evidence one obtains from these
exercises, to more fully assess the quality of oils used in food products and to appre-
ciate the affects on human nutrition and health.
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12.1 INTRODUCTION

The analysis of blood lipids constitutes an important adjunct to clinical diagnosis of
hypercholesterolemia and hypertriglyceridemia, which are believed to be important
risk factors for heart disease and stroke.! Various chemical and enzymatic methods
have been utilized in the determination of plasma lipids, some of which have been
automated and are currently widely applied.? The development of direct gas—liquid
chromatography (GLC) analysis of total lipid extracts of plasma or serum is based
on a successful chromatography of the individual components of the plasma total
lipid mixture.® Due to the advantageous distribution of the molecular weights and
functional groups of the neutral lipid moieties, the plasma lipids are especially well
suited for programmed temperature resolution on nonpolar GLC columns. For opti-
mum resolution and recovery, the lipid extracts of whole plasma or individual lipo-
protein classes are subjected to dephosphorylation and trimethylsilylation (TMS)
prior to GLC. Specifically, the GLC resolution provides a quantitative estimate of
plasma cholesterol, triacylglycerols and phospholipids, along with the degree of
unsaturation of the major fatty acid moieties. This approach to the quantitative GLC
analysis of plasma lipids, which was originally proposed over 30 years ago,* has
been extensively utilized in plasma lipid analyses in health and disease, and the
results have been reviewed.?

High temperature GLC profiling of plasma lipids was introduced in the Advanced
Biochemistry Laboratory at the University of Toronto some 35 years ago as a means
of stimulating student interest in lipid metabolism and in lipid research. A rapid
high temperature GLC resolution and quantification of all major plasma lipid classes
was initially performed on each student’s own blood sample and secured undivided
interest of the class, although at some loss of privacy of the clinical information.
Later, when individual blood letting was discontinued, the exercise was continued
using either commercial plasma samples or outdated plasma samples supplied by a
local hospital.

This chapter provides a detailed account of the methodology, typical results
obtained and some personal observations made over a 30-year period of teaching
plasma lipid profiling to the Advanced Biochemistry Laboratory at the University
of Toronto.

12.2 METHODS AND MATERIALS

The high temperature profiling of intact plasma lipids by GLC was based on an early
discovery of a successful molecular weight resolution of natural triacylglycerols.®
Several factors have since been recognized as critical for effective high molecular
weight lipid ester profiling, including a short column, nonpolar liquid phase, on-
column injection and temperature programming. Important refinements constituted
optimal sample load, flame ionization detection and nature of carrier gas.”

12.2.1 GAs CHROMATOGRAPHIC SYSTEM

The original experiments were performed with a Hewlett-Packard Model 5700
Automatic Gas Chromatograph, equipped with a short packed stainless steel col-
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umn and a hydrogen flame ionization detector (Hewlett-Packard, Palo Alto, CA). In
parallel, a Varian Model 2700 Moduline gas chromatograph (Varian Instruments,
Bremen, Germany) coupled to a Varian MAT CH-5 single focusing mass spectrom-
eter was utilized for peak identification. A 60 cm x 2 mm ID glass column packed
with 3% OV-1 on Gas Chrom Q was substituted for the stainless steel tube. Eventu-
ally, a Hewlett-Packard Model 5880 Capillary Gas Chromatograph equipped with a
short flexible quartz column was used for demonstration of the potential of capillary
GLC for plasma lipid profiling.

12.2.1.1 Column Selection

Initially, short (50 cm x 2 mm ID) stainless steel columns were used for durability.
The columns were filled in the laboratory with a porous support consisting of a
flux-calcined diatomaceous earth (100—120 mesh), which had been rendered hydro-
phobic with trimethylchlorosilane and then coated with a thin film (1-3%, w/w) of a
methylsiloxane polymer. Such packings later became commercially available under
a variety of trade names, including SE-30, JXR, OV-1 on Gas Chrom Q (Applied
Science Labs., Inc.) or Supelcoport (Supelco Inc.) or equivalent preparations. The
columns were connected directly to 1/8 in. unheated on-column injector and 1/8 in.
detector connectors.

Following overnight heating at maximum operating temperature under full flow
of carrier gas, these columns possessed low vapor pressure and gave a stable baseline
in the 200 to 340°C temperature range. Other methyl silicone polymers performed
similarly, although the time of conditioning varied. Longer column lengths decreased
recovery of the higher molecular weight components, while shorter column lengths
impaired resolution of peaks. Only minor improvement in the peak shape and recov-
ery was observed by substituting glass for stainless steel as column material.

Eventually, plasma total lipid profiling (as a demonstration) was performed on
short lengths (8 m) wide-bore (0.32 mm ID) flexible quartz capillary columns coated
with chemically bonded SE-54 methylphenylsilicone liquid phase (Hewlett-Packard,
Model 5880 Gas Chromatograph). The longer, more efficient columns gave further
separation by carbon number, which practically eliminated lipid class overlaps.

12.2.1.2 Choice of Carrier Gas

The low resolution of the lipid classes possible on the short packed columns can be
readily achieved with nitrogen as a carrier gas, although helium has been shown to
provide notable improvement for the separation and recovery of the higher molecu-
lar weight triacylglycerols. Hydrogen is better suited for the longer packed columns
and capillary columns. The use of hydrogen as a carrier gas requires precaution, as
it constitutes an explosion hazard in a confined area. However, the use of hydrogen
flame ionization detection, which is absolutely necessary for lipid profiling, also
releases hydrogen in the environment. Elution times decrease and peak recovery
increases with increasing flow rate. However, separation efficiency may decrease.
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12.2.1.3 Temperature Programming

Prior to use, the columns were conditioned at 350°C for 3 hours. The carrier gas
(N,) flow was 40 ml/min with a hydrogen flow adjusted to 30 ml/min and the air
flow set at 240 ml/min. The GLC separations were routinely made by temperature
programming from 175-350°C at 4°C/min or 8°C/min, with the columns in a dual
compensating mode. For capillary GLC on nonpolar columns, stepwise temperature
programming was best, for example, 40°C (isothermal for 5 min); then 30°C/min to
150°C; then 20°C/min to 230°C; then 10°C/min to 280°C; then 50°C/min to 340°C;
then holding to the end of the run. For GLC on polar capillary columns, the tem-
perature program was modified further: 40°C—290°C, ballistic; 290°C, isothermal
for 5 min; 290-330°C, 10°C/min; 330-360°C, 5°C/min.

12.2.2 LipiD STANDARDS

The plasma lipid profiling was standardized by analyzing a synthetic sample of
plasma lipids obtained by combining free fatty acids (FFAs), monoacylglycerols,
free cholesterol, diacylglycerols, ceramides, cholesteryl esters and triacylglycerols
in the proportions in which they are known to occur in normolipemic plasma. In
addition, real plasma samples of known content of free and total cholesterol and
triacylglycerols (Reference Laboratory of the Lipid Research Clinics Program,
Atlanta, GA; or a commercial supplier) served as secondary controls. Both types
of standards were resolved and quantified in the presence of the internal standard
tridecanoylglycerol added at 10% level of the total lipid prior to sample digestion
with phospholipase C and trimethylsilylation.

12.2.1  SYNTHETIC PLASMA LiPID STANDARD

The synthetic plasma lipid samples were prepared by weighing out a minimum of
10 mg of each lipid and dissolving it in 100 mL of chloroform in a screw cap volu-
metric flask and combining appropriate volumes of not less than 1 mL each to give
the desired proportions. The absolute concentration of each lipid ranged from 0.1 to
100 pg/uL of the final solution.

12.2.2  SELECTION OF INTERNAL STANDARD

The internal standard was selected to approximate the physical and chemical prop-
erties of the major lipid classes in the sample and possessing a chromatographic
retention time well within the midrange of the elution times of the major plasma
lipid components. These conditions were met by both tridecanoylglycerol and cho-
lesteryl acetate, neither of which tended to overlap with the common plasma lipid
components. Tridecanoylglycerol was selected as the standard because of stability
and availability in high condition of purity. It was diluted to 100 pug/mL in chloro-
form. The absolute concentration of the tridecanoylglycerol internal standard was
maintained at 1 pg/uL.
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12.2.2.3 Analyses of Fatty Acids

Aliquots of a Folch extract of plasma total lipids were separated into lipid classes by
preparative thin-layer chromatography (TLC) and each lipid fraction was scraped
from the plate and transesterified in 3N methanolic HCl in a sealed vial under nitro-
gen atmosphere at 100°C for 45 min.* The resulting fatty acid methyl esters were
extracted with hexane and the extracts reduced to small volume for GLC. The fatty
acid methyl esters were quantified by GLC using a polar liquid phase. The quantita-
tive results were compared with published fatty acid composition of plasma neutral
lipids and phospholipids, and the significance of the findings discussed.

12.2.3 TotAL PLAsmA LipiDs

For the present purposes, total plasma lipids consist of FFAs, neutral lipids and
the neutral lipid moieties of the plasma glycerophospholipids and sphingomyelins.
When expressed on a mol% basis, these compounds provide true molar proportions
of the total plasma lipids. It is recognized, however, that free diacylglycerols and
free ceramides occasionally found in plasma in detectable amounts could overlap
with the diacylglycerols and ceramides released from phospholipids by phospholi-
pase C and thus lead to an overestimation of the plasma phospholipid content.

12.2.3.1 Enzymatic Dephosphorylation

Ethylene diamine tetraacetate (EDTA) (0.01%) plasma or serum (0.1-1.0 mL) was
added to a screw-cap centrifuge tube (18 mL capacity) containing 0.2—-0.4 mg phos-
pholipase C (a-toxin of Clostridium welchii, Sigma Chemical Co., St. Louis, MO)
in 4 mL of 17.5 mM tris buffer pH 7.3 along with 1.3 mL of 1% CaCl, and 1 mL of
diethyl ether, and the mixture incubated with shaking for 2 hours at 30°C.* To the
reaction mixture were then added 5 drops of 0.1 N HCI and it was extracted once
with 10 mL of chloroform/methanol 2:1 containing 150-250 pg tridecanoylglycerol
as internal standard. The solvent phases were separated by centrifugation for 10
min at 200 x g. The clear chloroform phase was removed from the bottom of the
tube and was dried by passing through a Pasteur pipet containing 2 g of anhydrous
Na,SO,. The effluent was evaporated under nitrogen and the residue subjected to
trimethylsilylation.

12.2.3.2 Zeolite Adsorption

Alternatively, the plasma samples were dephosphorylated by passing the chloroform
solution of a Folch extraction of the plasma sample through a Zeolite or another
silicic acid adsorbent column, which retained the phospholipids while allowing the
neutral lipids, as well as the FFAs, to pass through.® The effluent was collected,
diluted with internal standard and saved for trimethylsilylation. In this instance
the plasma total lipid profile would exclude the phospholipids, the determination of
which is not necessary for a simple clinical diagnosis of hypercholesterolemia and
hypertriglyceridemia.
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SCHEME 12.1 Summary of sample preparation. TMSCI, trimethylchlorosilane; HMDS,
hexamethyldisilazane.

12.2.3.3 Trimethylsilylation

For quantitative gas chromatographic analyses, the free hydroxyl groups of the ste-
rols, mono- and di-acylglycerols, and ceramides were converted into TMS ethers
and the carboxy groups of the FFAs into TMS esters*. For trimethylsilylation, appro-
priate volumes of the standards and unknowns were evaporated under nitrogen and
the residues dissolved in 150-250 pL of hexamethyldisilazane/trimethylchlorosi-
lane/pyridine (12:5:2, by vol) and transferred to a sampling vial and the vial sealed.
After 30 min at room temperature the silylation was complete and the samples ready
for GLC. The sample work-up is summarized in Scheme 12.1.

12.3 TOTAL LIPID PROFILING

2.3.1 RESOLUTION OF SYNTHETIC STANDARDS

Analysis of synthetic standards served to introduce the method to the student class
and to establish the optimum conditions of peak separation and recovery, as well
as to acquaint the class with the principles of peak identification and quantification.
Figure 12.1 shows a GLC separation of neutral lipids and FFAs on a nonpolar packed
column of short length.* It provides an excellent separation of a synthetic mixture
of lipids designed to mimic plasma lipids after digestion with phospholipase C (A).
The separation of an equal weight mixture of synthetic triacylgycerols and free cho-
lesterol provides a simple reference standard for completeness of trimethylsilylation
of cholesterol and the recoveries of the high molecular weight components (B).
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FIGURE 12.1 GLC of neutral lipids and FFAs on nonpolar packed columns of short
length.® (A) A synthetic mixture of lipids designed to mimic plasma lipids after digestion
with phospholipase C. (B) An equal weight mixture of synthetic triacylglycerols and free
cholesterol. Peak identification: 16 and 18, TMS esters of C,; and C,q fatty acids; 22 and 24,
TMS ethers of monoacylglycerols of C,; and C,4 fatty acids; 27-29, TMS ethers of choles-
terol, campesterol and sitosterol; 30, tridecanoylglycerol (internal standard); 34-38, TMS
ethers of dipalmitoyl, palmitoylstearoyl and distearoylglycerols; 43 and 45, cholesteryl pal-
mitate and stearate; 48-54, triacylglycerols of 48 to 54 total acyl carbons per molecule.
Instrument: Hewlett-Packard Model 5700 Automatic Gas Chromatograph equipped with a
flame ionization detector, unheated on-column injector, dual columns, differential electrom-
eter, electronic peak area integrator and an automatic sample injector. Columns: stainless
steel tubes, 50 cm x 2 mm ID, packed with 3% OV-1 on Gas Chrom Q. Carrier gas, nitrogen
at 80 ml/min. Detector, 350°C. Temperature program: 4°C/min from 175 to 350°C.

The peaks in (A) are identified in order of their elution as follows: Peaks 16 and
18, TMS esters of the C,; and C,4 carbon fatty acids; Peaks 22 and 24, di-TMS ethers
of C,; and C,; monoacylglycerols; Peaks 27, 28 and 29, TMS ethers of cholesterol,
campesterol and sitosterol; Peak 30, tridecanoylglycerol (internal standard); Peaks
34, 36 and 38, TMS ethers of dipalmitoyl-, palmitoylstearoyl- and distearoylglycer-
ols; Peaks 43 and 45, cholesteryl palmitate and cholesteryl stearate; Peaks 48 to 54,
triacylglycerols with 48 to 54 acyl carbons per molecule.
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The peaks in (B) are identified as follows: Peak 27, free cholesterol, which
emerges slightly ahead of the TMS ether of cholesterol; Peak 30, tridecanoylglyc-
erol internal standard, the elution time of which coincides exactly with that of the
internal standard in (A); Peak 36, trilauroylglycerol, the elution time of which corre-
sponds to that of the TMS ether of distearoylglycerol; Peak 42, trimyristoylglycerol,
which migrates slightly ahead of cholesteryl palmitate; Peak 48, tripalmitoylglyc-
erol, the elution time of which corresponds closely to that of the mixed acid C,q
triacylglycerol peak in (A); and Peak 54, tristearoylglycerol, the retention time of
which is slightly longer than that of the mixed acid C., triacylglycerol peak in (A).
The nearly equal height triacylglycerol peaks in (B) indicate that both high and
low molecular weight triacylglycerols are recovered in the proportion in which they
exist in the injection solution. This suggests that the various lipid classes analyzed
in (A) may also have been recovered in the proportions in which they were present
in the injection solution.

12.3.1.1 Peak Identification

The peak identification in gas chromatography is usually based on the relative reten-
tion times, although absolute retention times may also be utilized. From the nonpolar
liquid phase, the TMS derivatives of the neutral lipids are eluted in order of increas-
ing molecular weight or carbon number. The unsaturated esters migrate slightly
ahead of the more saturated esters of the same carbon number. Under controlled
conditions, the retention times are highly reproducible when measured in relation to
an internal standard. The absolute retention times, however, decrease with increas-
ing use of the column due to gradual loss of the liquid phase.

12.3.1.2 Peak Quantification

Table 12.1 indicates the reproducibility of the relative retention times and measure-
ments of peak areas in relation to internal standard as obtained by a flame ionization
detector, the signal of which is known to correspond closely to the carbon content
of the analyzed molecules.* The peaks may be quantified from the areas under the
curve by means of external or internal standardization. In external standardiza-
tion, the peak area response is plotted in response to increasing concentrations of
the injected lipid component. In the case of the hydrogen flame ionization detector,
a linear response is readily obtained over a very wide range of concentrations. In
practical chromatography, the use of an internal standard is preferred, as it does
not require accurate dilutions and injections. Every component can be measured in
relation to the known weight of another component (internal standard) added as a
reference. It makes no difference how many injections are made; it can be assumed
that the entire sample along with all internal standard is injected every time.

The weight of the total mixture can be obtained by summing the areas of the
individual components as previously described.* All components are calculated in
terms of mg% according to Equation 12.1:

W(X) = [ACX)/A(IS)] W(IS).F(WX), 12.1
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where F(WX) is the weight response correction factor of component X, W(X) and
W(IS) are weight % for component X and the internal standard, respectively. A(X)
and A(IS) are peak areas for component X and the internal standard, respectively.
The weight response factor F(WX) for component X is inversely proportional to the
relative response and can be defined by Equation 12.2:

FOWX) = [WX)IW(IS)] JAUIS)AX)], 12.2

where the variables are defined as in Equation 1. Similarly a molar response correc-
tion factor F(MX) may be defined by Equation 3:

F(MX) = [M(X)/M(1S)] [AUIS)A(X)], 12.3

where M(X) and M(IS) are the numbers of mole % for component X and the internal
standard, respectively, while A(1S) and A(X) are again the peak areas of compounds
X and the internal standard.

When related to the known weight of the internal standard added at about 10%
of the total sample weight, accurate estimates are obtained for each and all com-
ponents of the mixture. Because slight differences are known to occur among the

TABLE 12.1

Reproducibility of Relative Retention Times and
Measurement of Peak Areas by Internal Standard for a
Synthetic Mixture at Optimum Operating Conditions *

Component Relative Retention Time Peak Area
Palmitic acid 0.053 + 0.0015 4.325+0.139
Stearic acid 0.099 + 0.0010 1.708 + 0.006
Monopalmitin 0.308 + 0.0031 6.805 + 0.102
Monostearin 0.485 £ 0.0057 3.320 £ 0.054
Cholesterol 0.703 + 0.0052 8.468 + 0.067
Campesterol 0.779 £ 0.0037 1.843 +0.013
Sitosterol 0.842 + 0.0033 3.099 + 0.020
Tridecanoin 1.000 2.692 £ 0.039
Dipalmitin 1.259 +0.0041 5.348 + 0.040
Palmitostearin 1.377 £ 0.0052 8.775 £ 0.061
Distearin 1.478 £ 0.0064 9.823+0.114
Cholesteryl palmitate 1.734 + 0.0085 6.678 + 0.026
Cholesteryl stearate 1.852 + 0.0095 11.090 + 0.057
Dipalmitostearin 2.095 +0.0114 2.615 £ 0.027
Distearopalmitin 2.185+0.0175 13.945 + 0.095
Tristearin 2.269 +0.0124 5.006 + 0.092

*Data from five consecutive runs. Reference peak retention time was 1016 seconds.
Tridecanoylglycerol was the reference standard.
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flame ionization responses of different lipid components, accurate work requires the
determination of peak area correction factors.®

12.3.1.3 Correction Factors

The true mass of the eluted components was determined in relation to that of the
internal standard by multiplying the experimentally observed peak area ratios by
the reciprocal of the ratio of the weights of the test component and the internal stan-
dard. Table 12.2 lists the peak area correction factors for the common components
of the neutral lipids derived from plasma lipids.# The highest correction factors
must be applied to the TMS derivatives of the fatty acids, monoacylglycerols and
cholesterol, while the TMS ethers of diacylglycerols and ceramides yield a response
comparable to that of the cholesteryl esters and triacylglycerols. These factors apply
to all lipids in the linear ranges indicated, as well as in the adjacent lower and higher
ranges of the more volatile compounds. Special correction factors were necessary
for triacylglycerols below 2 ug per peak. Larger peaks preceding smaller ones were
observed to exert a significant priming effect upon recovery of the smaller ones.

12.3.2 REsoLuTION OF PLAsmA LipiDs

The unknown plasma samples were obtained from the students’ own blood, then
analyzed along with plasma samples obtained from normal subjects on specific diets
and patients with hypercholesterolemia and hypertriglyceridemia. For the purposes
of peak identification and quantification, the chromatograms illustrating the effect
of diet and disease have been selected.

TABLE 12.2
Peak Area Correction Factors for Various Neutral Lipids Under
Optimum Chromatographic Conditions ( > 2 pg/peak)

Plasma Lipid or Derivative* Working Range (g/peak)** F(W)(S.D.)***

Fatty acid TMS ether 0.16-1.27 0.75+0.013
Monoglyceride TMS ether 0.63-5.5 0.71 + 0.007
Cholesterol TMS ether 0.127-50.8 0.71 +£0.007
Diglyceride TMS ether 0.15-3.0 0.91+0.01
Cholesteryl ester 13-12.7 0.85+0.01
Triglyceride (lard) 4.75-38.0 0.98 £ 0.012
Tridecanoin 1.0-25.0 1.00
Ceramide TMS ether As for diglycerides

*Test species included the C,5 and C,, fatty acids and their glyceryl and cholesteryl
esters.

**Mass ranges given in the underivatized form.

***Minimum of five injections over the mass range. All injections made from a solu-
tion of 0.15 mL TRISIL/BSA using 1.9 pL/injection. F(W) as described in
text.
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12.3.2.1 Effect of Dietary Fat

Figure 12.2 shows the GLC profiles of plasma total lipids as obtained on nonpolar
columns for the same subject following consumption of (A) fat-free (B) corn oil
and (C) butterfat (40% calories) diet for 1 week each.!® Peak identification is shown
in the chromatograms. It is obvious that the plasma lipid profile is significantly
influenced by dietary fat. Consumption of corn oil results in a marked increase in
the proportion of C;, triacylglycerols, while consumption of butterfat results in a
relative increase in the shorter chain length (C,; andCy) triacylglycerols. Consump-
tion of a fat-free diet results in plasma triacylglycerols made up of Cg, and C;, acyl
carbons. The C,,/Cs, ratio is highly characteristic of the dietary fat consumed. The
lipid profiles of the students fell somewhere between those of fat-free and butterfat
diets, especially of those who had not fasted overnight before blood taking.

FIGURE 12.2 GLC of plasma total lipids after dephosphorylation as obtained from the
same subject following consumption of (a) fat-free, (b) corn oil (40% of calories), and (c)
butterfat (40% of calories) diets for 1 week each.’® Peak identification, instrumentation and
GLC conditions were as given in Figure 12.1.
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12.3.2.2 Effect of Disease

GLC profiling of total lipid extracts is eminently suited for spotting lipid abnor-
malities in plasma or in plasma lipoproteins. A reference to a normal lipid profile
recorded in the presence of an internal standard reveals the presence or absence of
a general or specific hyperlipemia. Increased levels of cholesterol, with or without
increases in triacylglycerols, indicate hypercholesterolemia.! Relative absence of
cholesterol ester or an increase in free cholesterol/cholesterol ester ratio indicates
lecithin-cholesterol acyltransferase (LCAT) deficiency.t An excess of plant sterols
allows the recognition of phytosterolemia.! Especially easy to detect are increases in
plasma FFAs and monoacylglycerols (representing lysophosphatidylcholine), sug-
gesting increased phospholipase activity due to infection. Figure 12.3 shows the
total lipid (A) and the neutral (B) profile of a hyperlipemic subject. In relation to the
internal standard (Peak 30), all the lipid classes in (A) have been increased, although
to a variable extent.** In addition, peaks for the plant sterols, campesterol (28) and
sitosterol (29), can be readily discerned. The neutral lipid fraction, obtained by a
Zeolite removal of the phospholipids, shows (B) that despite the large increase in
triacylglycerols and phospholipids, the free diacylglycerol and ceramide contribu-
tion has remained minor and largely unchanged from that found in normolipemic
subjects. Table 12.3 shows a quantitative comparison of the reproducibility and
accuracy of analyses of normal and hyperlipemic plasma samples.*

12.4 SIGNIFICANCE OF RESULTS

Extensive analyses of plasma samples from patients showed marked alterations in
the total lipid levels as well as in the lipid class ratios. It has been shown previ-
ously that the separation and quantification of the major classes of plasma lipids by
automated GLC following a limited preliminary work-up is a practically feasible
analytical routine. It offers an attractive opportunity for the simultaneous monitor-
ing and study of many more metabolites than usually possible with other automated
systems, which should facilitate both diagnosis and prognosis as well as treatment
of all diseases reflected in altered plasma lipid profiles.

12.4.1 CORRELATION WITH METABOLIC EVENTS

In addition to quantitative estimates of each peak in mg% or mole%, plasma total
lipid profiling provides various summations of the lipid classes and certain lipid
class ratios, which can be related to specific metabolic conditions.5 These ratios
include the free cholesterol/cholesteryl ester and the free cholesterol/phosphatidyl-
choline (or total phospholipid) quotient, and the sphingomyelin/phosphatidylcholine
quotient, which are of interest to clinical biochemists and medical researchers.?213
The ratios of the lipid classes obtained for the reference samples corresponded
closely to those recorded in the literature for normal subjects or to those which could
be calculated from published records.
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TABLE 12.3
Reproducibility and Accuracy of Analyses of Normolipemic and
Hyperlipemic Plasma Samples*

Lipid Components Concentration (mg%)**
Normolipemic Hyperlipemic
FFAs 161 + 1.0 51 + 05
Monoglycerides 39 + 19 15 + 01
Free cholesterol 399 + 19 685 * 59
Ceramides 349 =+ 17 424 = 33
Diglycerides 9%9 =+ 7.1 1254 + 838
Cholesteryl esters 2157 £+ 9.0 1980 +123
Triglycerides 823 + 54 6700 +476
Total cholesterol 169.3 + 6.8 187.3 +13.2
Total lipid 4889 +18.6 11109 +77.8
Free cholesterol/total cholesterol (moles/moles) 0.235+ 0.008 0.365+ 0.007
Total diglyceride/free cholesterol (moles/moles) 151 + 0.07 1.15 + 0.02
Diglyceride/ceramide (moles/moles) 270 + 0.14 290 + 0.06

*Six parallel analyses of one normolipemic and one hyperlipemic sample of plasma including
separate enzyme digestion, extraction, silylation and automated GLC.

**MeanzS.D. for six duplicates. The Autoanalyzer values for total cholesterol and triglycer-
ides were 175 mg% and 100 mg% for the normolipemic plasma, respectively.

12.4.2 DiAGNOSIS OF HYPERLIPEMIAS

The relative ratios of the major lipid classes represent the relative ratios of the major
plasma lipoprotein classes, which possess well-defined lipid composition. We have
made use of this constancy in devising a vector plot, which permits a rough diagno-
sis of different hyperlipoproteinemia types. Figure 12.4 shows the vector analysis
used for interrelating the major plasma lipid classes. The hyperlipoproteinemia type
is deduced from the characteristic range of angles (theta) previously established for
10 to 20 representative subjects of each type of disease. Table 12.4 compares the
diagnoses derived from GLC and LRC (Lipid Research Clinics, Atlanta, GA) meth-
ods.** Although the agreement is excellent in this case, the GLC method frequently
could not distinguish between subjects with upper normal and Type Il lipoprotein-
emia levels, because of overall similarities in lipid class ratios. Patients with LCAT
deficiency were not included in the plot, but a significant decrease in cholesteryl
ester content, which is characteristic of this disease, should have led to marked dis-
tortion of the plot, not easily mistaken for any other lipid abnormality. Needless to
say, the plasma samples of the majority of the young men and women analyzed in
the student lab were normolipemic, including those taken without overnight fast.
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FIGURE 12.4 Vector plot constructed to interrelate the major plasma lipid classes to types
of Fredrickson’s hyperlipoproteinemia! used for class discussion.** N, normolipemic; Ha,
hyperalphalipoproteinemia; 1A, 11B, 1A, I11B, IVA, and IVB, types of hyperlipoprotein-
emia; theta (0), resulting angle. The plot is prepared with a minimum of footprint and maxi-
mum spread of the resulting angle. The plot lines are read from left to right in milligram%.

12.5 SUPPLEMENTARY METHODOLOGY

The student class had the opportunity to validate the methodology by gathering
further supporting evidence obtained in the class by combining preliminary thin-
layer chromatography with GLC/FID and by combining mass spectrometry (MS)
with the TLC/GLC separations. The TLC/GLC analyses involved class participa-
tion, while the GC/MS analyses were performed as a demonstration, which the
students were allowed to witness and were expected to become acquainted with by
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TABLE 12. 4
Comparison of Results of Typing of Hyperlipoproteinemia by GLC and Lipid
Research Clinic Methods™

Type of Hyperlipemia

Subject  Total Lipid (mg%) TC/TG  Theta GLC LRC
1 718 3.8 38 Ha N
2 654 2.0 52 N N
3 605 2.4 45 N N
4 656 17 48 N N
5 579 2.0 44 N N
6 860 2.4 45 N N
7 537 14 47 N N
8 601 2.9 45 N N
9 656 2.4 43 N N

10 1027 1.9 46 A N
11 783 1.2 48 N N
12 642 11 55 1B N
13 763 1.2 52 1B N
14 625 1.6 50 N N
15 691 1.7 46 N N
16 943 17 43 N N
17 566 1.2 47 N N
18 738 1.9 44 N N
19 713 2.0 48 N N
20 649 1.6 50 N N
21 830 1.7 49 N N
22 565 1.9 49 N N
23 616 2.3 45 N N
24 468 25 40 N N
25 548 2.4 40 N N
26 891 1.8 43 A 1A
27 750 15 51 A 1A
28 813 2.0 49 A 1A
29 798 2.0 49 A 1A
30 873 1.6 50 1A 1A
31 823 15 52 11B 1B
32 707 1.7 50 11B 1B
33 1278 0.6 68 IVA IVA
34 1181 0.6 68 IVA IVA
35 617 1.2 54 1B v
36 605 1.2 60 VB v
37 514 3.8 38 Ha Ha
38 992 3.2 41 Ha Ha

Theta values as obtained from Figure 12.4. N, normolipemia; Ha, hyperalpha-lipoproteinemia; 1A, I1B,
1B, IV, IVA, and VB, types of hyperlipoproteinemia. Other observations are as explained in the
text.
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independent interpretation of the mass spectra and mechanism of electron impact
ionization.

12.5.1 TLC/GLC ANALYSES

The TLC analyses were performed on conventional silica gel H plates (20 x 20 cm,
250 um thick gel layer). The plates were developed with heptane/isopropyl ether/
acetic acid (60:40:4, by vol) as the solvent, which retained the polar phospholipids
at the origin of the plate, while the neutral lipids became resolved according to
their polarity into free fatty acid, cholesterol, triacylglycerol and cholesteryl ester
subclasses. Each of the fractions was scraped off the plate, recovered by extrac-
tion with chloroform and trimethylsilylated for GLC. The retention times of the
resulting GLC peaks were correlated with those present in the total plasma lipid
profile. In parallel, the phospholipid fraction recovered from the origin of the plate
was subjected to hydrolysis with phospholipase C and the released diacylglycer-
ols and ceramides trimethylsilylated for GLC. The retention times of the resulting
GLC peaks were correlated with those present in the total plasma lipid profile and
appropriate conclusions made about the identity of the plasma lipid subfractions.
In addition, the total plasma lipid extract and the subfractions recovered from the
TLC separation were subjected to transmethylation and the fatty acid methyl esters
separated, identified and quantified by GLC on polar capillary columns. The results
of the fatty acid analyses provided detailed information about the molecular species
composition of the phospholipid, cholesteryl ester and triacylglycerol fractions and
their likely carbon numbers.

12.5.2 GC/MS ANALYSES

As a demonstration, the students in the more recent classes were allowed to acquaint
themselves with the results of a combined GC/MS examination of the plasma total
lipids in a research laboratory. For this purpose, the dephosphorylated and trimeth-
ylsilylated plasma samples were admitted to a GC/MS instrument equipped with a
nonpolar capillary GLC column, which yielded total lipid profiles very similar to
those obtained by GLC/FID. Figure 12.5 shows a total electron impact ionization
(EI) current profile of a plasma lipid sample (A) along with the single ion mass
chromatograms representative of selected subfractions of plasma lipids, mainly free
cholesterol, cholesteryl esters, tridecanoin and the ceramides arising from sphin-
gomyelin.s It is seen that the ceramide peaks are readily recognized despite an
extensive overlap with the diacylglycerols arising from the dephosphorylation of
phosphatidylcholine. The fragment ions are identified in the legend of Figure 12.5.

12.5.3 PorAR CariLLARY CoLumN GLC

An improved method for determination of total plasma lipid profiles using capillary
GLC was developed based on an 8 m flexible quartz capillary column coated with a
chemically bonded SE-54 methylphenylsilicone liquid phase. The longer and more
efficient column gave further separation by carbon number, which practically elimi-
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FID RESPONSE

MASS CHROMATOGRAMS

Minutes

FIGURE 12.5 GC/MS profile of plasma total lipids as obtained on a nonpolar capillary
column.1s (A), total ion current; (B), mass fragmentograms of ions characteristic of cerami-
des (TMS ethers-CHCH,OTMS)*: 311, sphingosine base; 370, palmitoylsphingosine; 480,
tetracosanoylsphingosine; 482, lignocerylsphingosine; 458, TMS of free cholesterol; 383,
diacylglycerol-like moiety of tridecanoylglycerol; TI, total ion current. GLC conditions:
Hewlett-Packard, Model 5880 Gas Chromatograph equipped with dedicated capillary inlet
system (fused silica needle) and a nonpolar capillary column (8 m x 0.32 mm ID flexible
quartz capillary column coated with chemically bonded SE-54 methylphenylsilicone liquid
phase. Carrier gas, hydrogen at 6 psi head pressure. Mass spectrometer: Hewlett-Packard
Model 5985 single quadrupole mass spectrometer connected to a capillary column via a 60
cm x 0.2 mm ID deactivated silica capillary and Supelco Supeltex M-2 (0.4/0.5 mm ID butt
connector). The fused silica capillary was sealed in place at the entrance of a 1/16 in. stain-
less steel tubing using graphitized Vespel ferrules and an SGE connector. The interface and
ion source temperatures were 350°C and 250°C, respectively. Scanning was made in electron
impact mode between 290 and 890 amu in a cyclic manner.
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nated lipid class overlaps. Furthermore, the use of on-column injection eliminated
the discrimination against higher molecular weight components. Increasing the col-
umn length resulted in further increases in resolution, but this advantage had to be
balanced against the disadvantage of decreased recoveries of the higher molecu-
lar weight components, longer peak retention times and higher final temperatures.
Cholesteryl esters undergo noticeable degradation at temperatures above 310°C.
Likewise, the recoveries of polyunsaturated long chain triacylglycerols are severely
reduced at temperatures above 350°C. The overlap of diacylglycerols and ceramides
also remained a problem. Many of these shortcomings were eliminated by substitut-
ing a polarizable capillary column for the nonpolar capillary column. Figure 12.6

FIGURE 12.6 GLC of plasma total lipids on (A) nonpolar and (B) polarizable capillary
columns. Peak identification: (A) as given in Figure 12.1; Ph, TMS ester of phthalic acid;
32, 34 and 40, TMS ethers of diacylglycerols made up of 32, 34 and 40 acyl carbons; 41 and
42, TMS ethers of ceramides with a total of 41 and 42 carbons; 43 and 47, cholesteryl esters
with a total of 43 and 45 carbon atoms; 48 and 56, triacylglycerols with 48 and 56 acyl car-
bons. (B) as given in the figure: L, linoleic; M, myristic; O, oleic, P, palmitic, and S, stearic
acids. GLC conditions: (A) Hewlett-Packard Model 5880 Gas Chromatograph equipped with
dedicated capillary inlet system (fused silica needle) and a nonpolar capillary column (8 m x
0.32 mm ID flexible quartz capillary column coated with chemically bonded SE-54 methyl-
phenylsilicone liquid phase. Carrier gas, hydrogen at 6 psi head pressure; (B) Hewlett-Pack-
ard Model 5880 Gas Chromatograph equipped with a flame ionization detector, automatic
injector and fused silica capillary column (25 m x 0.25 mm ID) coated with methyl 65%
phenylsilicone (OV-22). Temperature program was as described in text. Trioleoylglycerol
(O0O0) was eluted in 37 min.
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compares the plasma total lipid profiles as obtained by GLC on (A) nonpolar and (B)
polarizable capillary columns.’* The nonpolar column yields prominent peaks for
free cholesterol, diacylglycerols and ceramides, cholesteryl esters and triacylglyc-
erols. The lipid ester classes are resolved according to the total number of carbons,
very much like those demonstrated for the packed column discussed above.

Finally, two more variations in the methodology may be noted. The use of highly
inactive capillary columns has permitted direct analysis of plasma neutral lipid
extracts without any further derivatization.” Determination by gas chromatography
yielded higher total cholesterol and lower triacylglycerol values than those obtained
by enzymatic methods. In an application of the automated gas chromatographic
method for neutral lipid carbon number profiling of marine samples, it was found
necessary to include a hydrogenation step to avoid discrimination in the hydrogen
flame ionization detector for highly unsaturated lipids.1®

12.6  SUMMARY AND CONCLUSIONS

The separation and quantification of the major classes of plasma lipids by direct
high temperature gas chromatography following a limited preliminary work-up is
theoretically sound and practically feasible. To the biochemist, it offers an attrac-
tive possibility of multicomponent analysis at low concentration along with high
resolution. To the medical investigator, it provides an opportunity for the simultane-
ous monitoring and study of many more metabolites than is usually possible, even
with automated systems, which facilitates both diagnosis and prognosis, as well as
following the progress of patients treated for a variety of plasma lipid abnormali-
ties. To the students in the advanced biochemistry laboratory it provides immediate
access to the composition, separation and quantification of plasma lipids and their
alterations with diet, disease and pharmacological manipulation. It also exposes the
students to the development of modern analytical methodology and its application
to lipid research and clinical diagnosis.
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13.1 INTRODUCTION

Milk is an oil-in-water emulsion composed of a mixture of lipids (4.1%), proteins
(3.6%), carbohydrates (5%) and other minor components, i.e, vitamins and miner-
als.! Milk is also considered a colloid made of water with fat droplets mixed in it.

* Corresponding author.
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The lipid fraction of milk is composed mainly by triacylglycerols (TAGS), which
constitute about 97.5% of milk fat. TAGs are present in the form of small globules
(0.1 to 15um) surrounded by a thin membrane composed of protein and phospho-
lipids (PLs). Other than TAGs, milk lipids include di- and monoacylglycerols, cho-
lesterol, glycolipids (GLs) and free fatty acids (FFAs). Milk fat contains over 400
fatty acids (FAS) that could theoretically contain over 6 million different molecular
species of TAGs. The main variables among the FAs in milk fat are chain length
and the number, position and configurations of the double bonds, as well as branch-
ing and the presence of other functional groups (i.e., keto or hydroxyl moieties).22
Fat in milk is subject to variations in both amount and composition due mainly to
nutritional conditions and factors such as species and lactation differences.*® Such
changes in the chemical composition can impact dairy product quality, flavor and
texture.®

The nutritional role of milk in the human diet has traditionally been evaluated
based on its overall contribution of essential and nonessential nutrients to support
optimal growth and development. In recent years, milk’s image as a “natural and
almost perfect food” has become somehow “less perfect” due to concerns regard-
ing its fat composition and cholesterol content. Nowadays, particular interest has
focused on the identification and prevention of trans fatty acids (TFAs) in different
foods, as these FAs have been related to increased risk of coronary heart disease
(CHD).”® Despite numerous studies on health concerns related to the consumption
of some lipids, their health benefits are also widely investigated.

Milk retains its positive reputation, and nutritionists recognize its nutrient den-
sity and value in providing essential nutrients in a balanced diet. Cow’s milk and
other dairy foods are a major source of calcium and essential nutrients including
potassium, phosphorous, riboflavin, vitamin B12, protein, zinc, magnesium and
vitamin A.° Furthermore, the consumption of milk and other dairy products has
been shown to help reduce the risk of chronic disease disorders including osteopo-
rosis, hypertension, excess body weight and some cancers.”1%* Conjugated linoleic
acid (CLA), an FA found in dairy fat, confers a wide range of anticarcinogenic
benefits in experimental animal models and is especially consistent for protection
from breast cancer.’*-12 Bovine milk under normal husbandry practices may contain
2.4 to 37 mg CLA/g fat.!® In view of the potential benefits to human health there is
considerable interest in developing nutritional strategies to increase the content of
such beneficial FA in milk fat as vaccenic acid (11t-18:1), rumenic acid (9¢11t-18:1),
the major CLA isomer in the fat of ruminants, and n-3 FA.%

A wide variety of FAs are found in milk fat; some are associated with unique
health benefits, while others are commonly associated with a negative health image.
To more fully understand the complex lipid composition of milk fat requires com-
prehensive analytical techniques to provide more detailed and correct information
on the chemical composition of milk fat. This was clearly demonstrated when incor-
rect identification of the trans-16:1 isomers led to their questionable association as
arisk factor for CHD in adults.!> The same applies currently with the association of
TFAs and CHD. It is still not known which TFAs are responsible for CHD, and yet
no concerted effort is made to provide the detailed isomer composition necessary
to properly assess this correlation.’6” This information could be used to explain the
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differences in CHD response based on the TFA isomer composition of milk fat and
partially hydrogenated vegetable products.’®

This chapter is intended to familiarize the reader with the process of extract-
ing lipid constituents from dairy products and their subsequent detailed analysis.
Milk fat analysis includes many different techniques such as lipid extraction, meth-
ylation and various forms of separation methods including thin layer chromatog-
raphy (TLC), gas chromatography (GC), high performance liquid chromatography
(HPLC) and argentation (silver ion, Ag*) chromatography on TLC or HPLC phases.
Performing laboratory work of this nature not only complements what is taught in
undergraduate laboratories but is also a step forward in solidifying and improving
learning concepts in the classroom. Exposure of the student to specialized instru-
ments and computer-controlled software is not generally found in undergraduate
teaching laboratories, but this exposure will assist students toward completing post-
graduate academia and entering the work force.

13.2 THE COMPLEXITY OF MILK FAT FATTY ACID COMPOSITION

Milk fat contains more than 400 different FAs® and no single method is pres-
ently available to separate all of them. However, a set of comprehensive analyti-
cal techniques will be presented in this chapter that will maximize the separation
of most of the FAs, particularly those associated with health benefits and possible
concern. GC remains by far the most convenient method to identify and quantitate
FA. However, in the past, GC separations provided only limited information on
the identification and quantitation of the CLA and 18:1 isomers. The availability of
highly polar capillary columns and complementary chromatographic and chemical
derivatization techniques has made it possible to better evaluate milk and meat fat
from ruminants.

Thorough analyses are necessary because many diet modifications have been
made in rumen nutrition to improve the content of specific components without
evaluation of all the resultant lipid changes in ruminant fats.”2021 For example,
increased concentrations of n-3 and CLA in dairy fats have been reported with the
inclusion of fish meal,?>?* fish 0il?>-20 and algae.®* Also, increased levels of CLA
have been reported in milk and butter by feeding different vegetable oils.3?-38 Unfor-
tunately, the methods used in these studies, with the exception of very few,?>2° did
not permit a complete evaluation of the CLA and 18:1 isomer composition.

A number of reports have appeared recently describing the advantages and dis-
advantages of different kinds of GC columns and chromatographic conditions.1>3°-
42 Extensive overlap is generally observed among the different cis- and trans-18:1
isomers, as well as the many trans containing 18:2 and 18:3 FAs. Underestimation
of the trans-18:1 isomers is very common because of a lack of separation of the 18:1
isomers.*344 A prior silver ion TLC (Ag*-TLC) separation followed by GC analysis
at reduced temperature conditions has proven to be ideal to obtain a complete analy-
sis of the 18:1 isomers. All the trans-18:1 isomers were resolved except the group of
6t-, 7t- and 8t-18:1 using the longer GC temperature program.?45-48

The introduction of the long 100 m highly polar capillary columns markedly
improved the separation of the fatty acid methyl esters (FAMES) prepared from
milk fats. Between 100 and 150 different FAMEs are resolved using this type to
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GC column.4 Temperature programs can be effectively used to improve the sepa-
ration of different FAME regions and to identify specific FAMEs. Just to cite a
few examples, the coeluting 18:3 and 20:1 isomers were resolved by lowering the
temperature from 180°C to 155°C,*® the resolution of most of the trans-18:1 iso-
mers was achieved by operating the GC at 120°C.?46-48 and identifying methyl 11-
cyclohexylundecanoate and many of the c/t- and tt-18:2 isomers in the total milk
fat FAMEs mixture by conduction different isothermal operations from 130 and
190°C.*2 Another important parameter in GC analysis that needs to be taken into
consideration is the load applied onto the column. At low sample load the resolu-
tion of the 18:1 isomers can be improved, while at higher sample load many minor
FAMEs are unequivocally identified, such as the minor 16:1, CLA and polyunsatu-
rated fatty acids (PUFASs).% In the case of the CLA region, even with a very low
sample load, it is not possible to separate many CLA isomers, e.g., 7t9c-, 8t10c- and
9c11t-CLA coelute using GC. The separation of these CLA isomers requires the use
of silver ion HPLC,% which will be discussed in greater detail below.

The lack of separation of the two CLA isomers, 7t9c- and 9c11t-CLA, leads
to a misunderstanding of rumen metabolic processes. The common intermediate
in the biohydrogenation of the essential FAs, 18:2n-6 and 18:3n-3, in the rumen by
rumen bacteria is 11t-18:1, which passes through the duodenum into the blood and
is then desaturated in rumen tissues, including the mammary glands, to 9c11t-CLA
by A9 desaturase.> Different clinical studies have indicated that humans can also
convert 11t-18:1 to 9c11t-CLA.52 However, this particular biohydrogenation process
occurs predominantly when ruminants are fed high-fiber diets (pasture-fed), with
minimal supplementation of concentrate. The milk fat of such cows is recognized
by the high content of 11t-18:1, 9c11t- and 11t13c-CLA.535* The addition of increased
amounts of concentrates to the diet of ruminants, which generally consist of highly
fermentable carbohydrate sources and vegetable oils or fish oils, alters the rumen
bacterial flora to produce many trans-18:1 isomers other than 11t-18:1, specifically
10t-18:1.175556 Furthermore, feeding these diets will also increase CLA isomers such
as 7t9c-, 9tllc- and 10t12c-CLA 17305056 Therefore, by ignoring the levels of 7t9c-
and 9c11t-CLA, one fails to recognize the symptoms of an altered rumen bacterial
population that produces milk and meat fat with much reduced levels of the health-
promoting FAs.5*

Due to the complex nature of dairy fat systems and the importance of hav-
ing proper analyses, it is recommended to use complementary methodologies that
provide a complete analysis of total milk FAs and their isomeric composition with
enough sensitivity and precision. The proposed methodology for milk fat analysis
in this chapter combines such complementary technigues as GC with 100 m highly
polar capillary columns, different GC temperature programs, Ag*-TLC/GC, TLC
and Ag*-HPLC that have been proven to give reliable and complete results in this
|aboratory_17,20,21,41,48

13.3 EXTRACTION OF TOTAL MILK AND DAIRY LIPIDS

Extraction is a very common laboratory procedure used to isolate or purify a
sample. Typical laboratory extractions of lipids involve the removal of substances
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soluble in organic solvents from an aqueous phase. The type of extractions can be
solid-liquid or liquid-liquid. The distribution of a solute between two phases is an
equilibrium condition described by the partition theory.> Liquid-liquid extractions
are commonly used for milk fat extraction. In this procedure the organic substance
(lipid) is soluble in an organic solvent (organic layer) and is removed from inorganic
substances and the aqueous medium. An important consideration in milk fat char-
acterization is that samples should be frozen immediately at —70°C until analyzed
to avoid oxidation as well as to inhibit the action of degradative enzymes such as
lipases and phospholipases that result in the release of FFA and the production of
off-flavors.

When extracting lipids from milk and dairy products, it is important to use
solvents that extract both neutral and polar lipids. It is also important to avoid acid
digestion, which could cause isomerization of CLA. When extracting fat from solid
matrices such as cheese or meat, samples should be quickly ground, preferably in
the cold prior to lipid extraction, which increases the surface area of the sample to
ensure complete extraction of the lipid. The preferred extraction methods are those
according to Folch et al.>® and Blight and Dyer,> which use different proportions
of chloroform/methanol/water, i.e., 8:4:3 and 2:2:1.8, respectively. Hexane/isopro-
panol® or dichloromethane/methanol®-¢3 have also been used to extract lipids from
different matrices, specifically tissues.

The organic solvents used for lipid extraction should meet the following crite-
ria. First, solvents should readily dissolve the lipids to be extracted. Second, they
should not react with the lipids. Third, the solvent of choice should not react with
or be miscible in water. Most solvents dissolve small amounts of water that must be
removed after the extraction. Common drying agents include sodium sulfate and
magnesium sulfate. Fourth, solvents should have a low boiling point to make their
removal easier. It is important to minimize the researcher’s exposure to organic
solvents and to work in well-ventilated areas.”

Extraction methods should always be evaluated and compared with established
methods known to give complete and quantitative extractions. TLC is often used
to evaluate the qualitative extraction of the neutral and polar lipids using the devel-
oping solvents of hexane/diethyl ether/acetic acid (85:15:1) and chloroform/metha-
nol/water (65:25:4), respectively.?-6* Only cleaned TLC plates should be used that
have been washed by developing them in chloroform/methanol (1:1). After the plates
are developed, 1 cm of silica layer along the upper edge of the plate is scraped off,
followed by activation at 110°C for an hour. At all times avoid greases, soaps and
plastics. Preferably use only acid-washed glassware at all times.

13.3.1 SUGGESTED EXTRACTION

A known volume of well-homogenized milk is placed in a centrifuge tube (15 or
45 mL depending on sample size) kept in an ice bath. Add chloroform/methanol/
water in a 1:2:0.8 (v/v/v) ratio; the water portion includes the water in the milk that
is added. For better lipid recovery make sure the solvent-to-sample ratio is large
enough (15:1 or greater), which will reduce the amount of lipid absorption onto the
protein at the interphase. Mix this monophase solution well and leave standing for 2
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min. After further addition of one volume of chloroform and one volume of water in
that order, the solvents will separate to form a biphase system (chloroform/metha-
nol/water; 2:2:1.8, by vol). Make sure the solution is slightly acidic, using 1 N HCI to
ensure that no FFAs are present as sodium salts, and thus water soluble. The mixture
is then centrifuged to clarify the lower chloroform layer.

The chloroform layer contains total lipids and the methanol/water phase, non-
lipids. The chloroform layer can be easily removed using two long Pasteur pipettes
inserted into one another. The total lipids are recovered by removing the chloroform
using a rotary evaporator or by flushing the vessel with nitrogen when not much
solvent is present. When using a rotary evaporator, a few drops of benzene can be
added at the end to remove traces of water after the chloroform has been removed.?
The total lipid content is determined by weight difference. Total lipids are dissolved
in chloroform and transferred into a vial and stored at —70°C until analyzed. Do not
store lipids in chloroform/methanol because this will cause transmethylation with
time even at —20°C.

The rotary evaporator is equipped with a water bath that should not exceed 35°C,
a dry-ice condenser, a solvent-resistant vacuum pump and another dry-ice trap to
collect any organic fumes that may have escaped the initial condenser; see typical
setup in Cruz-Hernandez et al.*”,?* This type of system allows for rapid removal of
most of the organic solvents in minutes.

13.4 METHYLATION PROCEDURES

Intact TAGs or FFAs are generally not suitable for FA determination because they
lack volatility for GC analysis. Before GC determination it is necessary to prepare
volatile derivatives, and FAMEs are preferred because of their volatility and low
polarity. During methylations, O-acyl and N-acyl lipids are transesterified in the
presence of a catalyst and a short-chain alcohol (i.e, methanol, butanol) that replaces
the glycerol or sphingosine moiety. The reaction can be carried out using an acidic
(HCI, BF;, H,SO,) or alkaline catalyst [NaOCHj, tetramethylsilyldiazomethane
(TMS-DAM), tetramethylguanidine]. Short-chain FAMEs typically present in milk
are volatile, and therefore any step to reduce the solvent volume by evaporation
should be avoided. The generation of FAME can be done using isolated lipids, or
directly by combining extraction and transesterification in a one-step procedure,
provided the samples are dry. The most commonly used catalysts are described
below. The reader is referred to several good reviews on this subject.?%.21.6465
Sodium methoxide (NaOCH,). FAMEs produced with a base (alcoholate), form
an anionic intermediate, which is transformed in the presence of large excess of the
alcohol (i.e., methanol, ethanol, butanol) into a new ester. FFAs, amides and alk-1-
enyl ethers are not subjected to nucleophilic attack by alcohols or bases and thus are
not esterified under these conditions. Milk fats contain mainly O-acyl lipids and
contain CLA, but no alk-1-enyl ethers and very small amounts of amides and FFAs,
and therefore, derivatizations in the presence of basic catalysts are recommended.
The most useful reagent is 1 to 2 M sodium or potassium methoxide in anhydrous
methanol. These solutions are stable for several months at 4°C until a white pre-
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cipitate of bicarbonate salt starts to form. NaOCHj, rapidly and completely converts
esters to FAMEs within 10 to 15 min without isomerization of CLA. The catalyst
TMS-DAM is also suitable and will methylate FFAs without causing isomerization
of conjugated double bonds. However, a note of caution is appropriate, because the
TMS-DAM reagent may not be pure and the resultant FAMEs will need to be puri-
fied by TLC using hexane/diethyl ether/acetic acid (85:15:1). This derivatization is
not recommended when working with milk fat because of the presence of volatile
FAMEs that will escape during the TLC purification step.

Hydrochloric acid (HCI). An acid catalyst is required when substantial
amounts of FFA, alk-1-enyl ethers (plasmalogenic lipids) and amides (N-acyl lipids)
are also present in the sample to be analyzed. Ether lipids are not dissociated from
the glycerol moieties and are therefore analyzed as their isopropylidine derivatives;
their presence can be detected using TLC. A solution of HCl/methanol (1 to 2 M)
converts the plasmalogenic lipids (alk-1-enyl ethers) to dimethylacetals (DMA).
DMAs elute just below FAME on TLC using 1,2-dichloromethane as developing
solvent.8® DMAs elute before FAME on these polar GC columns slightly ahead of
the FAME with one carbon less, i.e., 18:0 DMA elutes just after the FAME 17:0.172
The HCI catalyst is easily prepared and is clean, and methylations are complete
within minutes except for sphingolipids (e.g., sphingomyelin) that require 1 h at
80°C. Using lower-reaction temperatures reduces the isomerization of CLA, but the
methylations of all lipids may not be complete.

Acid catalyzed methylation is not recommended for milk fat analysis because it
decreases the content of all the c/t-CLA isomers (i.e., 9c11t 18:2) produces the corre-
sponding tt-CLA isomers (i.e., 9t11t 18:2) and methoxy artifacts.®” Methoxy artifacts
can also be produced from hydroxy FAs present in milk fat.®

Sulfuric acid (H,SO,). Sulfuric acid has been used as a catalyst for the prepara-
tion of isopropyl and other esters from dairy fats.%-"* Because only the total CLA
content was reported in these publications, the expected isomerization of CLA could
not be assessed. The longer-chain esters have the advantage of providing flame ion-
ization detector (FID) responses that do not require correction factors for quantita-
tion of the FAME by GC.% For this reason, longer-chain alcohols have been used
to prepare isopropyl and butyl esters.”? Even though these longer-chain esters cause
less interference with the solvent peaks, the resolutions of closely eluting isomers
also appear to be compromised. There is also a general concern that short-chain
fatty acid (SCFA) derivatives might be lost during aqueous washes if such steps are
used in the derivatization methods. For this reason, nonaqueous methylation proce-
dures are preferred.3>73

Boron trifluoride (BF;). The BF;/methanol reagent is commercially available.
The catalyst is acidic and therefore suitable for the methylation of all lipid classes,
including amides, FFAs and plasmalogens. However, the reagent is not stable and
will result in by-products if not fresh. The resultant FAMESs should be purified by
TLC prior to GC analysis. In addition, this catalyst will isomerize CLA from the
c/t- to tt- forms and produce methoxy artifacts.®” Therefore, BF; is not recommended
for milk fat analysis.
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13.4.1 SUGGESTED METHYLATION

Methylation using NaOCHj, (e.g., 0.5N methanolic base #33080, Supelco Inc., Belle-
fonte, PA) is preferred for the analyses of CLA containing lipids, as the conversion
is complete within 15 min, and it does not cause isomerization of CLA. An aque-
ous-free system is preferred for the methylation of milk fat lipids.3?7 Briefly, 2 mg
of total milk fat is added to a 2 mL autosampler vial, the solvent is removed with
a stream of N,, and 1.7 mL of hexane and 40 pL of methyl acetate are added and
mixed. Then 100 pL of NaOCH, are added. The vial should be securely capped,
mixed and allowed to react for 20 min at room temperature with occasional mixing.
The vial is then cooled at -20°C for 10 min after addition of 60 uL of oxalic acid (0.5
g in 15 mL diethyl ether) and thoroughly mixed. The vial is centrifuged to settle the
Na-oxalate precipitate, and the upper phase is passed through a Pasteur pipette (5
3/4 in.) column containing a glass wool plug (glass wool was washed with 1:1 chlo-
roform/methanol and dried), and a 2 cm bed of anhydrous Na,SO,, directly into a 2
mL autosampler vial. The FAME solution is used directly for GC analyses.

13.5 ANALYSES OF TOTAL MILK FAT BY GC
13.5.1 SuGGESTED GC ANALYSIS

GC methods have been widely used for total FA analysis of milk fat, and we describe
here the method we use in our laboratory, which can be easily applied to different
equipment. A Hewlett-Packard Model 5890 Series Il gas chromatograph (Palo Alto,
CA) is used with a split/splitless injection port and FID, an autosampler (Hewlett-
Packard Model 7673), and a Hewlett-Packard ChemStation software system (Ver-
sion A.10). We set the injection system to splitless mode and time to 0.3 min, i.e.,
the time the sample remains in the injection port before the carrier gas flushes it.
The injector and detector temperatures were set at 250°C. The gases were H, as car-
rier gas (1 mL/min), and for the FID (40 mL/min), N, makeup gas (35 mL/min) and
purified air (280 mL/min). A 100 m fused capillary column was used (CP-Sil 88,
Varian Inc., Mississauga, ON) and the temperature program was initial temperature
of 45°C and held for 4 min, programmed at 13°C/min to 175°C and held for 27 min,
programmed at 4°C/min to 215°C and held for 35 min.?4148 Generally, two sample
loads are analyzed by GC: A 1 pL solution containing about 1 to 2 ug is injected
to determine FAMESs present at low concentration, and a 3:1 dilution allows for a
better resolution of the 18:1 region. The FAMEs were identified by comparison with
a GC reference FAME standard (#463), spiked with a CLA mixture containing all
the four positional CLA isomers (#UC-59M), and long-chain saturated FAME 21:0,
23:0, and 26:0; all FAMEs were obtained from Nu-Chek-Prep Inc. (Elysian, MN).
If reference FAMEs are not available, they are synthesized, obtained from natural
sources, compared with published separations or identified by GC/mass spectrom-
etry (MS). The short-chain FAMEs are corrected for mass discrepancy using theo-
retical correction factors.®

Although complementary techniques are essential to resolve many of the
FAMEs in milk fats, the use of a 100 m GC capillary column is mandatory for the
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analysis of the total FAME. More than 100 FAMEs can generally be identified using
such a GC column and selecting conditions described here.

13.5.2 IMPORTANCE OF SAMPLE LoAD

As mentioned before, sample load is an important factor to consider in GC analy-
sis. At low sample load, closely eluting FAMEs will be better resolved than at high
sample load, which is particularly useful in the 16:1 and 18:1 region. However, anal-
yses of some FAMEs present at low concentrations (SCFA, PUFA, CLA) with con-
fidence requires higher sample loads. Therefore, we often analyze milk fats at two
different sample loads. There is a note of caution: milk fat FAMEs can be diluted
but not concentrated because of the presence of short-chain FAMEs. Figure 13.1

FIGURE 13.1 A partial GC chromatogram of the 18:1 FAME region using a 100 m CP Sil
88 capillary column, hydrogen as a carrier gas and a typical temperature program from 45 to
215°C. (A) High sample load of total milk fat converted to FAME; (B) low sample load of the
same milk fat FAME as in (A); a baseline resolution is observed between 11t- and 12t-18:1.
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shows chromatograms of the 18:1 FAME region of milk fat at high (Figure 13.1A)
and low (Figure 13.1B) sample load. The separation of the 13-14t/6-8c peak is pos-
sible at low, but may not be resolved at high sample load because of the relative high
concentration of the adjacent methyl oleate (9c-18:1) peak.

13.5.3 IMPORTANCE OF TEMPERATURE PROGRAM

The relative elution order of FAMESs changes with column temperature. This has
been used effectively to resolve different groups of FAMEs. However, such manipu-
lations have not been able to resolve all the cis- and trans-18:1 isomers. For instance,
at isothermal condition of 170 or 175°C, 13t/14t-18:1 elutes just before and 15t-18:1
just after the major 9c-18:1 peak.#27 On the other hand, at 150°C, 13t/14t-18:1 elutes
with 9¢-18:1 and 15t-18:1 with 11c-18:1, and at 130°C, 13t/14t-18:1 elutes between
9c-18:1 and 11c-18:1, while 15t-18:1 elutes with 12¢-18:1.%2 The separation of the 18:3
and 20:1 isomers*® was cited above.

13.5.4 ANALysis ofF THE 18:1 FAME ReGioN

Typical separation of the FAMEs in the 18:0 to 18:2n-6 region is shown in Fig-
ure 13.1B. This region contains overlapping peaks associated with cis-18:1, trans-
18:1, tt-18:2 and c/t-18:2 isomers, and some saturated FAMEs such as 19:0 and
11-cyclohexylundecanoic acid (17 cyclo). Of the trans-18:1 isomers, 4t-, 5t-, 6-8t-,
9t-, 10t-, 11t- and 12t-18:1 can generally be resolved, while the 13t- and 14t-18:1
isomers coelute with 6¢-8c-18:1 and are often a shoulder of the leading edge of
the major 9c¢-18:1 isomer. As such, these FAME isomers are poorly resolved or
overestimated when attempts are made to estimate the area of this peak. On the
other hand, 15t-18:1 coelutes with 9c-/10c-18:1, and 16t-18:1 with 14¢-18:1. Of the
cis-18:1 isomers, 9c-18:1 is the most abundant, but it coelutes with two minor iso-
mers, 15t- and 10c-18:1. Some of the other cis-18:1 isomers are well resolved (11c-,
12c- and 13c-18:1), while the remaining coelute, 14c-18:1 with 16t-18:1, 15c-18:1
with 19:0, 16¢-18:1 with 9¢12t-18:2, and methyl octadec-17-enoate with 18:2n-6
(see Figure 13.1B). There is generally a baseline resolution (complete separation
between peaks) between 11t- and 12t-18:1 that allows for an accurate determination
of some of the trans-18:1 isomers (4t- to 11t-18:1). The relative content of these pure
trans-18:1 isomers is used to calculate the total trans content in milk fat by compar-
ing these results with those obtained after the Ag*-TLC/GC separation (see below).
Another base resolution is seen before 11c- and after 13c-18:1. The region from 11c
to 13c is considered “pure cis” and is sometimes used to calculate the total cis 18:1
content in milk fat.

Analysis of milk fat from cows fed different diets will often give different FA
profiles. Usually, the predominant isomer in milk samples is 9¢-18:1 (Figure 13.1B),
which affects the separation of the adjacent 18:1 isomers. Low sample load and
different temperature programs may help to improve the separation of certain 18:1
isomers. The feeding of high-concentrate diets rich in PUFAs will increase the 10t-
18:1 isomer, while pasture feeding will drastically increase 11t-18:1. In both cases, a
clear resolution of these two isomers (10t- and 11t-18:1) is not possible unless a prior
separation using Ag*-TLC is performed.202
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FIGURE 13.2 A partial GC chromatogram of the 22:0 to 22:6n-3 region of total milk
FAME from cows fed fish meal using a 100 m CP Sil 88 capillary column, hydrogen as a
carrier gas and a typical temperature program from 45 to 215°C.

13.5.5 ANALysis ofF THE PUFA RecioN

Analysis of the PUFAs in milk fats is possible by GC but it may require higher
sample loads because of their low content. Figure 13.2 shows the 22:0 to 22:6n-3
FAME region. When working with a low sample load, some of these PUFAs may
be overlooked as baseline noise, or not identified with confidence. The addition of
fish oil or fish meal in many studies is designed to increase the level of long-chain
PUFAs, particularly DHA (22:6n-3) and EPA (20:5n-3). The transfer efficiency of
these PUFAs into milk fat is not high™ and levels of only 0.2 to 0.4% are common.
But an accurate determination of these PUFA, even at low levels, is necessary to
evaluate the contribution of these health-promoting FAs.

13.6 AG*-TLC SEPARATION OF GEOMETRIC ISOMERS

Argentation chromatography is based on the reversible formation of a weak charge-
transfer complex between a silver ion and a double bond. A sigma bond is formed
between the silver ion and the pi electrons of double bonds; cis forms a stronger
bond than trans bonds. The strength of the complex depends on the accessibility
of the electrons in the orbitals as well as on steric hindrance. This enables the frac-
tionation of lipid molecules according to the number and geometry of the double
bonds in the FAMEs; the position of the double bond has less of an effect.’s” Silver
ion-impregnated TLC plates are easily prepared and have the advantage of separat-
ing FAMEs based on the number of isolated double bonds regardless of chain length
and the geometry of such double bonds (cis and trans).””’® In general, the migration
of FAMEs with two double bonds depends on the cis bonds. For example, a tt-18:2
isomer will migrate with the mono trans FAMEs, a ¢/t-18:2 with mono cis FAMEs,
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and a c/c-18:2 with methyl linoleate. The choice of developing solvent depends on the
separation required. The separation of saturated and monounsaturated trans and cis
FAMEs can be achieved using lower proportions of hexane and diethyl ether (90:10),
while higher levels of diethyl ether (70:30) are necessary to resolve the PUFAs.

There are several reasons that a prior separation of the mono trans FAMESs is
highly recommended. In the first place, there is extensive overlap of 13t- to 16t-18:1
isomers with the cis-18:1 isomers that will lead to underestimation of up to 25 to
30% if they are ignored.* Second, the trans-18:1 isomers of 6t-11t-18:1 are not well
resolved, particularly when either 11t- or 10t-18:1 is relatively high compared with
the other isomers.2 Reducing the sample load or using different temperature pro-
grams will only partly improve the identification. For complete and reliable results,
a combination of Ag*-TLC and GC should be used to resolve and identify all the
trans- and cis-18:1 isomers independently. Although less frequently used, separa-
tions can also be performed using Ag*-HPLC columns.”®8 Total milk FAMEs can
be fractionated into saturates, mono-trans and mono-cis- FAMESs plus CLA using
Ag+-TLC.21’48‘70’74

13.6.1 SUGGESTED AG*-TLC ANALYSIS

Commercial precoated silica G plates (20 x 20 cm x 0.25 mm thickness; Fisher Sci-
entific, Ottawa, ON) are prewashed with chloroform/methanol (1:1, v/v), and then
activated at 110°C for 1 h. All operations with Ag*-TLC should be conducted under
subdued light conditions. The plates are soaked in a 5% silver nitrate solution in
acetonitrile (w/v) for 20 min, then air dried and activated at 110°C for 1 h prior to
use. Mixtures of total FAMEs are applied onto the TLC plates (0.4 mg/cm) using
a TLC streaker (Alltech Corporation, Deerfield, IL). A thin glass capillary or a
Pasteur pipette can also be used to apply the sample across the plate, although the
application should be in as straight and narrow a band as possible to maximize the
resolution of the different FAMEs. TLC plates are immersed into the developing
solvent hexane/diethyl ether (90:10, v/v). Bands are visualized after development
by spraying the plate with a dilute solution of 2',7'-dichlorofluorescein in methanol
(w/v), dried under a stream of N,, to avoid lipid oxidation and examined under UV
light (234 nm). Figure 13.3 shows a typical Ag*-TLC separation of total cheese fat
FAMEs. The bands corresponding to saturated FAMEs (top of plate), trans-MUFA
and cis-MUFA plus CLA are identified, scraped off and collected in separate Pas-
teur pipette (5 3/4 inch) columns containing a glass wool plug. The silica gel is
eluted with chloroform, chloroform/methanol (1:1) and finally methanol. The solvent
is removed under a stream of N,. To remove the dye and dissociate any remaining
Ag*/PUFA complexes, lipids are partitioned in chloroform/methanol/1 N aqueous
HCI solution (1:1:0.9). The chloroform phase is removed and dried using a stream of
N,. Samples are dissolved in hexane and analyzed by GC using a stepwise tempera-
ture program.*® Initial temperature was 120°C held for 200 min, then increased to
150°C at 15°C/min and held for 70 min, again increased to 175°C at 15°C/min and
held for 60 min, and finally increased to 220°C and held for 50 min. The isolated cis
and trans fractions are analyzed at low and high sample loads to resolve the major
and minor FAME isomers, respectively. The isolated cis and trans fractions by Ag*-
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FIGURE 13.3 A typical Ag*-TLC separation of the total milk fat FAMESs using the devel-
oping solvent hexane/diethyl ether (90:10). After development the bands were visualized by
spraying the TLC plate with H,SO,/methanol and charring it.

TLC can also serve as GC standards to identify and establish the trans and cis-18:1
and 16:1 isomers in total milk fat separations.

13.6.2 ANALysis OF THE TRANS-18:1 ISOMERS

The isolated trans fraction by Ag*-TLC was analyzed by GC using the 100 m
highly polar capillary column and the temperature program from 45 to 215°C (Fig-
ure 13.4B) and compared with the total milk fat FAME analyzed under the same
conditions (Figure 13.4A). By comparing the two GC separations (total milk fat
FAMEs and Ag*-TLC fractions) it is now possible to clearly recognize the extent
of the overlap of the cis- and trans-18:1 isomers and identify with certainty their
elution times (Figure 13.5). Furthermore, it is clearly evident that the resolution of
6t-8t- to 11t-18:1 is only partial, and that the isomers 6t-8t-18:1 are not resolved at all
by GC under any condition, while 13t-/14t-18:1 can be separated, but only at 120°C
(Figure 13.5).15214648 The lack of separation of 6t-8t-18:1 has remained a challenge.
Precht and Molkentin*” suggested that the lack of separation of the 6t-8t-18:1 was
due to the relatively small content of the 6t and 7t isomers. Using the combination of
Ag*TLC and GC made it possible to resolve not only 13t- and 14t-18:1, but also 10t-
and 11t-18:1, which in many milk fats is difficult to identify and quantitate because
of lack of clear separation of these two isomers (Figure 13.5A and Figure 13.5B).
The analysis of the trans isomers of 16:1, 20:1 and 22:1 requires the application of
higher sample loads onto the GC operated at 120°C, as demonstrated for trans-16:1
below. For analysis of the trans-20:1 isomers see Precht and Molkentin.8? Without
a prior Ag*-TLC separation the trans-18:1 isomers were often misidentified. For
example, in a number of publications, 6t-18:1 was reported,?2:26.2881 even though this
isomer cannot be resolved by GC.
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FIGURE 13.4 A partial GC chromatogram of the 18:1 FAME region of total milk fat
FAMEs (A) and the trans (B) and cis (C) fraction isolated by Ag*-TLC. The same capillary
column (100 m CP Sil 88) and GC conditions were used for each of the analyses. The overlap
of the trans- and cis-18:1 isomers is evident when milk fat FAMEs are analyzed by GC.

13.6.3 ANALysis ofF THE Cis-18:1 ISOMERS

Atypical separation of the cis-18:1 isomers from the cis fraction isolated by Ag*-TLC
is shown in Figure 13.4C. All the cis-18:1 isomers are resolved using the tempera-
ture program from 45 to 215°C, except 10c- and 6¢-8c¢-18:1. Using a low temperature
program starting at 120°C, better resolutions of all the cis-18:1 isomers are obtained,
but even then 6¢-8c¢-18:1 remains unresolved and often 10c-18:1 remains as an unre-
solved peak on the slope of 9c¢-18:1 because of the large difference in their relative
amounts. There is evidence that several of the minor tt- and ¢/t-18:2 isomers in milk
fat elute starting with 13c-18:1.4267

It should be noted that the separation of the bands using Ag*-TLC might not be
complete. For example, small amounts of trans-18:1 were evident in the cis band
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FIGURE 13.5 A partial GC chromatogram of the trans-18:1 isomers from the trans frac-
tion isolated from two milk fats by Ag*-TLC that were separated using a stepwise GC pro-
gram starting at 120°C. (A) Milk fat from cows fed a control diet. (B) Milk fat obtained from
cows fed a fish meal diet.*

(Figure 13.4C). Initially, it was suspected this was due to accidental inclusion of
some of the trans band during isolation by Ag*-TLC. However, these trans-18:1
isomers could not be removed even after two repurifications of the cis band.?* An
alternate explanation is a partial separation of some trans-18:1 isomers on the Ag*-
TLC plates in which the trans-18:1 isomers 5t- to 9t-18:1 elute near the bottom of
the trans band or are migrating with the cis isomers. This partial separation of
some trans-18:1 isomers into the mono trans and mono cis fractions on Ag*TLC
will have quantitative implications because it would underestimate the trans-18:1
isomers migrating with the cis FAMEs.

An additional observation is noteworthy when analyzing the trans and cis frac-
tions isolated by Ag*-TLC separation and analyzed by GC. They all contained trace
amounts of 18:0. The origin of 18:0 is not clear whether it is residual 18:0 on the Ag*-
TLC plates from the saturated band that migrate past that area, or is formed in the
GC injection port.2t Hydrogenation was suspected as heat and H, (carrier gas) are
present in the injector port, despite the fact that the inlet insert and the injector are
protected with a silylated coating. Whatever the cause, the very small amount of 18:0
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present in all unsaturated FAME fractions was rather useful because it served as an
internal reference to compare the GC separations. This explanation is supported by
our findings that 18:0 is virtually absent when He was used as carrier gas.*

13.6.4 ANALysis oF THE 16:1 FAME RecioN

In Figure 13.6A the 16:0 to 18:0 region of a typical milk fat is obtained using the
temperature program described above (45°C to 215°C). In the 16:1 region there is an
overlap of the iso- and anteiso-17:0 saturates and the cis- and trans-16:1 isomers that
can only be clarified using the Ag*-TLC isolated fraction. The GC separations at
120°C of the cis and trans fractions isolated by Ag*-TLC are shown in Figure 13.6B
and Figure 13.6C, respectively. Similar results were obtained from human milk
samples.t® The relative elution of the cis- and trans-16:1 isomers is slightly different

FIGURE 13.6 A partial GC chromatogram of the 16:0 to 18:0 FAME region of total milk
FAME from cows fed a control diet using a 100 m CP Sil 88 capillary column, hydrogen as
a carrier gas and a typical temperature program from 45 to 215°C (A). (B) and (C) are partial
GC chromatograms of the 16:1 region of the cis and trans fractions, respectively, which were
isolated from total milk fat FAME using Ag*-TLC. A stepwise GC program was used for
both the cis and trans fractions starting at 120°C.
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in the temperature program (Figure 13.6A) compared with the 120°C conditions
(Figure 13.6B and Figure 13.6C). The content of the 16:1 isomers in the cis and
trans fractions isolated by Ag*-TLC are about 1/30th of the content of the trans-18:1
isomers and hence the trans fractions need to be concentrated appropriately for GC
analysis.

13.6.5 CALCULATION OF MONOUNSATURATED FAME

The total trans-18:1 content of any milk fat was calculated as follows. First, the GC
separation of the total milk fat FAMEs was evaluated (Figure 13.1 or Figure 13.4).
The sum of the relative concentration of 4t- to 11t-18:1 was assigned the value X%.
Next, the total milk fat FAMEs were separated by Ag*-TLC and analyzed by GC
at 120°C (Figure 13.5), and all the trans-18:1 isomers were integrated. The area of
4t- to 11t-18:1 is equivalent to X% because it represents the same isomers from the
milk fat. Therefore, the total trans-18:1 content can be calculated by multiplying
X% (obtained from the analysis of total milk fat FAME) by the ratio of the two areas
of (4t- to 16t-18:1) and (4t- to 11t-18:1) as follows:

Total trans-18:1 = (X%) (4t- to 16t-18:1) / (4t- to 11t-18:1)

To calculate the trans MUFA other than 18:1, the sum of 15t- and 16t-18:1 can be
used as internal reference for comparison, because these two trans-18:1 isomers are
well resolved at low (Figure 13.5) and high sample load (Figure 13 in reference 21)
operated at 120°C. Knowing the relative concentration of 15t- plus 16t-18:1 allows
one to determine the relative content of the trans-16:1, trans-20:1, and trans-22:1
isomers.

13.7 CLA ISOMER ANALYSIS BY COMBINATION
OF GC AND AG*-HPLC

CLA is a collective term used to describe one or more of the C18 dienoic posi-
tional and geometric FA isomers having a conjugated double bond system, i.e., a
single bond separating two double bonds (-CH=CH-CH=CH-). Milk fat contains
numerous c,t-, t,c-, cc- and tt-CLA isomers at positions 7,9-, 8,10-, 9,11, 10,12-,
11, 13- and 12,14-18:2.83-85 The 9c11t-CLA isomer is the predominant natural CLA
isomer accounting for about 65 to 90% of the total CLA in the milk and meat fat
of ruminants.*%° This CLA isomer has also been associated with anticarcinogenic
properties.1012

Silver ion HPLC (Ag*-HPLC) utilizes columns packed with 5—10 um Nucleosil
SA™ (phenylsulfonic acid groups bonded to a silica substrate) or similar substrates
in which the sulfonic acid protons have been exchanged with silver ions (Ag*). A
nonpolar mobile phase is used to prevent the elution of silver ions. This column rep-
resents a useful technique for the separation and isolation of cis and trans geometric
and positional isomers of FAMES and TAGs® and has been successfully used for the
separation of all the CLA isomers.50.8487
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A combination of GC and Ag*-HPLC analyses is mandatory to resolve and iden-
tify all the CLA isomers. A brief description of the Ag*-HPLC method follows. The
mixture of four positional CLA isomers is used as the standard to evaluate the reso-
lution of all the CLA isomers by Ag*-HPLC (#UC-59M from Nu-Chek-Prep Inc.,
Elysian, MN). For identification of the FAMEs by GC, a reference FAME mixture
(#463) and the FAME 21:0, 23:0 and 26:0 were prepared (all FAMEs are available
from Nu-Chek Prep).# The elution order of the CLA isomers by GC are c/t<cc<tt
and by Ag*-HPLC are tt<c/t<cc. The identification of the individual CLA isomers
was established by isolation of the individual isolated CLA isomers and character-
ization by GC/MS and GC/FTIR,®8 by isomerization of the CLA isomers using
iodine®48 and by chemical synthesis.?#° To investigate the minor CLA isomers by
GC, a higher sample load of total FAME should be used, considering that the total
content of all CLA isomers generally comprise only 0.5% of total FAMEs. Under
special feeding condition it may approach 4% of total milk fat.®”

13.7.1 SUGGESTED ANALYSIS

The CLA isomers are separated using an HPLC system (Model 1100, Agilent Tech-
nologies, Palo Alto, CA) equipped with a quaternary pump (G1311A), autosampler
(G1313A), diode array detector (G1315A) and Hewlett-Packard ChemStation soft-
ware system (Version A.10). Three ChromSpher 5 Lipids (4.6 mm i.d. x 250 mm
stainless steel; 5 p particle size) analytical silver-ion impregnated columns (Varian
Inc., Mississauga, ON) are connected in series to improve the resolutions of the
isomers. The mobile phase is hexane containing 0.1% acetonitrile and 0.5% diethyl
ether (or tertiary butyl methyl ether), and is operated isocratically at a flow rate of
1.0 mL/min. The mobile phase is thoroughly mixed at the beginning and thereafter
is stirred continuously using a magnetic stirrer. The diode array detector is oper-
ated at a wavelength of 233 nm for the identification of conjugated FAMEs, at 205
nm for unsaturated (nonconjugated) FAMEs, and at 268 nm for conjugated trienoic
FAs. The elution order of the CLA isomers was described previously.848587-8 The
columns should be cleaned daily by flushing them with 1% acetonitrile in hexane for
1 h, followed by return to the mobile phase of 0.1% acetonitrile for 1 h before using
them for the next analyses.

13.7.2  DETERMINATION OF ALL CLA ISOMERS

Figure 13.7 shows the importance of the GC and Ag*-HPLC as complementary ana-
lytical techniques. By GC the 9clit is coeluting with the 7t9c and 8t10c isomers,
but the 9t11c isomer is well resolved (Figure 13.7A). By Ag*-HPLC it is possible to
separate 7t9c from 9cl1t, but now 9cl1t is coeluting with the 9tl1c (Figure 13.7B),
hence the importance of using both methods for the analysis of these CLA isomers.
These results clearly indicate that there are three GC peaks in the CLA region (Fig-
ure 13.7A) that are composed of unresolved CLA isomers: the so called “9c11t-CLA”
peak that may contain 7t9c-, 9c11t- and 8t,10c-CLA; the “9c11c-CLA” peak that also
contains 11t13c-CLA,; and the combined tt-CLA peak that contains all the tt-CLA
isomers from 7,9- to 10,12-CLA. All the tt-CLA isomers, both geometric isomers
of 12,14- and 11,13-CLA, and 7t9c-CLA, are well resolved using Ag*-HPLC. On
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FIGURE 13.7 A partial GC chromatogram of the 20:0 to 22:0 FAME region of total milk
fat FAMESs using a 100 m CP Sil 88 capillary column, hydrogen as a carrier gas and a typical
temperature program from 45 to 215°C. The insert shows an enlargement of the CLA region.
The lower graph shows a partial Ag*-HPLC separation of the cis/trans and trans/trans CLA
region using three Ag*-HPLC columns in series and UV detection at 233 nm.

the other hand, there are several CLA isomers that are well resolved by GC, such as
10c12t-, 9tlic-, 10t12c-, 10c12c-, 11c13c-, 12t14t- and 11t13t-CLA (Figure 13.7A).
With the information of the GC and Ag*-HPLC separations it is possible to cal-
culate the concentration of each CLA isomer. The GC results are used to quantitate
the CLA content, while the Ag*-HPLC results are used to provide the relative abun-
dance of most of the individual CLA isomers, and some of the isomers require the
combination of techniques to determine their value such as 9tlic- and 7t9c-18:2.%
A proper analysis of each CLA isomer is mandatory to avoid overestimation of
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9c11t-CLA and provide the concentration of each of the other CLA isomers consid-
ering that each of the CLA isomers differs in its biological response.

The presence of 21:0 poses a challenge because this FAME elutes in the CLA
region of the GC chromatogram. The concentration of 21:0 in natural dairy fats
is generally similar to the concentration of the minor CLA isomers among which
it elutes. 21:0 elutes anywhere between 9tllc- and 10c12c-CLA depending on the
GC column and the temperature program used.1”.2040.67.8290 Therefore, the addition
of 21:0 FAME to the mixture of the four positional CLA isomers is highly recom-
mended. We have custom-made a GC reference mixture in our laboratory that con-
tains the GC FAME standard (#463), the mixture of four positional CLA isomers
(#UC-59M), and the FAMEs of 21:0, 23:0 and 26:0; all lipids were obtained from
Nu-Chek Prep.

Although the major CLA isomer in dairy and beef fats is generally 9c11t-18:2,
reporting only the content of this isomer based on a single GC separation overesti-
mates this isomer by 10 to 15% of total CLA, because the contributions of 7t9c- and
8t10c-18:2 are included.5°°! Furthermore, the importance of the other CLA isomers
is being recognized in nutrition and health, and therefore these need to be deter-
mined. Due to the coelution of the 7t9c- and 9c¢11t-18:2 isomers and the lack of sepa-
ration of several other CLA isomers by GC, Ag*-HPLC has become a mandatory
technique in the analysis and resolution of all the CLA isomers,17:21:48.50.91

13.8 TYPICAL RESULTS OF COMMERCIAL CHEESE

Using the combination of analytical techniques described above, the FA composi-
tion of four commercial cheese samples was determined (Table 13.1). The results
indicate that the content of total saturated FAs of cheese lipids was 65%, but it con-
tained substantial amounts of SCFA (<14:0, 21.9%). The total trans-18:1 content was
3.9% with 11t-18:1 as the major and 10t-18:1 as the second most abundant isomers.
The total CLA content was 0.54% of total milk fat, of which 70% was 9c11t-18:2.
Several other CLA isomers were present (expressed as percentage of total CLA),
such as 7t9c- (8.4%), 9tllc- (2.8%), 10t12¢c- (1.9%), and tt-CLA (16.8%).15* The
total PUFA content of 3.5% was mainly composed of n-6 PUFA (2.2%) with minor
amounts of n-3 PUFA (0.26%), and the n-6 to n-3 ratio was about 5.

13.9 ANALYSIS OF PHOSPHOLIPIDS IN DAIRY SAMPLES

In the analysis of milk fats the phospholipids are generally ignored because they are
present only at low levels, i.e., at 0.2 to 1% of total milk fat, and they are generally
associated with the membrane components of the fat globules. Their FA composi-
tion is uniquely different from that of milk fat TAGs. The term PL denotes any
complex lipid that on hydrolysis yields phosphoric acid. PLs can be divided into
two classes, depending on whether they contain a glycerol or a sphingosyl back-
bone.*? Upon hydrolysis, both PL groups yield FA, an organic base or a polyhydroxy
compound. There are three major PLs, phosphatidylcholine (PC), phosphatidyletha-
nolamine (PE) and sphingomyelin (SM), and two minor PL subclasses in milk fat,
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TABLE 13.1
Fatty Acid Composition (Relative %) of Commercial Cheese

SFAs Rel % MUFAs Rel % PUFAs Rel %
4:0 2.94 12:1 0.06 Oc13t/8t12c-18:2  0.16
5:0 0.02 9c-14:1 1.31 8t13c/9c12t-18:2  0.10
6:0 151 9t-16:1 0.07 9t12c-18:2
7:0 0.04 7c-16:1 0.18 11t15¢-18:2 0.06
8:0 1.26 9c-16:1 1.58 18:2n-6 1.98
9:0 0.05 9c-17:1 0.26 18:3n-6 0.03
10:0 2.60 4t-16t-18:1 3.93 18:3n-3 0.3
11:0 0.33 4t- 0.03 Total CLA 0.54
12:0 2.96 5t- 0.04 9c1it- 0.38
13:0iso 0.03 6t-8t- 0.15 7t9c-  0.05
13:0ai 0.09 ot- 0.32 9tllc- 0.02
13:.0 0.13 10t- 0.57 10t12c- 0.01
14:0iso 0.11 11t- 1.15 7t9t-11t13t-  0.09
14:0 9.89 12t- 0.41 20:3n-9 0.02
15:0is0 0.19 13t- 0.36 20:3n-6 0.08
15:0ai 0.39 14t- 0.40 20:3n-3 0.03
15:0 1.12 15t- 0.26 20:4n-6 0.10
16:0is0 0.26 16t- 0.27 20:5n-3 0.04
16:0 28.37 9¢/10c-18:1 20.32 22:4n-6 0.02
17:0is0 0.33 11c-18:1 0.69 22:5n-6 0.02
17:0ai 0.46 12c¢-18:1 0.32 22:5n-3 0.06
17:0 0.57 13c-18:1 0.13 22:6n-3 0.03
18:0iso 0.07 14c-18:1 0.06 Total PUFAs 3.54
18:0 11.00 15¢-18:1 0.18 n-6 PUFA 2.22
19:0 0.30 16¢-18:1 0.14 n-3 PUFA 0.46
20:0 0.12 17-18:1 0.10
21:.0 0.03 9c-20:1 0.09
22:.0 0.06 11c-20:1 0.07
23:0 0.02 11c-22:1 0.01
24:0 0.03 13c-22:1 0.03
Total SFAs 65.21 15c-24:1 0.01

Total 29.48

MUFAs

phosphatidylinositol (PI) and phosphatidylserine (PS). Each of these PLs contains
about 25 to 30 different FAs.!

The methodologies necessary to accurately measure the small amounts of PLs
in milk represent a unique challenge to lipid analysts because of the great relative
difference in amounts between TAGs from milk fat (98%) and the PLs (1%) associ-
ated with the membrane lipids. Several extraction and purification methods of the
individual PL classes from milk will be presented and compared here.%3-7

Isolation of the PL from milk fat has been accomplished using prepara-
tive TLC, adsorbent chromatography on silicic acid, florisil, alumina, partition
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chromatography and HPLC methodologies.®® Each of these methods is associated
with its own limitations. Preparative TLC is sensitive to sample overload and is time
consuming. Traditional column chromatography is time consuming and requires
large amounts of solvents. HPLC has the downside of requiring expensive equip-
ment and often requires more than one column to provide a complete separation of
all lipid classes.%9100

Micro-preparative applications on TLC have been widely used as an easy way
to separate different lipid classes. The availability of commercial precoated plates
yields reproducible separations of the complex lipids. Commercially available silica
gel H TLC plates need to be used to prevent streaking of PS because it contains the
zwitterion. Two- or three-dimensional TLC procedures can be used to resolve all
the PLs.%1%1 The two-dimensional TLC separations generally give better resolution
than a single HPLC run %80t

Solid phase extraction (SPE) is another common method used to separate lipids.
SPE columns are made with impermeable plastic material and packed with a variety
of adsorbents under trade names such as Bond Elut™ (Analytichem International,
Harbor City, CA), Sep-Pak™ (Waters Associates, Milford, MA) and Supelclean ™
(Supelco Inc., Bellefonte, PA).12 The commercially prepacked columns have uni-
form reproducible properties that make them useful for many applications. By using
appropriate columns, under proper experimental conditions it is possible to isolate
and concentrate the lipids of interest by a combination of solvents.®6% It is usu-
ally easier from a technical standpoint to obtain single lipid classes in a pure state
after a preliminary fractionation into neutral lipids, PL or glycolipids using column
chromatography with silica gel as adsorbent.®*1% Due to the small amounts of PL
in milk fat it is important to first concentrate the PL fraction before separating the
individual PL classes.

13.9.1  SepARATION OF PL USING THRee-DIRECTIONAL TLC

Three-directional TLC has proven to be a rapid and effective method to separate
all the different lipids on a single silica gel H plate.’* The three-directional TLC
method described below was applied to the separation of all the neutral lipids and
PLs in milk fat.

13.9.1.1 Suggested TLC Method

Commercial precoated silica H plates (20 cm x 20 cm x 0.25mm thickness; Analtech
Scientific, Newark, DE), are prewashed with a chloroform/methanol (1:1, v/v) mix-
ture and activated at 110°C for 1 h prior to use. Silica gel H plates without binder are
used instead of silica gel G plates with binder (sodium sulphate) because the acidic
PL will cause streaking. Lipids are extracted as previously described. Total milk lip-
ids (about 10 mg) are applied onto the lower left-hand corner of the plate, 2 cm from
both edges (Figure 13.8). The TLC plate is immersed into the first developing sol-
vent (chloroform/methanol/28% aqueous ammonia; 65:25:5, v/v/v) and is allowed to
reach 1 cm from the top of the plate. After drying the TLC plate by flushing N, over
the plate in a TLC box, the plate is developed at right angle to the first direction; see
Figure 13.8. The solvent system used is chloroform/acetone/methanol/acetic acid/
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FIGURE 13.8 A typical separation of total milk fat obtained using a three-directional
TLC system. The three solvent systems were chloroform/methanol/28% aqueous ammo-
nia (65:25:5) in the first direction (1); chloroform/acetone/methanol/acetic acid/water
(50:20:10:15:5) in the second direction (2); and hexane/diethyl ether/acetic acid (85:15:1) in
the third direction (3). The separated lipid classes are triacylglycerol (TAG), cholesterol (C),
phosphatidylcholine (PC), phosphatidylinositol (PI), phosphatidylethanolamine (PE), sphin-
gomyelin (SM), phosphatidylserine (PS) and free fatty acids (FFAS).

water (50:20:10:15:5, v/iviviviv). The plate is developed until the solvent front reaches
about 2 cm from the top of the plate. The plate is dried again by flushing N, over
the TLC plate. The bands are visualized after spraying with 2'7'-dichlorofluorescein
and viewed under UV light. A line is drawn in the same direction as the second
development, separating the resolved PLs and neutral lipids concentrated along the
solvent front. A 2-cm-wide band of silica is removed above the solvent front of the
PL region after the second development. By removing the silica, the third develop-
ing solvent is restricted to the neutral lipid region, which avoids interference of the
developed PLs. The TLC plate is then developed in the reverse direction from the
second development using hexane/diethyl ether/acetic acid (85:15:1, v/v/v) as the
solvent system. The TLC plate is dried again and visualized under UV light after
spraying with 2'7'-dichlorofluorescein. Lipid classes are identified and scraped off
for further analysis, or the plate is sprayed with H,SO,/methanol (1:1) and charred.
Figure 13.8 shows a typical separation obtained from total milk fat by three-
directional TLC that resolves all the lipid classes of total milk fat. The relative elu-
tion order of the lipid classes was established previously.®® The three-directional
TLC separation allows for easy identification of all the different neutral and PL
classes using only a small amount of milk fat per plate. Identification of the minor
lipids requires accumulation of material from two or three plates. For consistency
and reproducibility, the TLC plates should be dry and maintained at low humid-
ity. The minor PL (PS and PI) may be difficult to visualize by UV light, in which
case larger amounts of total lipid should be applied. If only selected PLs are being
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investigated one can use a one-directional TLC developing solvent such as chloro-
form/methanol/acetic acid/water (65:43:1:3).

13.9.2 SeparATION OF PL UsiNG SPE CoLumNs

One of the major problems of isolating the PL present in milk fat is the interference
caused by the high concentration of TAG. Both the three-directional TLC separa-
tion'® and the column separations described®21%4 were time consuming to extract
and quantify the PL constituents in milk fat. We therefore evaluated and modified
an SPE technique to obtain sufficient material to conduct qualitative and quantita-
tive measurements of the PL in milk fat. The Supelco-Clean columns gave good
separations of the neutral lipids, glycolipids and PL of milk fat. After column sepa-
ration, the PLs were further resolved into their constituent PL classes using one-
directional TLC followed by GC to analyze the FA composition.

13.9.2.1 Suggested SPE Columns Method

Total milk fat (0.5 mg) dissolved in chloroform is added onto a 3 mL Supelco-Clean
LC-SI column (Supelco, Bellefonte, PA). Three different fractions are collected into
separate round bottom flasks, using three different solvent systems: (1) 30 mL of
chloroform for the neutral lipids; (2) 25 mL of acetone for glycolipids; and (3) 10 mL
of chloroform/methanol (1:1, v/v) and 30 mL of methanol for PLs. It is necessary to
check the glycolipid fraction for the presence of any PL and neutral lipids because
they easily coelute with acetone.® Solvents from each fraction are removed using a
rotary evaporator as described before. Each column fraction was checked by TLC
using silica gel G plates and hexane/diethyl ether/acetic acid (85:15:1) as a develop-
ing solvent.

The different PL classes were separated by TLC using silica gel H plates and
chloroform/methanol/acetic acid/water (65:43:1:3) as developing solvent. The three
most abundant PLs in milk fat (PE, PC, SM) were well resolved, but Pl and PS could
not always be identified because their concentration was too low. The identified PLs
were scraped off into 5 mL vials to which known amounts of internal standard (17:0
FAME) were added for quantitative purposes. All the lipids are methylated using
NaOCH,/methanol, except for SM, which was acid methylated using HCl/methanol
to ensure complete derivatization of the N-acyl lipids. GC is performed for each
isolated band using the same conditions as for total milk fat.

13.10 CONCLUSION

Changes in milk FA composition can improve the nutritional status of dairy fat
with respect to several FAs recognized to have health benefits, e.g., omega-3 FA,
vaccenic acid (11t-18:1) and 9c11t-CLA. Under- and overestimation or misidentifi-
cation of the FA in milk fat often occurs if inappropriate methods are used. There-
fore, there is a need to use proven methods to obtain reliable results of ruminant
fats, particularly when the diets of ruminants were modified to increase or decrease
certain FAs. Some diets will cause shifts in the rumen bacterial flora and produce
fats with undesirable lipid components. Complementary methods are presented
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in this chapter to provide precise and comprehensive analyses of dairy products.
These proposed methodologies can also be applied for the lipid analysis of differ-
ent matrices such as meat.” A reliable solvent system is described to extract total
lipids using a chloroform/methanol/water mixture. Both base and acid catalyzed
methylations should be conducted, the former to prevent CLA isomerization and
the latter to provide the total lipid composition. The use of 100 m high-capillary GC
columns is mandatory for the complete analysis of milk fat. Analysis of the total
FAs in milk fat may require more than one GC determination, either at different
sample loads or temperature programs. To identify and separate the overlapping
monounsaturated FAs, a combination of Ag*-TLC and isothermal GC is necessary.
It is now well known that a complete analysis of the CLA isomers requires both GC
and Ag*-HPLC separations. The different CLA isomers have different biological
or physiological properties and therefore should be determined. The total PL from
milk fat can be effectively concentrated using SPE columns, separated by TLC and
guantitated and analyzed by GC. Analysis of the PL content and composition in
milk fat remains a challenge because of their relative low content, but this analysis
is necessary to provide a complete composition of milk fat.
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14.1 INTRODUCTION—A COMPARISON OF VARIOUS
COMMERCIAL ENZYME TEST KITS

Many methods are available for the analysis of lipids and other natural products.
These include various chromatographic techniques (gas, liquid and thin-layer chro-
matographies), various spectroscopic techniques (including NMR and infrared spec-
troscopy) and spectrometry. Although they are rarely used in research laboratories,
enzyme-based assays are used extensively for routine analyses in clinical chemistry
and in food analysis laboratories. Most of these methods are highly selective (due
to the strict substrate specificities of most enzymes), accurate and convenient (the
only instrument required for most enzymatic methods is a spectrophotometer or
sometimes a fluorometer). Many of these enzymatic methods can be purchased as
kits that contain one “cocktail” reagent that includes a premixed solution with all
the necessary enzymes, buffers, cofactors and other compounds required to conduct
the analyses. Some Kits contain individual vials of enzymes, and other reagents and
stock solutions of each must be prepared.

Enzyme test kits are available for the analysis of more than a hundred com-
pounds.t Clinical chemistry laboratories (medical and veterinary) probably consti-
tute the largest user of enzyme test kits, mostly for the analysis of various compounds
*Mention of trade names or commercial products in this publication is solely for the purpose of provid-

ing specific information and does not imply recommendation or endorsement by the U.S. Department
of Agriculture.
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in blood (serum and plasma). Food chemistry laboratories also employ a number of
enzyme test Kits, mostly for the analysis of carbohydrate-based materials.

When considering the analysis of lipids, enzyme test kits are also widely used in
clinical laboratories but are seldom used in other research labs or in teaching labs.
Enzyme test Kits are available for four types of lipids: cholesterol, triglycerides,
phospholipids, and free fatty acids (FFASs) (Table 14.1). Some of the more popular
non-lipid enzyme test Kits are also included in Table 14.1. American Organization
of Analytical Chemists (AOAC) International has compiled an interesting table
that compares the properties of more than 100 enzyme test kits.! Because many
types of lipids include covalently bound glycerol and various sugars, there may be
applications of some of these non-lipid enzyme test kits for the analysis of certain
types of lipids (such as glycerol-lipids and glycolipids).

Enzyme test Kkits can be purchased from many sources, but when considering
enzyme test kits for lipids, there are only five major manufacturers (Table 14.1).
The shelf life of enzyme test kits can be as short as several months in refrigeration,
mainly due to the short shelf life of some types of enzymes. Several professional
organizations publish “official methods” for the analysis of certain specific types of
compounds. The purpose for developing official methods is to ensure that various
commercial laboratories all use the same specific method for the analysis of the
same compound so that analytical results from various labs can be meaningfully
compared. The major professional organization that develops official methods for
the analysis of lipids is the American Oil Chemists Society (AOCS), which has more
than 50 AOCS official methods, with new methods being introduced almost each
year. It is interesting to note that the AOCS has no official methods that involve the
use of enzyme test kits. Similarly, the other two major professional organizations
(the AOAC International and the American Association of Cereal Chemists, AACC)
that publish official methods for food analysis also do not have any that employ
enzyme test kits for lipid analyses, but they do have official methods that employ
enzyme test kits for dietary fiber, beta glucans, glucose, starch and other types of
analyses (Table 14.1).

Although | am not aware of any previous reports on this topic, | believe that
enzyme test Kits could be effectively used for teaching lipid chemistry and bio-
chemistry. In 2003, our laboratory published a paper? in which we evaluated a com-
mercial enzyme-based serum cholesterol test kit for the analysis of phytosterols
(plant sterols) and phytostanols (natural plant sterols that are completely saturated,
meaning that they contain no carbon-carbon double bonds). We concluded that the
kit could be used for the analysis of phytosterols and phytostanols, but instead of
a standard 5 min incubation required for cholesterol analysis, the incubation time
should be increased to 60 min. Based on our experience with the cholesterol test Kit,
| believe that enzyme test Kits for lipids can be effectively utilized for teaching lipid
chemistry and biochemistry.

14.2 CHOLESTEROL TEST KITS

Most cholesterol enzyme test Kits contain three enzymes, cholesterol esterase,
cholesterol oxidase and peroxidase.> Cholesterol esterase is necessary only if the



The Use of Enzyme Test Kits for Teaching Lipid Chemistry* 217
TABLE 14.1
Some Examples of Enzyme Test Kits for the Analysis of Lipids and Other
Biological Compounds
Lipids and Other
Biological Intended Official
Compounds Source Instrument Samples Method  Ref.
Lipids
Cholesterol, Total Thermo Electron S Blood 3
(Infinity™) R-Biopharm Foodstuffs
Cholesterol, Total Invitrogen, F Blood 4
(Amplex( Red) Molecular Probes
Cholesterol, LDL, Thermo Electron S Blood 5,6
Direct Waco
Cholesterol, HDL Thermo Electron S Blood 78
(Infinity™) Waco
Triglycerides Thermo Electron S Blood 10
(Infinity™)
Phosphatidylcholine Waco S Blood 11
Free fatty acids Waco S Blood
Other Biological Compounds
Acetic acid Megazyme S Foodstuffs
R-Biopharm
Dietary fiber (Total) Megazyme S Foodstuffs AOAC,
AACC
Ethanol R-Biopharm S Foodstuffs,
beverages
Beta glucan Megazyme S Foodstuffs AOAC,
AACC
Glucose Sigma S Foodstuffs, AOAC,
Megazyme blood AACC
R-Biopharm
Glycerol Megazyme S Foodstsuffs
R-Biopharm
Starch (total) Megazyme S Foodstuffs AOAC
R-Biopharm
Sucrose R-Biopharm S Foodstuffs

S = Spectrophotometer (colorimeter), F = fluorometer

sample contains sterol esters (usually fatty acid esters), in which case it hydrolyzes
the ester bond so total cholesterol (the sum of free plus esterified cholesterol) can be
measured. The second and key enzyme utilized by all cholesterol enzyme test kits is
cholesterol oxidase, which oxidizes cholesterol to a ketone and concomitantly gen-
erates H,O, (Figure 14.1). The amount of H,0O, produced in the cholesterol oxidase
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FIGURE 14.1 The enzymatic reactions that occur in an Infinity Cholesterol Test Kit.

reaction is quantified by utilizing it in a reaction that catalyzes the reaction H,0, + 1
hydroxybenzoic acid + 4-aminoantipyrine to quinoneimine dye, which can be quan-
tified in a spectrophotometer by monitoring absorbance at 500 nm (Figure 14.2).

In addition to the above spectrophotometric enzymatic method for analyzing
total cholesterol, a second type of cholesterol enzymatic method, which utilizes
a fluorometer, is also available and is more sensitive.* The fluorometric method
employs the same three enzymes as the spectrophotometric method, but for the
peroxidase reaction, H,0, is quantified by reacting it with Amplex™ Red; the prod-
uct is Resorufin, which fluoresces with an excitation maxima at 560 nm and an
emission maxima at 590 nm (Figure 14.3). For those teaching labs that have a fluo-
rometer capable of measurement at these excitation and emission wavelengths (or a
fluorescence microtiter plate reader), the fluorometric method may be an interesting
option.

In addition to measuring total cholesterol using the above methods, all clinical
laboratories also now measure low-density lipoprotein cholesterol (LDL-C, some-
times called “bad” cholesterol because, when its levels are elevated, a patient is
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FIGURE 14.2 Photograph of three samples of cholesterol (0, 50 and 100 microliters of
0.005 M cholesterol, which corresponds to 0, 97 and 195 micrograms) after standard incuba-
tion in an Infinity Cholesterol Test Kit.

considered to be at a higher risk for developing cardiovascular disease) and high-
density lipoprotein cholesterol (HDL-C, sometimes called “good” cholesterol
because, when its levels are elevated, a patient is considered to be at a lower risk
for developing cardiovascular disease). There are several enzymatic methods for

Cholesterol
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Cholesterol Ester _ Free Cholesterol
Cholesterol
oxidase
Free Cholesterol T’ Cholest-4-en-3-one
HZOZ
HO. 0. OH HO. o. OH
Peroxidase \@ :(>/
s Z
ll\l N
Cﬁ—oH3
O +H,0,
Amplex Red Resorufin

FIGURE 14.3 The enzymatic reactions that occur in an Amplex Red Cholesterol Test Kit.



220 Teaching Innovations in Lipid Science

measuring LDL-C and HDL-C, but interestingly, all of them employ the same enzy-
matic steps as for total cholesterol, but they also include other reagents that “block”
either HDL-C or LDL-C.5-8

14.3 OUR EXPERIENCES MODIFYING A CHOLESTEROL
TEST KIT FOR ANALYZING PLANT STEROLS

Several years ago we decided to try to use an Infinity Cholesterol Test Kit to quanti-
tatively analyze phytosterols and phytostanols.? As mentioned previously, we found
that it was possible to measure phytosterols and phytostanols with this kit but it
required increasing the enzyme incubation step from 5 min to 60 min (Table 14.2).
When we started the project we thought that the cholelsterol oxidase would probably
oxidize phytosterols because they have the same 5-ene structure as cholesterol, but
we were uncertain about whether it would oxidize phytostanols because they con-
tain no carbon—carbon double bonds. Using high-performance liquid chromatogra-
phy (HPLC) mass spectrometry, we demonstrated that sitostanol (the most common
phytostanol) was indeed oxidized to a ketone by cholesterol oxidase (Figure 14.4).

In addition to measuring the amount of phytosterol or phytostanol in the sample,
we also used HPLC to quantify the levels of phytosteryl and phytostanyl esters, the
levels of free phytosterol and free phytostanol, and the levels of “ketone 1” (pro-
duced from phytosterols) and “ketone 2” produced from phytostanols (Table 14.2).
We demonstrated that the first enzyme in the Infinity Cholesterol Reagent, choles-

TABLE 14. 2

The Identification via HPLC-MS of the Substrates (Phytosteryl/Phytostanyl
Esters or Free Phytosterols), Intermediates and Products Created during
Incubation of Various Sterols and Stanols with Enzyme Mixtures

Steryl/
stanyl  Steryl/
Incubation  fatty  stanyl Ketone 1 Ketone 2

time acyl ferulate Free Free rt=9 rt=3 Abs
Substrate (min) ester ester  sterol stanol min) min) 500
Cholesterol 0 0 0 100 0 0 0 0.000
5 0.289
10 0 0 0 0 98 2 0.307
Cholesterol: Oleate 0 100 0 0 0 0 0 0.000
5 0.305
10 0 0 0 0 99 1 0.311
Stigmasterol 0 0 0 100 0 0 0 0.000
5 0 0 30 0 68 2 0.129
15 0.193
30 0.227
60 0 0 0 0 99 1 0.258

(Continued)
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TABLE 14.2
(Continued)
Steryl/
stanyl  Steryl/
Incubation  fatty  stanyl Ketone 1 Ketone 2
time acyl ferulate Free Free (rt=9 (rt=3  Abs
Substrate (min) ester ester sterol stanol  min) min) 500
Stigmastanol 0 0 0 0 100 0 0 0.000
5 0 0 0 17 2 80 0.176
15 0.285
30 0.316
60 0 0 0 1 2 97 0.319
Take Control 0 98 0 2 0 0 0 0.000
5 0 0 12 0 86 2 0.298
15 0.339
30 0.357
60 0 0 0 97 3 0.357
Benecol 0 99 0 0 0 0 0.000
5 0 0 0 16 0 84 0.315
15 0.334
30 0.340
60 0 0 0 4 0 96 0.383
Cook Smart 0 98 0 2 0 0 0 0.000
5 0 0 30 0 66 4 0.307
15 0.389
30 0.461
60 0 0 1 0 97 2 0.541
Cholesterol 0 0 0 100 0 0 0 0.000
Success 5 0 0 27 0 58 15 0.230
15 0.310
30 0.337
60 0 0 1 0 80 18 0.350
Corn fiber oil 0 55 41 4 0 0 0 0.000
5 0 39 3 0 47 11 0.186
15 0.215
30 0.245
60 0 36 1 0 50 13 0.275
Stigmastanyl-ferulate 0 0.000
Ferulate 60 0.009
Oryzanol 0 0.000
60 0.006

Note: At each time point Abs 500 nm was also measured. Blank lines indicate that only Abs 500 nm was

measured.

Source: Moreau, R.A., Powell, M.J. and Hicks, K.B., Evaluation of a commercial enzyme-based serum
cholesterol test kit for the analysis of phytosterol and phytostanol products, J. Ag. Food Chem.
51, 6663-6667, 2003. With permission.
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Sitosterol Stigmast-4-en-3-one

Sitostanol Stigmastan-3-one

FIGURE 14.4 The substrates and products of a common phytosterol (sitosterol) and phyto-
stanol (sitostanol) when reacted in an Infinity Cholesterol Test Kit.

terol esterase, could hydrolyze the ester bonds on phytosteryl and phytostanyl esters
(fatty acid esters) (Table 14.2). We also demonstrated that it could not hydrolyze the
ester bond on phytosteryl or phytostanyl esters of ferulic acid, which are plentiful
in rice bran oil (where they are called “oryzanol”) and in corn fiber o0il,® where they
are mostly phytostanyl esters.

After we demonstrated that the Infinity Cholesterol Reagent could be used to
analyze phytosterols and phytostanols, we then employed the modified method
to measure their levels in three functional food products (Table 14.3). One of the
products contained free unesterified sterols (Cholesterol Success), one contained
phytostanyl esters (Benecol) and two contained phytosteryl esters (Take Control
and Cook Smart). Cook Smart was test marketed in 2003 as a phytosterol-enriched
cooking oil, but it is no longer commercially available.

14.4 TRIACYLGLYCEROL (TRIGLYCERIDE) TEST KITS

The Infinity Triglyceride Test Kit contains four enzymes: lipase, glycerol kinase,
glycerolphosphate oxidase, and peroxidase.’® The reactions that each of these
enzymes catalyze are shown in Figure 14.5. As with most cholesterol test kits, the
amount of H,0, produced in the cholesterol oxidase reaction is quantified by uti-
lizing it in a reaction that catalyzes the reaction H,0O, + 1 hydroxybenzoic acid
+ 4-aminoantipyrine to quinoneimine dye (which can be quantified in a spectro-
photometer by monitoring absorbance at 500 nm). Because the lipase would also
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TABLE 14.3

Estimation of Phytosterol Concentrations in Commercial Products Using the
Infinity Cholesterol Reagent Method, Modified to Include a 60 Min
Incubation

Advertised mg Calculated Infinity Values

Sterol (Ester or Millimole Sterol Millimole Sterol
Product Free) Per Serving Per Serving Per Serving
Benecol 1500 mg¢ 2.202 2.701 £ 0.012 (23% higher)
Take Control 1650 mge 2430 2.751 + 0.010 (13% higher)
Cook Smart 1120 mg® 1.65° 2.000 £ 0.022 (21% higher)
Cholesterol Success 900 mgf 2.17¢ 2.255 +0.002 (2% higher)

2 Calculated assuming the fatty acyl phytostanyl esters are stigmastanol-oleate (MW 681.2); bcalculated
assuming the fatty acyl phytosteryl esters are sitosterol-oleate (MW 679.2); ccalculated assuming that the
free phytosterols are sitosterol (MW 414.7); 9product has esterified phytostanols; ¢product has esterified
phytosterols; fproduct has free (unesterified) phytosterols.

Source: Moreau, R.A., Powell, M.J. and Hicks, K.B., Evaluation of a commercial enzyme-based serum

cholesterol test kit for the analysis of phytosterol and phytostanol products, J. Ag. Food Chem.
51, 6663-6667, 2003. With permission.
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FIGURE 14.5 The enzymatic reactions that occur in an Infinity Triglyceride Test Kit.
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produce glycerol from monoglycerides and diglycerides, this test kit would also
measure the amounts of these compounds in a sample.

14.5 PHOSPHOLIPID (PHOSPHATIDLYCHOLINE) TEST KITS

The Waco Phosopholipid B Assay Kit contains three enzymes: phospholipase D,
choline oxidase and peroxidase.!* The reactions that each of these enzymes catalyze
are shown in Figure 14.6. As with most cholesterol test Kits and the triglyceride test
kit, the amount of H,0, produced in the cholesterol oxidase reaction is quantified by
utilizing it in a reaction that catalyzes the reaction H,0, + 1 hydroxybenzoic acid +
4-aminoantipyrine to quinoneimine dye (which can be quantified in a spectropho-
tometer by monitoring absorbance at 500 nm). Although this kit is marketed as a
phospholipid test Kit, it only detects one phospholipid, phosphatidylcholine. Also,
because the phospholipase D would also generate choline from sphingomyelin and
lyso-phosphatidylcholine, this test kit would also measure the amounts of these two
other compounds in a sample.

14.6 FREE FATTY ACID TEST KITS

The Waco Non-Esterified Fatty Acid Assay Kit contains three enzymes: Acyl CoA
synthetase, Acyl CoA oxidase and peroxidase. The reactions that each of these
enzymes catalyze are shown in Figure 14.7. As with most of the previous test Kits,
the amount of H,0, produced in the cholesterol oxidase reaction is quantified by
utilizing it in a reaction that catalyzes the reaction H,0, + 1 hydroxybenzoic acid +
4-aminoantipyrine to quinoneimine dye (which can be quantified in a spectropho-
tometer by monitoring absorbance at 500 nm).

W\/\/\/\/ GHa
o}
o HO——C——C—N+

WW - He He
O

CHg

CHg

|
O—P—0—C—C—N+—CHj
| Hp Hy |

o CHs Choline
Phosphatidylcholine . +
Phospholipase D
(or sphingomyelin) »  Glycerolphosphate

(or lyso-phosphatidylcholine)

Choline +O, Choline Oxidase R BetalneHAgehyde +
22

H,O, + 4-aminoantipyrine +  Peroxidase
3,5-dichloro-2- — Quinoneimine (red) 2 H,0

hydroxybenzene sulfate

FIGURE 14.6 The enzymatic reactions that occur in a Waco Phospholipid B Test Kit.
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Fatty Acid + Coenzyme A » Fatty Acyl Co A

Acyl Co A Oxidase | irans-p 3-Dehydroacyl-CoA +

Fatty Acyl Co A+ O,
H202

H,0, + 4-aminoantipyrine + pgroxidase
3 5-dichloro-2- — Quinoneimine (red) 2 H,O

hydroxybenzene sulfate

FIGURE 14.7 The enzymatic reactions that occur in a Waco Free Fatty Acid Test Kit.

14.7 CONCLUSIONS—SOME THOUGHTS ON USING OTHER
LIPID TEST KITS FOR TEACHING LIPID CHEMISTRY

Although they have received little attention except for clinical applications, | believe
the above enzyme test kits could easily be utilized to teach basic and advanced
principles of lipid chemistry and biochemistry. The only instrument needed in the
teaching laboratory would be a simple spectrophotometer, colorimeter, or microtiter
plate reader.

In a basic class, the Infinity Cholesterol Test Kit or the Infinity Triglyceride
Test Kit may be useful because both of these are marketed as a “reagent cocktail”
that contains all of the ingredients (enzymes, buffers, detergents, cofactors, etc.)
necessary to conduct the assay. The student would need only to add an appropriate
amount of sample to a test tube or microtiter plate, incubate for the appropriate time
and temperature, and measure the absorbance in a spectrophotometer or microtiter
plate reader.

In a more advanced class, the Amplex Red Cholesterol Test Kit may be more
appropriate. This kit comes with separate vials that contain each of the individual
enzymes and other components, so the students would need to prepare several stock
reagents and pipet them using the prescribed procedures. One advantage to this type
of kit is that it would be possible to measure both free cholesterol and cholesterol
esters by choosing to add or omit the cholesterol esterase.

A suggestion for a possible laboratory experiment would be to measure the lev-
els of phytosterols and tryglycerides in samples of conventional margarines and
nutraceutical margarines such as Benecol and Take Control (Table 14.3). Because
both margarines are readily available in most parts of the U.S. and in the U.K.
(where the latter is marketed as Pro-Activ), analyzing these samples may make a
good laboratory experiment for students. In addition, the students could also mea-
sure the levels of tryglycerides in these margarines using the triglyceride test kit
described in the next section. Because all margarines contain some water—*“light”
margarines can contain as much as 70% water—measuring the levels of triglycer-
ides in several types of margarines may make an interesting laboratory experiment.
A suggested laboratory experiment is outlined in Scheme 14.1.
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SCHEME 14.1
Suggested Experiment (Based on Procedure in Reference 2)

1. Purchase three soft (tub) margarines—one high-fat (~70%), one low-fat
(~30%) and one phytosteryl ester (~ 10%) or phytostanyl ester enriched.

2. Remove the margarines from their containers and place them in new con-
tainers labeled A, B and C.

3. Purchase an Infinity Cholesterol Test Kit and an Infinity Triglyceride Test
Kit.

4. Instruct the students to weigh 25 mg of each sample into a clean test tube
and dissolve each in 5 ml of ethanol.

5. Instruct the students to pipet 10 microliters of each stock solution into two
sets of test tubes.

6. With one set of tubes the students should pipet 1 ml of Infinity Cholesterol
Reagent to each tube and with the other set they should pipet 1 ml of Infin-
ity Triglyceride Reagent.

7. The tubes should be incubated shaking for 1 h at 37°C. If an incubator is
not available, the experiment can still be conducted but the red color will
develop at a slower rate.

8. After an hour, either the red color of the tubes can be observed visually (see
Figure 14.2) or the absorbance 500 nm of each tube can be measured with
a spectrophotometer or a colorimeter. For the Infinity Cholesterol Reagent
and phytosterol or phytostanol margarines, the absorbance values should
be similar to those in Table 14.2. With the Infinity Triglyceride Reagent,
the instructor should conduct the experiment with several concentrations
of triglycerides to be able to correlate the intensity of red color with amount
of trigylyceride.

9. Based on the qualitative or quantitative results from step 8, the students
should be able to determine the identity of the samples as high-fat (red with
TAG Reagent), low-fat (pink with TAG Reagent) or phytosterol/phytostanyl
spread (pink with Cholesterol Reagent).
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15.1 INTRODUCTION

Plastids are an extremely important and diverse group of organelles found in higher
plant cells. As such, they occur in a variety of forms with a variety of specialized
functions. Perhaps best known among these are chloroplasts, which occur ina variety
of photosynthetic tissues and are engaged in the photosynthetic activities of plants
(Halliwell, 1981; Malkin and Niyogi, 2000). The historical emphasis on chloroplasts
often overshadows the important contributions that a number of nonphotosynthetic

*This work is dedicated to the memory of our teacher, our mentor and our friend John Brian Mudd
(1929-1998). He was the first to ever teach us about chloroplasts and their role in plant lipid metabo-
lism. But even more, by his example he showed us how to enjoy science and what it really meant to be
good scientists and good teachers.

**Corresponding author
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plastids make to the overall physiology of the plant that rival those of their photo-
synthetic counterparts. These include the chromoplasts of flowers and fruit that
commonly provide the characteristic yellow, orange and red colors of these organs,
the amyloplasts of tubers and other storage organs that are important in the synthe-
sis and storage of starch and the leucoplasts of developing oilseeds involved in the
synthesis of fatty acids for oil accumulation (Somerville et al., 2000; Neuhaus and
Emes, 2000). All plastids are developmentally related to proplastids (Staehelin and
Newcomb, 2000; Waters and Pyke, 2005). Proplastids are characteristically small
diameter (0.2-1.0 p) spherical colorless plastids with a poorly developed internal
membrane system. They are commonly found in the young meristematic tissues of
plants and give rise to leucoplasts, amyloplasts, chromoplasts and eventually chlo-
roplasts (Staehelin and Newcomb, 2000; Waters and Pyke, 2005).

Despite the wide range of specializations in plastid form and function, all plastids
have in common a number of primary metabolic or biosynthetic processes that are
vital to the plant cell and the entire plant. Indeed, as a result of numerous studies of
plastid function, plastids are emerging as the “biosynthetic powerhouse” of the plant
cell (Neuhaus and Emes, 2000). In this regard, besides the processes already men-
tioned, plastids are almost universally involved in nitrogen and sulfur assimilation,
which includes the reduction of nitrite to ammonia and its subsequent incorporation
into amino acids via the glutamine synthase/glutamate synthase (“GS/GOGAT”)
cycle (Crawford et al., 2000; Tetlow et al., 2005); the activation and reduction of sul-
fate to sulfide and its incorporation into cysteine (Crawford et al., 2000); and finally
the biosynthesis of isoprenoids and aromatic amino acids (Tetlow et al., 2005). All
of these biosynthetic processes require a supply of metabolic energy and reduced
carbon. Unlike the highly specialized chloroplasts that are capable of providing their
own energy (ATP, NADPH) and reduced carbon intermediates, nonphotosynthetic
plastids must rely, either directly or indirectly, on the cytosolic compartment for
their carbon and energy requirements (Neuhaus and Emes, 2000). To facilitate this
crucial interaction with the cytosolic compartment, plastids may have as many as
45 putative transporters variously situated in the membranes of the plastid envelope
(Weber et al., 2005). Among these are the triose-phosphate/phosphate translocator;
the glucose 6-phosphate/phosphate translocator; the phosphoenolpyruvate/phos-
phate translocator; the ATP/ADP translocator; the pentose phosphate, glucose and
ADP-glucose transporters; and the dicarboxylate transporter family (Weber et al.,
2005). Equally important, it is now known that plastids have essentially complete
sets of enzymes of both the glycolytic and oxidative pentose phosphate pathways
(Neuhaus and Emes, 2000; Tetlow et al., 2005). These pathways can provide a vari-
ety of key intermediates including the energy (ATP) and reducing power (NADH
and NADPH) required for nitrogen and sulfur assimilation and fatty acid biosynthe-
sis as well as the glucose-6-phosphate for starch biosynthesis, and the erythrose-4-
phosphate and phosphoenolpyruvate for aromatic amino acid biosynthesis. Thus, it
is clear that plastids can either obtain or synthesize essentially all of the raw materi-
als they require to support their various activities, especially the acetyl-CoA needed
for de novo fatty acid biosynthesis (Tetlow et al., 2005) and glycerolipid assembly
(Joyard et al., 1998).
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15.2 LIPID BIOSYNTHESIS IN PLANT CELLS

Lipids have a wide variety of functions in higher plant cells. These range from
waterproofing and protection of the outer surfaces of plant tissues to participation
in several signal transduction cascades. Among the various types of lipids found in
plants, the glycerolipids make up the great majority and they have two main func-
tions. First, they are the main class of structural lipids found in all membranes of the
cell, and second, they serve as important storage reserves, especially in oil-storing
tissues and seeds (Somerville et al., 2000). The biosynthesis of a full complement of
complex glycerolipids for any given plant cell requires the metabolic interaction of
three cellular organelles. Paramount among these are the plastids. As already men-
tioned, plastids are considered to be the only site of de novo fatty acid biosynthesis
in the cell. As such, they are charged with the metabolic responsibility of providing
a supply of fatty acids for glycerolipid assembly in the various cell compartments
involved in membrane or storage lipid biosynthesis. Besides the plastid itself, other
sites of glycerolipid assembly in the cell are the endoplasmic reticulum and its asso-
ciated developing oil bodies, and the mitochondria (Joyard et al., 1998; Somerville
etal., 2000).

Acetyl-CoA is the immediate precursor for de novo fatty acid biosynthesis.
However, acetyl-CoA itself is not transported across the plastid envelope. Instead,
a number of other metabolites that are readily transported into the plastid can be
effectively metabolized to pyruvate, which in turn is converted to acetyl-CoA via
a plastidic pyruvate dehydrogenase complex. These include the uptake of hexose
and triose phosphates that are metabolized to pyruvate via the plastidic glycolytic
pathway and malate that is converted to pyruvate via NADP-malic enzyme. Pyru-
vate can also be directly taken up from the cytosol via an as-yet-uncharacterized
pyruvate transporter. Alternatively, photosynthetically formed phosphoglycerate in
chloroplasts and its subsequent conversion to pyruvate via glycolytic reactions in
the plastid is also feasible (Bao et al., 2000).

Whatever the source of pyruvate, it is likely that plastids can utilize multiple
precursors in vivo, and that the physiological preference for a given precursor will
depend on the nature or type of tissue from which plastids are isolated as well as
the developmental stage of that tissue (Tetlow et al., 2005). However, acetate his-
torically has been a standard precursor for the study of fatty acid biosynthesis and
glycerolipid assembly in plastids. This owes largely to its supporting high rates of
in vivo and in vitro lipid biosynthesis in chloroplasts (Roughan et al., 1976), leaves
(Slack and Roughan, 1975) and fat-storing tissues (Stumpf and Barber, 1957). In
this regard, mitochondrial-derived acetate is thought to be passively absorbed by
plastids where it converts to acetyl-CoA by acetyl-CoA synthetase located in the
stroma of the plastid (Kuhn et al., 1981) with ATP and CoA required as cosubstrates.
Despite the extensive use of acetate as a precursor for the study of lipid metabolism,
it is likely that pyruvate may be a physiologically more relevant precursor in vivo
(Tetlow et al., 2005). Nevertheless, acetate remains an economical and effective
substrate for the study of plastidic lipid metabolism.

Once acetyl-CoA is generated within the plastid, it is committed to lipid biosyn-
thesis within the plastid by a multimeric acetyl-CoA carboxylase (ACCase), which
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catalyzes its conversion to malonyl-CoA.
Plastidic ACCase is thought to be a key
regulatory enzyme in plant lipid metabo-
lism (Somerville et al., 2000). Within the
plastid, acetyl-CoA and malonyl-CoA
are used in a series of repetitive reac-
tions catalyzed by seven enzymes of the
fatty acid synthase complex (Somerville
et al., 2000; Stumpf, 1987). As shown in
Figure 15.1, the fatty acid synthase com-
plex catalyzes the building or elongation
of fatty acids (in the form of acyl-ACPs)
two carbon units at a time. The first cycle
involves a condensation reaction where
ketoacyl-ACP synthase 11l catalyzes the
attachment of the acyl carboxyl group of
the elongating acyl-ACP to the methy-
lene carbon of an incoming malonyl-CoA
with the resulting loss of the malonyl C,
carboxyl as CO, (reaction 3). The result-
ing C; keto group of the extended acyl-
ACP chain is then removed in three steps
(reactions 4, 5, and 6). The process is
repeated six times using a different iso-
zyme of ketoacyl-ACP synthase (synthase
I, enzyme 7) to produce palmitoyl-ACP
(16:0-ACP). Palmitoyl-ACP is elongated
to 18:0-ACP by a similar mechanism
involving the catalytic action of a third
isozyme of ketoacyl-ACP synthase (syn-
thase Il, enzyme 8). Finally, 18:0-ACP is
desaturated to 18:1-ACP by the catalytic
action of stearoyl-ACP A°-desaturase.
Newly synthesized acyl-ACPs are
the initial sources of the acyl groups
required for glycerolipid assembly in both
the plastid and extraplasitidic compart-
ments (the endoplasmic reticulum and
mitochondria). Export of fatty acids from
the plastid requires that the acyl group of
acyl-ACPs first be released from ACP as
the free or unesterified fatty acid. This is
accomplished by one or more chain length
specific thioesterases within the plastid.
Subsequently, free fatty acids (FFAS) are
then converted to the acyl-CoA deriva-
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tive and released to the cytosol via acyl-CoA synthase situated in the plastid enve-
lope (Koo et al., 2004). These acyl-CoAs can be used for glycerolipid biosynthesis
by either the mitochondria or the endoplasmic reticulum, and in the latter case is
referred to as the “eukaryotic pathway” for lipid biosynthesis (Somerville et al.,
2000). In contrast, within the plastid, acyl-ACPs are used directly for glycerolipid
biosynthesis by what is commonly referred to as the “prokaryotic pathway.” Except
for the first acyl transferase reaction, which occurs in the stroma phase, glycerolipid
assembly in the plastid occurs almost entirely in the inner membrane of the plastid
envelope, the name given to the double membrane that characteristically delimits
plastids (Somerville et al., 2000; Figure 15.2).

Glycerolipid assembly commences with the sequential acylation of glycerol-3-
phosphate to form lyso-phosphatidic acid (LPA) and then phosphatidic acid (PA).
These reactions are catalyzed by glycerol-3-phosphate and LPA acyltransferases,
respectively. Each of these acyltranferases is somewhat specific for the fatty acids
that they insert into positions 1 and 2 of glycerol-3-phosphate. The first acyltrans-
ferase prefers 18:1-ACP while the second prefers 16:0-ACP. (The specificities of the
corresponding enzymes of the eukaryotic pathway are both for 18:1-CoA.) Phos-
phatidic acid is a key glycerolipid intermediate in the synthesis of glycerolipids.
Depending on the level or activity of plastidic PA phosphohydrolase, the diacyl-
glycerol (DAG) moiety can be directed towards the plastidic glycolipids monogalac-
tosyl-, digalactosyl- and sulfoquinovosyldiacylglycerol (MGDG, DGDG, SQDG)
or phosphatidylglycerol (PG) (Somerville et al., 2000). It should be noted, however,
that plastids contain both “prokaryotic” and “eukaryotic” molecular species of glyc-
erolipids (especially their glycolipids). In this regard, plastids must variously rely
on the cytosolic compartment for a supply of eukaryotic diacylglycerols having C,q
fatty acids in both the sn-1 and 2 positions.

The relative contributions of the prokaryotic vs. eukaryotic pathways for glycer-
olipid assembly in plastids is somewhat species specific and is primarily manifested
in the relative 16:3 vs. 18:3 fatty acid compositions of their leaf galactolipids (Jamie-
son and Reid, 1971; Mongrand et al., 1998). Plants such as Arabidopsis, spinach and
tobacco contain high amounts of 16:3 and 18:3, and are thought to utilize both the
prokaryotic and eukaryotic pathways for galactolipid assembly. They are loosely
referred to as “16:3 plants.” Similarly, plants such as corn, wheat and pea contain
only 18:3 in their galactolipids and are thought to exclusively use the eukaryotic
pathway for galactolipid assembly. These plants are thus known as “18:3 plants”
(Mongrand et al., 1998). The mechanism whereby these eukaryotic DAGs gain entry
into the plastid and enter plastidic lipid metabolism remains poorly understood and
is thought to somehow involve phosphatidylcholine (PC) of the endoplasmic reticu-
lum. Early work suggested that the entire DAG moiety of PC was incorporated into
plastidic glycolipids (Roughan and Slack, 1982). However, more recent studies indi-
cate that extraplastidic lyso-PC is acylated to form plastidic PC and the latter then
serves as the source of eukaryotic diacylglycerol (Mongrand et al., 2000). Whatever
the case, the precise mechanism whereby plastidic or extraplastidic PC gives rise to
the diacylglycerol moiety required for eukaryotic glycerolipid assembly in plastids
remains unknown.
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FIGURE 15.2 Enzymes and reactions of glycerolipid assembly in plastids. 1 = glycerol-3-
phosphate acyltransferase; 2 = lyso-phosphatidic acid acyltransferase; 3= CDP-diacylglycerol
cytidyltransferase; 4 = phosphatidylglycerol-phosphate synthase; 5 = phosphatidylglycerol-
phosphate phosphatase; 6 = phosphatidic acid phosphatase; 7 = UDP-sulfoquinovose:DAG
quinovosyltransferase; 8 = UDP-galactose:DAG galactosyltransferase; 9 = galactolipid
galactosyltransferase.

15.3 PLASTIDS AS A MODEL FOR TEACHING
ABOUT PLANT LIPID METABOLISM

With over 50 years of relatively intensive research, a solid foundation of scientific
information about plant lipid metabolism has accumulated. The metabolic pathways
and the organelles involved, especially the central role that plastids play, have essen-
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tially all been defined. The cofactor requirements for individual reactions and entire
metabolic processes have been fully characterized, and the elucidation of the bio-
chemical and genetic modes of regulation is well under way (Beisson et al., 2003;
Browse and Somerville, 1991; Hohbs et al., 2004; Ohlrogge and Browse, 1995). The
isolation of plastids from a variety of sources is now relatively routine, and they can
be assayed under a variety of in vitro conditions that emulate a number of in vivo
situations of plant lipid metabolism. Most importantly, they can be manipulated in
a manner that will have a predictable impact on lipid metabolism. As a result, we
are now in an excellent position to use plastids as a model system in a student-based
experimental approach to illustrate many of the principles and techniques of plant
lipid metabolism suitable for college-level classroom or laboratory instruction. We
have used many of these in our own teaching activities. Several are described in
greater detail in the pages that follow.

15.4 ISOLATION OF PLASTIDS AND PLASTID ENVELOPES

Plastids have been isolated from a variety of plant tissues including leaves, roots,
flowers, fruits, seeds and tubers (Price et al., 1987). Choice of plastid/tissue type and
isolation protocol both largely depend on the objectives or requirements for each
line of investigation. Because plastids (especially chloroplasts) are relatively large
and fragile organelles, they are very sensitive to the shear forces as well as abrupt
changes in tonicity and hydrostatic pressure that are potentially generated during
tissue disruption. Thus, the main isolation criteria, besides yield and purity, are
intactness and ease of isolation. Two favorite plastids for studies of lipid metabolism
are chloroplasts from spinach leaves and leucoplasts from pea roots. This is primar-
ily because these plants are relatively easily grown, and a relatively good yield of
high quality plastids is easily obtained from these tissues. More importantly, these
two plastid types represent two extremes in specialized or functional forms, each
with a markedly different basis for elucidating the complexity of metabolic interac-
tions that necessarily must occur. In general, the best results are still obtained using
a combination of differential centrifugation techniques combined with density gra-
dient purification with Percoll silica sol (Price et al., 1987).

Once purified plastids have been isolated, they can become the starting material
for the isolation of plastid envelopes when more detailed localization studies are
required. The isolation of chloroplasts, leucoplasts and envelopes typically requires
markedly different protocols. Two separate protocols that we have used successfully
for intact chloroplasts and leucoplasts are summarized below. These are followed by
a protocol for isolation of chloroplast envelope membranes.

15.4.1  SPINACH LEAF CHLOROPLASTS

The method for isolation and purification of chloroplasts described here is based on
the combined protocols of Nakatani and Barber (1977) and Joy and Mills (1987),
which entail first the isolation of chloroplasts by differential centrifugation in low
ionic strength media followed by purification of intact chloroplasts on a step gra-
dient of Percoll. Briefly, 2025 g of fresh, rapidly expanding spinach leaves are
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homogenized in 100 mL of ice-cold buffer containing 0.33 M sorbitol, 0.2 mM
MgCl, and 20 mM MES (pH 6.5). Homogenization is achieved with two to three
5-second bursts at maximum speed in a chilled Waring blender. Although this does
not completely homogenize all of the leaf tissue, it minimizes shear force damage
to the chloroplasts.

The homogenate is then filtered through six to eight layers of cheesecloth by
gravity only (i.e., without wringing the cheesecloth) and the filtrate is centrifuged
at 2200 x g for 30 sec (allowing a maximum of 60 sec for rotor acceleration and
deceleration). The 2200 x g supernatant (still somewhat green) is then decanted
and discarded. Some of the soft surface of the 2200 x g pellet is easily lost at this
step, which is permissible because this contains mostly ruptured or damaged chlo-
roplasts. The remaining pellet is gently resuspended in a volume of cold resuspen-
sion buffer equivalent to the 2200 x g supernatant and containing 0.33 M sorbitol
and 0.5 mM tris-base (pH 7.5). The resuspended chloroplasts are then centrifuged a
second time at 2200 x g, this time for 20 sec, and allowing only 40 sec for accelera-
tion and deceleration. As before, the 2200 x g supernatant is carefully discarded,
this time being careful to not lose any of the pellet, and the resulting pellet is gently
resuspended in 4.0 mL of resuspension buffer. Two milliliters of the chloroplast
suspension are then layered onto each of two Percoll step gradients contained in
a 15 mL corex centrifuge tube and consisting of 2 mL 90%, 4 mL 40% and 4 mL
20% Percoll, with each layer containing 0.3 M sorbitol. The step gradient is finally
centrifuged at 3500 x g for 20 min. A Sorvall SS34 rotor or equivalent works well
for all of these centrifugations.

Using this procedure, intact chloroplasts sediment at the 40/90% interface while
damaged chloroplasts and chloroplast membranes sediment at the 20/40% and
0/20% interfaces, respectively. After centrifugation, intact chloroplasts can then be
collected by gentle aspiration with a Pasteur pipette. This procedure typically yields
about 2-3 mL of chloroplasts equivalent to about 1 mg chlorophyll, which can then
be used in lipid synthesis assays. It should be noted, however, that chloroplasts are
extremely fragile and should be used immediately with a minimum of handling
or mixing (1 h storage on ice results in loss of 25% of lipid biosynthetic capacity).
Similarly, starch content in leaves immediately prior to chloroplast isolation can
have a serious impact on the yield and quality of chloroplasts. Starch grains act like
tiny pebbles that sediment through chloroplast membranes during centrifugation,
disrupting the chloroplast structure and reducing activity. A white pellet of starch
beneath the first chloroplast pellet is a telltale sign that yield and quality of chlo-
roplasts in a given preparation will be low. Leaf starch content can be minimized
by placing plants in darkness for 12 to 24 h prior to chloroplast isolation, or simply
timing the harvest of leaves to occur at the very end of the growth chamber dark
cycle.

15.4.2 PeA Roort LEucoprLASTS

Pea root plastids are much smaller and seem to be less fragile than chloroplasts,
but still require a fair bit of care during isolation and purification. The procedure
described here is based on a protocol that we have routinely used in our laboratory
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(Kleppinger-Sparace et al., 1992; Xue et al., 1997) with slight modifications from
other workers (Emes and England, 1986).

Leucoplasts are isolated from aseptically grown germinating pea seeds as fol-
lows. Seeds are imbibed overnight in running tap water, and then surface sterilized
for 5 min. in 5% (v/v) commercial hypochlorite solution (Chlorox®). After rinsing
with sterile distilled water, pea seeds are germinated at 25°C for 5—7 days in com-
plete darkness under sterile conditions on filter paper moistened with 5—7 mL water
in Petri dishes, with 20-25 seeds per dish. Ten to 20 g of fresh root tissue (2-5 cm
in length from 80 g dry seed) are thoroughly homogenized in a chilled mortar and
pestle in a homogenization buffer (0.5 g tissue per mL) consisting of 50 mM Tricine
(pH 7.5), 0.33 M sorbitol, 1 mM EDTA, 1 mM MgCl, and 0.1% bovine serum albu-
min (BSA). The homogenate is then successively filtered through two layers each
of 250- and 20-pm nylon mesh to remove intact cells, nuclei and cell debris. This
filtrate is centrifuged at 500 x g for 8 minutes to yield the plastid-enriched fraction.
The crude plastids are then resuspended in 0.5 mL of homogenization buffer and
purified by centrifugation through Percoll as follows. The crude plastid suspension
is layered onto 5 mL of 10% (v/v) Percoll containing 50 mM Tricine buffer (pH 7.5),
0.33 M sorbitol and 0.1% (w/v) BSA in a 15 mL corex centrifuge tube, which is then
centrifuged at 4000 x g for 5 min. Plastids pelleted through Percoll are washed to
remove residual Percoll and BSA by resuspending them in 5.0 mL of 1.0 mM bis-
tris-propane buffer (pH 7.5) containing 0.33 M sorbitol and centrifuging the suspen-
sion at 1000 x g for 5 min. Washed plastids are finally resuspended in 1 mL the same
buffer to yield a plastid protein concentration of approximately 1 mg/mL, which can
then be used in plastid lipid metabolism assays.

15.4.3 IsoLATION OF CHLOROPLAST ENVELOPES

For those students of plant lipid metabolism who require more precise localization
or enzymatic studies, purified plastids can be further manipulated to isolate the
envelope membranes. Historically, envelope membranes have been prepared mainly
from spinach chloroplasts (Douce et al., 1973) and pea chloroplasts (Cline et al.,
1981). However, with considerable interest and effort shifting to the model plant
Arabidopsis thaliana, it is appropriate that we include a protocol for the isolation of
chloroplasts and chloroplast envelopes from this plant.

The method we describe here is based on the combined protocols of Awai et
al. (2001) and Ferro et al. (2003), with some important differences from the plastid
isolation procedures described earlier. Arabidopsis plants are grown at 23°C for
3—4 weeks with an 812 h light cycle (light intensity approximately 150 pMolem
+s1), and then stored in the dark for one light cycle prior to chloroplast isolation to
minimize the starch content, as previously noted. Again, it is important to keep all
solutions and to perform all manipulations at 0-4°C. Four hundred to 500 g of A.
thaliana leaves are homogenized in 2-3 volumes of homogenization buffer (0.33 M
sucrose, 30 mM NaPPi, 10 mM MOPS-KOH, pH 7.8, 0.1% defatted BSA) for two
3-sec bursts, then filtered through a single layer of Miracloth.

For chloroplast enrichment the filtrate is centrifuged for 8 min at 1200 x g using
slow braking for large volume (100-250 mL) centrifuge containers. The initial pel-
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lets are then resuspended in (2-5 mL each) resuspension media (0.33 M sucrose, 10
mM MOPS-KOH, pH 7.8) then combined and brought up to 200-250 mL volume
and centrifuged in smaller centrifuge tubes for 2 min at 1200 x g, with slow braking.
These pellets are gently resuspended in minimal (1-2 mL added/pellet) resuspen-
sion media prior to layering approximately 5 mL over each of 6—12 premade Percoll
step gradients (preferably 6 x 30 mL volume) kept at 0°C. The gradients are each
composed of 3 mL 55% Percoll, 10 mL 35% Percoll and 10 mL 20% Percoll, with
each layer containing 0.33 M sucrose, 10 mM MOPS-KOH, pH 7.8. After centri-
fuging the gradients at 3000 x g for 20 min at 2°C followed by slow braking, the
intact chloroplasts are removed from the 55/35% interface and diluted sevenfold
with resuspension buffer prior to centrifuging for 5 min at 3000 x g and slow brak-
ing, to obtain a pellet of highly purified intact chloroplasts.

Once obtained, purified intact chloroplasts are first lysed by gently resus-
pending each pellet in minimal (2-4 mL per original Percoll gradient) hypotonic
medium (10 mM MOPS-KOH, pH 7.8 containing, as needed, 1 mM benzamidine,
1 mM phenylmethylsulfonyl fluoride and 0.5 mM g-amino caproic acid). Note that
the hypotonic media is essentially the same as the resuspension buffer described
above but lacks the osmoticum sucrose. It also contains protease inhibitors for labile
enzyme assays or for samples intended for protein gels that are to be run later. Enve-
lope membranes are next purified by layering the lysate over 2—4 discontinuous
sucrose step gradients (prepared ahead of time but kept refrigerated). Each sucrose
gradient is composed of 2 mL 0.93 M, 3mL 0.6 M, 4 mL 0.3 M sucrose, each layer
buffered with 10 mM MOPS-NaOH, pH 7.8 and containing protease inhibitors as
necessary. Envelope membranes are purified from this lysate by centrifuging the
sucrose step gradients at 70,000 x g for 1 h using an appropriate rotor (i.e., a swing-
ing bucket rotor like the Beckman SWA41-Ti rotor, Beckman, Urbana, IL, or vertical
rotor). Envelope membranes are collected at the 0.93/0.6 M sucrose interface, then
concentrated by diluting three- to fourfold with the hypotonic buffer containing
protease inhibitors, then pelleting at 110,000 x g for 1 h (Beckman SW41-Ti rotor)
(Awai et al., 2001; Ferro et al., 2003).

15.5 ASSAY CONDITIONS FOR PLASTID LIPID BIOSYNTHESIS

Given the fact that plastids are the site of de novo fatty acid biosynthesis, and that
they can use newly synthesized fatty acids for their own glycerolipid assembly,
reaction mixtures designed to promote all combined aspects of lipid biosynthesis as
illustrated in Figures 15.1 and 15.2 can be relatively complex. Table 15.1 summarizes
the optimum concentrations of the various cofactors known to be required for fatty
acid and glycerolipid biosynthesis in spinach chloroplasts and pea root leucoplasts.
Depending on the experimental objectives, specific aspects of lipid metabolism in
these plastids can be monitored by the addition of an assortment of radiolabeled pre-
cursors. These commonly include 0.5 to 2.0 uCi of either **C-acetate or *C-glycerol-
3-phosphate, which will label the acyl or glycerol backbone moieties, respectively,
of many key intermediates and products of plastidic lipid metabolism. Alternatively,
more specific radiolabeled precursors such as Na,*®*SO, or UDP-*#C-galactose can
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TABLE 15.1
Concentrations of Various Cofactors Required for Lipid Biosynthesis from
Acetate and Glycerol-3-Phosphate by Spinach Chloroplasts and Pea Root
Leucoplasts

Acetate Acetate G3pP
Incorporation  Incorporation Incorporation
into into Pea Root into Pea Root
Chloroplast Leucoplast Leucoplast
Reagent Lipids? Lipids? Lipids?

Concentration (mM)

Osmoticants

Sorbitol 0.3 — 0.31
Sucrose or Sorbitol — 0.31 —
Buffers
Tricine (pH 7.9) 33.0 — —
Bis-Tris-Propane (pH 8.0) — 100.0 —
Bis-Tris-Propane (pH 7.5) — — 100.0
Lipid Substrates
Na-acetate 0.15 0.20 0.20
DL-glycerol-3-phosphate 0.40 1.00 0.16
KHCO, 10.0 15.0 15.0
Lipid Biosynthesis Cofactors
ATP 1.50 6.00 2.00
Coenzyme A 0.20 0.20 0.05
NADH — 1.00 0.50
NADPH — 1.00 0.50
MgCl, 2.00 6.00 2.00
MnCl, — 1.00 —
KH,PO, 0.20 — —

Plastids, Reaction Volume, Incubation Time
and Temperature

Chlorophyll (ug) 50-200

Protein (pg) 40-60 40-60
Volume (mL) 1.0 0.5 0.5
Time/Temperature (h/°C) 1.0/25 1.0/25 1.0/25

1 Mudd et al. (1987); 2Stahl and Sparace (1991); *Xue et al. (1997)

be used for more precise studies of sulfolipid (Kleppinger-Sparace et al., 1985) or
galactolipid biosynthesis (Douce, 1974; Heinz and Roughan, 1983; McCune, 1995).

Reactions are typically started by the addition of an aliquot of the appropri-
ate plastid preparation, and then incubated at 25°C for various time intervals as
required. A major difference between the incubation conditions required by chlo-
roplasts vs. leucoplasts is light. As mentioned earlier, lipid biosynthesis in chlo-
roplasts is coupled to photosynthesis with little or no biosynthesis occurring in
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darkness (Table 15.2). The best results are obtained when high-intensity light (and
incubation) is provided with a photosynthetic Warburg apparatus. Other illumina-
tion systems with appropriate shielding from heat from incandescent lights can also
be used. Reactions are finally terminated by the addition of a monophasic organic
chloroform/methanol mixture designed to extract lipids and then partition them
into chloroform (Bligh and Dyer, 1959; Mudd and DeZacks, 1981). Aliquots of the
chloroform phase are finally analyzed by a variety of standard techniques of lipi-
dology, including scintillation counting, thin layer chromatography and gas-liquid
chromatography. A thin-layer chromatography system that we have found particu-
larly useful for resolving radiolabeled lipids synthesized by plastids is illustrated
in Figure 15.3 (Sparace and Mudd, 1982). Under the standard reaction conditions

TABLE 15.2

The Effects of Cofactor Deletion or Addition on the Rates of Lipid
Biosynthesis from Acetate and Glycerol-3-Phosphate by Spinach Chloroplasts
and Pea Root Leucoplasts

Rate
(% of Control)
Acetate
Acetate Incorporation into  G3P Incorporation
Incorporation into Pea Root into Pea Root

Treatment Chloroplast Lipids’ Leucoplast Lipids? Leucoplast Lipids?
Control 100 100 100
Dark 1 — —
Boiled — <1 —
— Sorbitol 32 40P —
- KHCO, 25 18 55
—CoA 104 3 5
- G3pP 57 82 —
— Acetate — — 7
— ATP 58 1 5
— ATP + CTP (3 mM) 72 — —
- NADH — 42 74
— NADPH — 107 92
— NADH, - NADPH —_ 19 67
— MgCl, 23 43 25
+ MnCl, (2 mM) 69 — —
+ Lyso-PC (10 pM) 147 — 48
+ UDP-Galactose (0.2 mM) 125 — 120
+ Triton X-100 (0.001, 0.01%) — 115, 6 121¢
+ B-Mercaptoethanol (1 mM) — — 4
+ Dithiothreitol (1 mM) — 53 2
1 Sparace and Mudd, 1982; 2Stahl, 1990; 3Xue, 1993; 2 “~" = not determined; "sucrose was the osmoticant

omitted; °Triton X-100 was 0.008% for glycerol-3-phosphate incorporation.
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FIGURE 15.3 Autoradiogram of thin layer chromato-

graphic separation of radiolabeled spinach chloroplast

lipids synthesized from #C-acetate. Lipid extracts are

applied to pre-run Brinkman Polygram Sil G TLC plates

(0.25 mm x 20 cm x 20 cm) that are first developed with
acetone/acetic acid/water (100:2:1, v/v) until the solvent PG
front (F,) reaches the top of the plate. After thorough
drying under flowing N,, TLC plates are then developed
with chloroform/methanol/NH,OH/H,O (65/35/2/2, v/
v) until the solvent front (F,) moves approximately 12
cm up the plate. DAG = diacylglycerol; FFA = free fatty
acids; MAG = monoacylglycerol; PG = phosphatidyl-
glycerol; SQDG = sulfoquinovosyldiacylglycerol; PC = PA
phosphatidylcholine; PA = phosphatidic acid; LPA+O =
lyso-phosphatidic acid plus origin. (Reproduced from  LPA+O
Sparace and Mudd, 1982, with permission.)
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given above, lipid biosynthesis from these precursors is linear for about 30 min
with spinach chloroplasts (Figure 15.4) and for up to 6 h with pea root leucoplasts
(Figure 15.5) (S.A. Sparace, unpublished observations; Stahl, 1990; Xue, 1993). The
shorter period of linearity for lipid biosynthesis in chloroplasts is very likely due to
the great fragility of chloroplasts, as noted earlier. However, depending on the reac-
tion vessel used and whether gentle agitation is provided, we have also observed that
chloroplasts will eventually sediment out during prolonged incubation periods. This
can cause localized depletion of externally supplied cofactors.

15.6 USING PLASTIDS FOR EDUCATIONAL
PURPOSES IN PLANT LIPID METABOLISM

Once high-quality (primarily intact) plastids (or envelope membranes) have been
obtained, they can be used in a variety of applications or activities suitable for
college-level instruction emphasizing plant lipid metabolism. We have used many
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FIGURE 15.4 Timecourse study for *#C-acetate vs. “C-glycerol-3-phosphate incorpora-
tion into spinach chloroplast lipids. Different chloroplast preparations were incubated under
standard spinach chloroplast reaction conditions for increasing lengths of time followed
by termination, extraction and quantification of total radioactivity in lipids. (S.A. Sparace,
unpublished data.)

of these in our own teaching activities. Here we describe a few that are most
amenable.

15.6.1 CoFACTOR REQUIREMENTS FOR PLASTID LiPID BIOSYNSYNTHESIS

One of the most straightforward applications of plastids as a tool for teaching about
lipid metabolism is to determine (or confirm) the cofactor requirements for lipid
biosynthesis by plastids. Students can observe the effects of omitting various cofac-
tors one by one on the rates of lipid biosynthesis from radioactive precursors under
the standard optimized conditions described earlier. They can then relate their
observations to the well-characterized pathways of lipid metabolism illustrated in
Figures 15.1 and 15.2. Typical data sets for such experiments with spinach chloro-
plasts and pea root plastids are shown in Table 15.2. Students can then speculate on
whether plastids can provide (or synthesize) any of their own cofactors, based on
their metabolic capabilities for photosynthesis glycolysis and/or the pentose phos-
phate pathway.

Similarly, the effects of adding extra cofactors or regulators such as unlabeled
UDP-galactose and dithiothreitol to the standard reaction mixtures can also be
assessed, and then students can suggest possible interpretations or mechanisms
for their observations. For example, lipid biosynthesis in pea root leucoplasts is
completely dependent on exogenously supplied ATP, whereas chloroplasts are only
partly dependent on externally supplied ATP. The difference is due to the genera-
tion of ATP during photosynthesis in chloroplasts. This simple fact underscores the
experimental requirement for light as described earlier when working with chloro-
plasts (as opposed to leucoplasts).

Another notable observation in Table 15.3 is that lipid biosynthesis from ace-
tate is much more dependent on exogenously supplied reduced nucleotides (NADH
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FIGURE 15.5 Timecourse study for *C-acetate vs. *C-glycerol-3-phosphate incorporation
into pea root leucoplast lipids. Different plastid preparations were incubated under standard
pea root plastid reaction conditions for increasing lengths of time followed by termination,
extraction and quantification of total radioactivity in lipids. (Modified from Stahl, 1990 and
Xue, 1993))

and NADPH) than lipid biosynthesis from glycerol-3-phosphate in pea root leu-
coplasts. This difference echoes the reduced nucleotide requirements for de novo
fatty acid biosynthesis, but not for glycerolipid biosynthesis. It also implies that iso-
lated pea root leucoplasts have a small endogenous supply of acyl moieties for some
glycerolipid assembly, but that some de novo fatty acid synthesis is also required.
Similar studies can also be done with several other precursors of lipid metabolism
that are readily utilized by plastids. These include glucose-6-phosphate, phospho-
enolpyruvate, pyruvate and malate (Tetlow et al., 2005). Further, the use of these
precursors will invariably change the cofactor requirements for lipid biosynthesis,
especially for ATP and reduced nucleotides (Qi et al., 1995; Smith et al., 1992)

An even greater level of understanding can be probed if crude lipid extracts
are resolved into their individual lipid components by thin layer chromatography
(Figure 15.3) or any other separation technique. The profile of lipids synthesized
by any plastid preparation is greatly dependent on the origin of the plastids, the
composition of the reaction mixture and the length of time plastids are allowed to
metabolize lipid precursors. For example, under standard reaction conditions, both
spinach chloroplasts (Figure 15.3) and pea root leucoplasts will synthesize primar-
ily PA, DAG, PG, PC (and triacylglycerol [TAG] in pea root leucoplasts) from radio-
labeled acetate or glycerol-3-phosphate (Sparace and Mudd, 1982; Xue et al., 1997).
The addition of UDP-galactose is seen in Table 15.2 to stimulate lipid biosynthesis
in both chloroplasts and leucoplasts by 20-25%, suggesting a possible regulatory
role for UDP-galactose. Further examination and quantification of the proportions
of radioactive lipids synthesized reveals that the addition of UDP-galactose creates
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a “metabolic sink” where as much as 50% of the radioactivity in newly synthe-
sized lipid is accumulated in monogalactosyldiacylglycerol with large correspond-
ing decreases in the amounts of phosphatidic acid and diacylglycerols synthesized
(Sparace and Mudd, 1982; McCune, 1995). Such simple data sets measuring the
cofactor requirements for the total amounts and proportions of various lipids syn-
thesized are replete with a variety of ways that students of lipid metabolism can
exercise or demonstrate their understanding of lipid biosynthesis in plastids.

15.6.2 TiMECOURSE STUDIES OF PLASTID LipiD BIOSYNTHESIS

Another very useful application in using plastids as a tool for learning about plant
lipid metabolism is simple timecourse studies, where the effects of reaction incu-
bation times on the proportions of various synthesized lipids are examined. With
spinach chloroplasts, the proportion of radioactivity is always greatest and increas-
ing in DAG (up to 60%), with a transient increase and then decrease in the amount
of PA, and a slow steady increase in the amounts of the more polar phospholipids
(Figure 15.6). In contrast, pea root leucoplasts initially accumulate most radioactiv-
ity (almost 60%) in PA within 30 min of reaction time (Figure 15.7). This is followed
by a steady decline in the amounts of radioactive PA, which is accompanied by
a corresponding increase in the amounts of polar phospholipids and surprisingly
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FIGURE 15.6 The effects of increasing reaction times on the distribution of radioactivity
from “C-acetate among the various lipids synthesized by spinach chloroplasts. Total lipid
extracts were resolved by thin layer chromatography and the amount of radioactivity in each
lipid calculated as a percent of the total. DAG = diacylglycerol; MAG = monoacylglycerol;
LPA = lyso-phosphatidic acid; PL = the sum of remaining radioactivity in phosphatidylglyc-
erol, sulfoquinovosyldiacylglycerol, phosphatidylcholine and monogalactosyldiacylglycerol.
(S.A. Sparace, unpublished data.)
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FIGURE 15.7 The effects of increasing reaction times on the distribution of radioactivity
from *“C-acetate among the various lipids synthesized by pea root leucoplasts. Total lipid
extracts were resolved by thin layer chromatography and the amount of radioactivity in
each lipid calculated as a percent of the total. TAG = triacylglycerol. (Modified from Stahl,
1990.)

substantial amounts (up to 27%) of radioactivity accumulated in TAG. These dif-
ferences, especially between the amounts of PA vs. DAG accumulated by spinach
chloroplasts vs. pea root leucoplasts, is clearly related to the physiological nature of
these two plant species. Spinach and pea are classic examples of “16:3” and “18:3”
plants, respectively. As mentioned earlier, an important difference between these
two groups of plants is the relative activity of plastidic PA phosphatase in each spe-
cies. This enzyme has a higher activity in 16:3 plants (like spinach), resulting in
larger amounts of DAG accumulated in vitro by plastids actively synthesizing lipid,
whereas in 18:3 plants (like pea) the activity of the enzyme is greatly suppressed,
thus accounting for the accumulation of high amounts of PA. These patterns of lipid
metabolism have essentially become dogma of plant lipid biochemistry.

Finally, as mentioned earlier, the profiles of lipid accumulation can be modified
by manipulating the components of the reaction mixture. Besides the addition of
UDP-galactose as mentioned earlier, some interesting manipulations are the addi-
tion of detergents which can disrupt membrane structure and inhibit plastidic lipid
biosynthesis (Mudd and DeZacks, 1981; Stahl, 1990), the addition of lyso-phospha-
tidylcholine, which promotes phosphatidylcholine synthesis in both spinach chloro-
plasts (Sparace and Mudd, 1982) and leek chloroplasts (Bessoule et al., 1995), the
addition CTP and Mn2* which promote phosphatidylglycerol synthesis in spinach
chloroplasts (Mudd and DeZacks, 1981; Mudd et al., 1987; Sparace and Mudd, 1982)
and the adjustment of incubation pH which seems to primarily affect the activities
of stearate desaturase (Stahl and Sparace; 1991) and phosphatidic acid phosphatase
(Xue et al., 1997) in pea root plastids.
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15.6.3 CytosoLic INTERACTIONS AND METABOLITE UPTAKE STUDIES

As described earlier, plastids interact greatly with the cytosolic compartment via
a number of different membrane transporters in order to carry out their cellular
responsibilities. Some of these can be coupled directly to plastidic lipid metabolism
in a meaningful way to probe their role in plastidic lipid biosynthesis. In this regard,
we have used what has become known as the triose-phosphate shuttle (Figure 15.8)
to promote the generation of an internal supply of plastidic ATP. This shuttle mecha-
nism thus bypasses the light requirement for sulfolipid biosynthesis in spinach chlo-
roplasts (Kleppinger-Sparace and Mudd, 1987) or the exogenously supplied ATP
for de novo fatty acid biosynthesis in pea root leucoplasts (Kleppinger-Sparace et
al., 1992). The triose-phosphate shuttle mechanism, which relies on both the triose-
phosphate and dicarboxylate transporters, promotes the uptake of dihydroxyacetone
phosphate and its metabolism to 3-phosphoglycerate via the coupled activities of
triose-phosphate isomerase, glyceraldehyde-3-phosphate dehydrogenase and phos-
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FIGURE 15.8 The triose-phosphate shuttle for the generation of intraplastidic ATP. A =
triose-phosphate translocator; B = dicarboxylate translocator; 1 = triose-phosphate isom-
erase; 2 = glyceraldehyde-3-phosphate dehydrogenase; 3 = phosphoglycerate kinase; 4 =
malate dehydrogenase; DHAP = dihydroxyacetone phosphate; 3P-Gald = 3-phosphoglycer-
aldehyde; 1,3-diPGA = 1,3-diphosphoglyceric acid; 3-PGA = 3-phosphoglyceric acid; MAL
= malic acid; OA A = oxaloacetic acid. (Modified from Kleppinger-Sparace et al., 1992.)
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phoglycerate kinase. The latter enzyme becomes the physiological source of the
ATP required for lipid biosynthesis. With a little imagination, similar studies for
either teaching or research purposes can be designed to examine the effects of the
uptake and metabolism of other key intermediates such as glucose-6-phosphate and
phosphoenolpyruvate on plastidic lipid metabolism (Tetlow et al., 2005).

15.6.4 ENVELOPE-BASED STUDIES OF PLASTIDIC LiPiD METABOLISM

Although the preparation of chloroplast envelope membranes requires considerably
more time and effort than the isolation of chloroplasts, a higher degree of experimen-
tal precision or focus can be had by using envelopes instead of whole chloroplasts.
As mentioned earlier, the chloroplast envelope is engaged in glycerolipid assembly,
which can proceed in the absence of de novo fatty acid biosynthesis. Depending
on the source of the chloroplasts, envelope membranes are capable of carrying out
essentially all enzymic reactions shown in Figure 15.2 except the very first.

The enzyme responsible for the first reaction (glycerol-3-phosphate acyltrans-
ferase) is a soluble plastid enzyme that is lost during the isolation of envelope mem-
branes (Frentzen et al., 1983; Joyard and Douce, 1977). Thus, to accurately monitor
glycerolipid assembly in envelope membranes, the appropriate molecular species of
lyso-PA and suitable acyl donors must be used. More specifically, oleoyl-lyso-PA
and palmitoyl-ACP are physiologically the most relevant and preferred precursors
for glycerolipid assembly. In the latter case, palmitoyl-CoA can also be used in
place of the acyl-ACP, although the latter is preferred by the enzyme (Frentzen et
al., 1983).

Unfortunately, these precursors tend to be either very costly or not commercially
available (especially when radiolabeled). Thus, they are often synthesized by those
investigators who require their use. This adds a significant element of complexity
or difficulty in performing such experiments. Nevertheless, when the appropriate
precursors are available, a number of interesting experiments can be performed.

In this regard, in a series of elegant experiments, Andrews and Mudd (1985;
Mudd et al., 1987) were able to carefully monitor the flow of radioactivity from C-
palmitoyl-ACP into PA, CDP-diacylglycerol, PG-phosphate and ultimately the final
product, PG, in the envelope membranes from pea chloroplasts. Similarly, using
spinach chloroplast envelopes in combination with an extract of chloroplast pro-
teins, Joyard and Douce (1977) were able to demonstrate the incorporation of *“C-
glycerol-3-phosphate into lyso-PA, PA, DAG and then into MGDG upon the addition
of UDP-galactose. The reader is referred to the original works of these researchers
for additional details on the compositions of reaction mixtures and assay conditions
for this line of experiments.

15.7 SUMMARY AND CONCLUSIONS

Plastids occupy a central role in the overall physiology of plants, especially here
in regard to plant lipid metabolism. Over the past 50 years or so, lipid scientists
have learned a great deal about the metabolic processes of plastids that either sup-
port or are directly involved in de novo lipid biosynthesis. Many of the approaches
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for the isolation of plastids and their use in studies of plant lipid metabolism have
become fairly routine and almost standardized with many predictable patterns of
lipid metabolism, and we acknowledge the many contributions of all plant lipid
scientists in this area. The accumulation of all of this information makes plastids
an excellent model to use in teaching about plant lipid metabolism. We expect that
plastids will continue to be an important tool for both teaching and research in plant
lipid biochemistry, and we wish students and researchers all the best in their studies
of plant lipid metabolism.
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acyltransferase
DHA, see Docosahexaenoic acid
Diabetes, type-2, 13
Diacylglycerol (DAG),170, 233
Dicamba-resistant crops
Dietary fat
media reports of, 141
plasma lipids and, 171
Diglyceride TMS ether, 170
Dimethylacetals (DMA), 189
Dimethylallyl diphosphate (DMAPP), 123, 127
“Dining on DNA”, 119
Dipalmitin, 169
Dipalmitostearin, 169
Discipline-specific workshops, academic
libraries offering, 82
Distearin, 169
Distearopalmitin, 169
Divergers, 64
DMA, see Dimethylacetals
DMAPP, see Dimethylallyl diphosphate
DNA
discovery of, 106
science, concept of transmitted to students,
118-119
Docosahexaenoic acid (DHA), 34, 144
Docosanoids, 17
Ducks Unlimited, 35
DXP, see 1-Deoxyxylulose-5-phosphate
DXR, see Deoxyxylulose phosphate
reducto-isomerase

E

EDTA, see Ethylene diamine tetraacetate
El, see Electron impact ionization
Eicosanoids, 12, 17
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Eicosapentaenoic acid (EPA), 144
Electron impact ionization (El), 177
ELISA, see Enzyme-linked immunosorbant
assay
Emulsification, 145
Emulsions, 59-60
Endoplasmic reticulum (ER), 113
5-Enoylpyruvylshikimate 3-phosphate (EPSP),
109, 111
Enzyme-linked immunosorbant assay (ELISA),
33
Enzyme test Kits, 215-227
cholesterol test kit modification for plant
sterol analysis, 220-222
cholesterol test kits, 216—220
comparison of, 215-216
examples of, 217
free fatty acid test kits, 224-225
largest user of, 215
other lipid test kits, 225-226
phospholipid test kits, 224
triacylglycerol test Kits, 222-224
EPA, see Eicosapentaenoic acid
EPSP, see 5-Enoylpyruvylshikimate 3-phosphate
EPSP synthase, 109, 110
ER, see Endoplasmic reticulum
Escherichia coli DXP synthase, 129
Essential amino acids, 109
Essential fatty acids, 12, 157
Ethylene diamine tetraacetate (EDTA), 165
Eukaryotic pathway, 233

F

FA, see Fatty acid
Falling ball viscometry, 147
FAME, see Fatty acid methyl ester
Farmers
crop traits of value to, 111
fewer, effect of, 117
seed bought by, 115
as wild-habitat managers, 117
Fast food restaurants, revised menus of, 3
Fat(s), see also Oils and fats
extraction, 144
good, negative attention to, 29
healthy, 52
how the public is educated about, 5
invisible, 13
major nonfood use of, 146
melting point of, 143
substitute, 51
visible, 13
Fat-free products, public concerns about, 3
Fats, genes and food, 11-26
case study, 19-24
background, 19-20



254

Fats, genes and food (Cont.)
case study (Cont.)

conclusions from student/pupil program,

23-24

examples of student data, 21-23
masterclasses and school visits, 20
monitoring by questionnaires, 21
resources, 20

key discussion topics, 14-19
importance of non-acyl lipids, 14-17
low trans fats, 18-19

marine lipids and omega-3 fats, 17-18

scientific background, 12-13
terminology, 12
Fats of Life, 19
Fatty acid (FA), 184
biosynthesis
enzymes and reactions of, 232
standard precursor for study of, 231
composition
assessment of, 150
human health and, 157
of selected oils, 152
essential, 12, 157
export of, 232
free, 164
industrially valuable, 113
omega-3, 3, 112
omega-6, 112
in phosphatidylcholine, 114
plant cell, 111
role in maintaining health, 141
structure(s)
graphical depictions of, 143
press releases on, 141, 142
supplements, 18
TMS ether, 170
trans
food sample analysis for, 73
public concerns about, 3
Fatty acid methyl ester (FAME), 185
cheese fat, 194
cis, 194, 197

elution order, column temperature and, 192

generation of, 188
identification of, 190, 191, 200
long-chain saturated, 190
monounsaturated, 199
region
16:1, 198
18:1, 192
separation of, 186
short-chain, 188
total milk fat, 195
trans, 194
FFAs, see Free fatty acids
FID, see Flame ionization detector
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Fish
contaminants accumulated in, 112
farmed, 112
oils, 17
Flame ionization detection, 163, 168
Flame ionization detector (FID), 189
Flavor, fat as delivery system for, 146
Flavr Savr tomato, 107
Flax, levels of a-linolenic acid in, 112
Flood problem, 51, 53

Fluid mosaic model, membrane organization, 24

Folch extraction, plasma lipid, 165
Food(s)
companies, information presented by, 5
DNA extraction protocols for, 120
products
labeling of, 3
vitamin-enhanced, 14
samples, analysis of for trans-fatty acid
content, 73
texture, fat and, 145
Fosmidomycin, 128
Fredrickson’s hyperlipoproteinemia, 175

Free cholesterol/cholesteryl ester, ratio of, 172

Free fatty acids (FFAs), 164, 166, 184, 216
conversion of, 232-233
test Kits, 224

G

Gamma-linolenic acid (GLA), 18
Gas chromatography (GC), 168, 185

Gas-liquid chromatography (GLC), 162, 167, 171

Gatekeepers, 5
educators as, 29, 39
family doctors as, 5
GC, see Gas chromatography
GC/MS analyses, plasma lipid, 177, 178
GE crop, see Genetically engineered crop
Gene expression, Central Dogma of, 106
Gene Researcher for a Week, 37
Genes, see Fats, genes and food
Genetically engineered (GE) crop, 107
government regulatory hurdles regarding,
116
regulation of, 114
Genetically engineered seed business,
environmental groups and, 115
Genetically modified (GM) crops, 14
Genetically modified organism (GMO), 118
Genetic alphabet, 118
Genetic transformation, first report of, 106

Genetic use restriction technologies (GURTS),

115
GL, see Glycolipid
GLA, see Gamma-linolenic acid
GLC, see Gas-liquid chromatography
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Globalization, understanding, 29
Glycerolipid assembly
acyl groups required for, 232
enzymes and reactions of, 234
monitoring of, 247
Glycerophospholipids, 165
Glycolipid (GL), 12, 184
Glyphosate, activity loss, 109
GM crops, see Genetically modified crops
GMO, see Genetically modified organism
Golden rice, see Vitamin A
Good cholesterol, 219
Good fats, negative attention to, 29
Grade appeal, 84
“Grass-roots” activities, knowledge
dissemination using, 7
GURTS, see Genetic use restriction technologies

H

Handholding, students needing, 83

Hand Tool, 99

Hard science topics, improved interest in, 21, 23

Harnessing the Grey Matter, 37-38

HBCM Initiative, see High B-carotene maize
Initiative

HDL cholesterol, see High density lipoprotein
cholesterol

Health Canada, 19

Health/dietetic information, media sources of, 4

Healthy fats, 52

Herbicide(s)

development of, 128
-resistant crops, 110

Hevea brasiliensis, 129, 130

Hewlett-Packard® DeskJet 9800, 98

High B-carotene maize (HBCM) Initiative, 15

High density lipoprotein (HDL) cholesterol, 144,
219

High performance liquid chromatography
(HPLC), 185, 220

HMG-CoA reductase, inhibition of, 128

Horsch, Rob, 107

HPLC, see High performance liquid
chromatography

Hydrogenation, 13, 49, 111-112

Hydrogen flame ionization detection, 163

Hypercholesterolemia, 165, 172

Hyperlipemias, diagnosis of, 174

Hypertriglyceridemia, 165

Independent study students, mentoring of,
69-84, see also Mentorships
project development, 72-78
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certification
evaluation, 75
expectations, 74
research objective, 73-74
skills and techniques learned, 74
supervisory responsibilities, 74
time commitment, 74-75
recruitment, 71-72
strategies for success, 78-84
good habits and skills, 78-79
interpersonal challenges, 82—-84
protocols and procedures, 79-80
record keeping and data management,
80-81
written communication skills, 81-82
Infection, phospholipase activity and, 172
Infinity Cholesterol Reagent, 222
Infinity Cholesterol Test Kit, 218, 225
Infinity Triglyceride Test Kit, 222, 223, 225
Information retrieval, 64
Insecticides, alternative to, 107
Intellectual property (IP) protection, 114, 116
Intellectual-property rights (IPR), 15
International CyberFair, 30
International Food Information Council website,
8
International Food Policy Research Institute, 15
International Rapeseed Congress, 34
Internet
activities, student, 30
student research from, 31
Invisible fats, 13
lowa Extension, Biotechnology Curriculum
Units, 119
IP Modeling Group, 117
IPP, see Isopentenyl diphosphate
IP protection, see Intellectual property
protection
IPR, see Intellectual-property rights
Isopentenyl diphosphate (IPP), 123, 131
Isoprene
emission, rate of, 127
production
antioxidant function of, 126
light-dependent, 127
Isoprenoid(s)
biosynthesis, 124, 126
commercially important, 130
compounds
benefit of, 127
in mammals, 125
natural, 123
plant-derived, 123
precursors of, 123
volatile, 125
Isoprenoid biochemistry, 123-134
definition of isoprenoids, 123
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Isoprenoid biochemistry (Cont.)

effect of plant isoprene emission on
environment, 126-127

genetic engineering for isoprenoid
production, 128-129

genetic engineering for plant defense against
herbivores, 129-130

importance of isoprenoids, 126

inhibition of enzymes in isoprenoid
biosynthesis, 128

isoprenoids in foods keeping up healthy,
127-128

location of isoprenoids, 123-125

other important isoprenoids, 130

synthesis of isoprenoids, 125-126

J

Junior colleges, 31

K

Knowledge, actionable, transforming of
information into, 42

L

Laboratory
buffer preparation, 78
colorimetric protein quantification assays, 78
demonstration, 80
habits, teaching of, 78
lack of confidence possessed by students
in, 83
record keeping and data management, 80
safety issues, 79
website, development of, 72
Lard, 170
LCAT deficiency, see Lecithin-cholesterol
acyltransferase deficiency
LDL cholesterol, see Low density lipoprotein
cholesterol
Learning
generalities, details vs., 43
patterns of, 64
phases of, 64
research, 42
styles, problem-solving and, 63
transformative, 45, 65
Lecithin, 145
Lecithin-cholesterol acyltransferase (LCAT)
deficiency, 172
Lepidoptera family, 107, 108
Leucoplasts, pea root, 236, 239, 240
Lifelong learning strategies, 64
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Life Sciences Educators Group, 39
Light margarine, 225
Limonoids, properties of, 126
Linoleic acid, 157
a-Linolenic acid, 112
Linseed, levels of a-linolenic acid in, 112
Lipid(s)
analysis, techniques for, 215
assessment, difficulty of, 149
chemistry, basic education noted as deficient,
28
class ratios, alterations in, 172
components, oxidative degradation of, 149
degradation processes, 60—61
extraction methods, evaluation of, 187
functions of in higher plant cells, 231
history of plant cultivation for, 12
main degradation process of, 153
metabolism, precursors of, 243
non-acyl, importance of, 14
off-flavor components of, 150, 153
widest definition of, 12
Lipid composition, nutritional quality and,
149-159
finding and describing relationships, 154158
materials, 150
methods, 150-152
p-anisidine value, 151
fatty acid composition, 150-151
flavor components, 151
peroxide value, 151
sensory analysis, 151-152
student’s assignment, 152
tocopherols, 151
working with results, 153-154
Lipophilic vitamins, 12
Lipoxygenase (LPOXx), 61
Liquid nitrogen ice cream, 146
Low density lipoprotein (LDL) cholesterol, 144
Low-fat products, public concerns about, 3
LPA, see Lyso-phosphatidic acid
LPOX, see Lipoxygenase
Lubricants, 147
Lycopenes, 16
Lyso-phosphatidic acid (LPA), 233
Lysophosphatidylcholine, 172, 245

M

Manitoba Biotechnology Competition, 34
Manitoba Network for Science and Technology,
see MindSet
Manitoba Science and Technology Achievement
Lunch, 40
Margarine(s)
light, 225
nutraceutical, 225
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phytosterol-enriched, 17
processing, student problem of, 48
target properties, 49
water in, 225
Marine oils, 17
Mass spectrometry (MS), 175, 190
Masterclasses
debate format, 20
results of, 21
structure of, 20
student data obtained from, 21-23
Media reporters, scientific information conveyed
by, 4
Medicine, DNA science and genetics
revolutionizing, 119
Memorization
learning vs., 42
problem-solving vs., 66
retaining of information without, 64
Mendel, classical experiments of, 106
Mentor, 35
communication, 32
level of involvement of, 32
program, school-based, 33
role in student project, 32
Mentorships, 27-40, see also Independent study
students, mentoring of
barriers, 39-40
involving educators, 39
voice of scientists, 39-40
integrated approach, 29-30
mentoring and coaching, 30-38
Agricultural Biotechnology Enrichment
Program, 36
Bio-Trek, 31
community-based programs, 36-37
desktop videoconferencing, 35-36
Gene Researcher for a Week, 37
Harnessing the Grey Matter, 37-38
Sanofi-Aventis Biotechnology Challenge,
31-35
SMARTS, 38
university and college outreach
programs, 31
MEP, see Methylerythritol phosphate
Merck Frosst, 37
Mercury, fish accumulation of, 112
Methylerythritol phosphate (MEP), 125, 128, 131
Mevalonate (MVA), 125, 128
Mevinolin, 128
Microsoft Word, how to insert picture in, 96
Milk
composition of, 183
fat(s), see also Total milk fat, analysis of
FAs found in, 184
isolation of phospholipids from, 203
separation of FAMEs prepared from, 185
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lipid extraction from, 187
nutritional role in human diet, 184
MindSet, 27, 28, 29
coaching provided by, 30
educators provided support from, 39
Mini-universities, 31
Mistakes, learning from, 63
Monoacylglycerols, 164
Monoglycerides, 170, 174
Monopalmitin, 169
Monostearin, 169
Monounsaturated fatty acids, 153, 157
Mouth feel, fat and, 145
MS, see Mass spectrometry
MVA, see Mevalonate

N

NADP-malic enzyme, 231

National Health Museum, Access Excellence,
119

National Science and Engineering Research
Council, Promoscience program, 37

Natural rubber, 130

Niemann-Pick disease type C, 126

Non-acyl lipids, importance of, 14

No-till crop production, 110

Nutraceutical margarines, 225

(0

Obesity
children’s incidence of, 137
epidemic, 13
media’s discovery of, 137
spread of to fast-developing countries, 3
Off-flavors, 52
Qil(s)
canola
changes in tocopherol during, 156
formation of oxidative degradation
products during, 153
intensity of rancid odor in, 154
castor, 147
coconut, 146, 147
composition, 56
corn, consumption of, 171
crops
dietary plant lipid from, 13
high-oleic, 18
fatty acid composition of, 152
fish, 17
healthiness of plant vs. animal, 111
high-oleate, 112
major nonfood use of, 146
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Qil(s) (Cont.)
making margarine from, student problem
of, 48
marine, 17
market for low trans fatty acid, 18
nutritionally enhanced, 13
origin, identification of, 158
palm, vitamin E in, 16
plant
cooking applications, 111
hydrogenation, 111-112
principal TAG component of, 60
processing, trouble-shooting of, 56
production, 51
properties, product behaviors and, 53
rice bran, 222
separation of tocopherol isomers in, 154, 155
stability, endogenous factors affecting, 56
substitute, 51
tocopherols in, 156
unknown, use of fat constants to identify, 57
vegetable
effect of oxidation on, 157
off-flavor components, 157
oxidatively stable, 112
Oilseeds, see Sample cards, teaching of oilseed
and cereal processing using
Oils and fats, 141-148
fat in the diet, 141-144
fats in food, 144-146
industrial uses of oils, 146-148
omega-3 fatty acids, 3, 112, 157
omega-6 fatty acids, 112
Open-ended activities, 23
Oryzanol, 222
Osher Institute, 7
Outreach program(s)
administrative infrastructure for, 20
proximity to schools, 36
Oxidation, 153
control of, 62-63
effect of on vegetable oil, 157
by lipoxygenase, 61
products, 149
Oxidative degradation
chemical assessment of, 150
products, formation of, 153
Oxysterol, 125

P

PA, see Phosphatidic acid
Palaquium gutta, 130
Palmitic acid, 169
Palmitostearin, 169

Palm oil, vitamin E in, 16
Parthenium argentatum, 130
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Patents, social scientist opinions about, 115
PC, see Phosphatidylcholine
PCR technology, see Polymerase chain reaction
technology
.pdf document, insertion of picture into, 95-96,
98, 100
PDFs, see Postdoctoral fellows
PE, see Phosphatidylethanolamine
Pea root leucoplasts, 236, 239, 240
PEP, see Phosphoenol pyruvate
Peripheral vascular disease, 3
Petroleum fuels, pollution and, 148
PG, see Phosphatidylglycerol
Phe, see Phenylalanine
Phenylalanine (Phe), 109
Phosphatidic acid (PA), 233
Phosphatidylcholine (PC), 172, 202, 233
normal fatty acid in, 114
synthesis, promotion of, 245
Phosphatidylethanolamine (PE), 202
Phosphatidylglycerol (PG), 233
Phosphatidylinositol (PI), 203
Phosphatidylserine (PS), 203
Phosphoenol pyruvate (PEP), 109, 111
Phospholipase C, 166
Phospholipid (PL), 12, 184
analysis of in dairy samples, 202
applications, 55
chemistry, 55
common name for, 145
design of use for, 54
isolation of from milk fat, 203
properties of, 55
separation of using SPE columns, 206
separation of using three-directional TLC,
204
test kits, 224
Zeolite removal of, 172
Photosynthesis, MEP pathway and, 125
Photosynthetic pigments, biosynthesis of, 125
Phytoseiulus persimilis, 129
Phytosterol(s), 13
biosynthesis, genetic manipulation of, 129
cholesterol uptake and, 127
concentrations of in commercial products,
223
-enriched margarines, 17
Pl, see Phosphatidylinositol
PIPRA, see Public Intellectual Property
Resource for Agriculture
PL, see Phospholipid
Plant(s)
breeding, see Biotechnology and crop
improvement in agriculture
cells, common fatty acids of, 111
-derived flavors, 123
genetic engineering, general process for, 108
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lipid
biotechnology, public education on,
118-120
metabolism, see Plastids, teaching plant
lipid metabolism using
oils
cooking applications, 111
hydrogenation, 111-112
sterols, benefit of, 127
transformation, first reproducible method
for, 107
Plant Variety Protection Act, 116
Plasma lipid profiling, high-temperature
gas-liquid chromatographic, 161-181
analyses of samples, 174
measurement of peak areas, 169
methods and materials, 162-166
gas chromatographic system, 162-164
lipid standards, 164-165
total plasma lipids, 165-166
peak area correction factors, 170
significance of results, 172—-174
correlation with metabolic events, 172
diagnosis of hyperlipemias, 174
supplementary methodology, 175-180
GC/MS analyses, 177
polar capillary column GLC, 177-180
TLC/GLC analyses, 177
total lipid profiling, 166—172
resolution of plasma lipids, 170-172
resolution of synthetic standards,
166-170
typing of hyperlipoproteinemia, 176
Plasmodium falciparum, 128
Plastids, teaching plant lipid metabolism using,
229-250
assay conditions for plastid lipid
biosynthesis, 238-241
isolation of plastids and plastid envelopes,
235-238
isolation of chloroplast envelopes,
237-238
pea root leucoplasts, 236-237
spinach leaf chloroplasts, 235-236
lipid biosynthesis in plant cells, 231-233
plastids as teaching model, 234-235
use of plastids for educational purposes in
plant lipid metabolism, 241-247
cofactor requirements, 242-244
cytosolic interactions and metabolite
uptake studies, 246-247
envelope-based studies, 247
timecourse studies, 244-245
Polar capillary column GLC, 177
Pollination, floral-derived terpenoids and, 126
Polychlorinated biphenyls, fish accumulation
of, 112
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Polymerase chain reaction (PCR) technology, 35
Polyunsaturated fatty acids (PUFAS), 6, 58, 186,
153
Postdoctoral fellows (PDFs), 72
Posters, 100, 102
Potato chips, 137-139
Nutrition Facts, 137, 138
rationale, 137
visual demonstration of fat extraction and
fluid densities, 137-139
materials, 139
procedure, 139
results and discussion, 139
PowerPoint presentation, 20
Pre-exam cramming, 24
Press releases, on new findings in lipid nutrition,
5
Primary care doctors, focus of, 5
Principal investigator, 71, 83
Printers, desktop, 97
Printing, borderless, 98
Problem-solving
adapting of to different levels, 43
class discussions in, 50
real-life situations and, 65
student views on, 65—-66
unknown information and, 49-50
Problem-solving, teaching through, 41-67
controlling oxidation, 62—63
design of phospholipid use, 54-56
education perspectives, 63—66
emulsions, 59-60
examples of problems, 48-50
making margarine from oil, 48
teaching concepts, 48-50
integrating chemical and instrumental
analyses to determine lipid
compositions, 58-59
lipid chemistry concepts, 46-47
lipid degradation processes, 60—61
manipulating properties of TAGs, 50-54
oxidation by lipoxygenase, 61-62
trouble-shooting of oil processing, 56-57
use of fat constants to identify unknown
oils, 57
Problem-Solving Strategies guide, 44, 46
Professional development, 39
Professional events, student invitations to, 37
Prokaryotic pathway, 233
Proplastids, 230
Prostaglandins, 12
Protein(s)
assays, colorimetry-based, 79
delta endotoxin, 107
Ras, 128
rubber particle, 130
PS, see Phosphatidylserine
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Public education, 3-9
current avenues for transmitting lipid
knowledge, 3-5
education about lipids at “grass-roots” level,
7
interwoven networks of information and
misinformation, 5
lack of public awareness of other aspects of
lipids, 6
lipid course for reporters and other
professionals, 7-8
need for, 6-7
on plant lipid biotechnology, 118-120
timely action, 8
website development, 9
Public Intellectual Property Resource for
Agriculture (PIPRA), 117
Public relations, scientists and, 40
PUFAs, see Polyunsaturated fatty acids
Pupil perceptions, techniques used to analyze, 23

Q

Questionnaires
analysis of, 22
monitoring by, 21

R

Rancidity, intensity of, 153, 154
Reagent cocktail, 225
Recombinant DNA, history of, 106-107
Reflective essay, 21
Renewable fuel, biodiesel as, 6
Reporters, lipid course for, 7-8
Research

papers, undergraduate, 82

student attitude toward, 71
Resorufin, 218
Restaurants, revised menus of, 3
Restriction enzymes, elucidation of, Nobel prize

winner for, 107

Rice bran oil, 222
Ricinoleic acid, 147
Rosin, uses of, 130
Rotary evaporator, 188
Roundup Ready™ crops, 107, 109-110

S

SABC, see Sanofi-Aventis Biotechnology
Challenge

Sagittaria diterpenoids, antibacterial activity
of, 126

Salmonella contamination, 145
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Sample(s)
bags and tube, suppliers, sizes and photos
of, 94
mounting of, 86
tracking of from cradle-to-grave, 81
Sample card(s)
cereals, list of, 88
degumming of, 92
major benefit of using, 86
oilseeds, list of, 87
soybean extraction, 90
soybean oil refining, 91
soymilk, 93
Sample cards, teaching of oilseed and cereal
processing using, 85-103
inserting pictures, 95-96
insertion of picture into .pdf document,
95-96, 98, 100
picture copying, 95
paper, 96-97
posters, 100
printing, 97-98
process flow diagrams, 86
purpose, 86
supplementary materials, 99
website contents and computer program,
101-102
workbooks and covers, 87-89
Sanofi-Aventis Biotechnology Challenge
(SABC), 31-35
benefits of mentoring, 35
fats- and oils-related case studies, 33-35
Saturated fats, 141
Saturated fatty acids, 143, 153, 157
SCFA, see Short-chain fatty acid
Schaich’s Law, student problem-solving using,
44
Schisandra triterpenoids, anti-HIV-1 activity
of, 126
School(s)
-based mentor program, 33
budgetary restraints, 30
curriculum topics, dictated, 39
proximity of outreach programs to, 36
visits, student data obtained from, 21-23
School Visits
format of, 20
results of, 21
Science
culture, development of, 39
education, see Fats, genes and food
how students are taught about, 28
negative opinions about, 28
student opportunity to try, 30
teacher associations, 119
Science, Technology, Engineering and
Mathematics (STEM), 38
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Scientists, worldwide shortages of, 28
“Scientists in the Schools” program, 38
Seed(s)
hybrid, corn production and, 115
industry, consolidation in, 115
oil, eicosapentaenoic acid in, 112
oil formation, enzyme catalyzing final step
in, 114
technology, patents on, 115
terminator, 115
Sexual harassment complaint, 84
Short-chain fatty acid (SCFA), 189, 202
Sitosterol, 169
SM, see Sphingomyelin
SMARTS, see Student Mentorship Association
Regarding Technology & Science
Snack foods, obesity and, 137
Soap production, 146
Solid phase extraction (SPE), 204
Soya & Oilseed Bluebook, 99
Soyatech, Inc., 99
Soybean
EPSPS gene, genetic changes to, 114
extraction sample card, 90
oil refining sample card, 91
processing and utilization poster, 102
seed oil, oleic acid in, 112
Soymilk sample card, 93
SPE, see Solid phase extraction
Sphingomyelin (SM), 165, 202
Spinach chloroplasts, 235, 239, 240
Spiral-bound notebook, 95
Stamp Tool, 98
Stanols, 17
Stearic acid, 169
STEM, see Science, Technology, Engineering
and Mathematics
Steroids, 12, 13
Steryl esters, 12
Streptomyces, 125
Student(s), see also Undergraduate student
award for class participation, 42
co-op, 75
“eureka” point reached by, 43
handholding of, 83
inertia of, 83
invitation to professional events, 37
-learning outcomes, ways to improve, 19
motivation, 23
projects
detection of genetically modified
soybeans, 33
future possibilities, 35
inheritance of erucic acid in wild
mustard, 34
interesterification high lauric acid canola
oil, 34
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stability of ground flaxseed to oxidation,
33-34
research, 31-32
Student Mentorship Association Regarding
Technology & Science (SMARTS), 38
Supplements
fatty acid, 18
original food product vs., 16
Syngenta, 14

T

TAG, see Triacylglycerol
Take Control margarine, 222, 225
Tangier disease, 126
Taxol, 126, 130
T-DNA encoded on tumor-inducing plasmids,
107
Teachers, as gatekeepers, 29
Teaching, service-learning approach, 23
Terminator seeds, 115
Terminology, complicated, 6
Terpenoid(s)
marine organism, 131
production, genetic manipulation of, 129
TFAs, see trans fatty acids
Thin-layer chromatography (TLC), 165, 185
Three-hole binder, 95
TLC, see Thin-layer chromatography
TLC/GLC analyses, plasma lipid, 177
TMS, see Trimethylsilylation
Tocopherol(s)
changes in during aging of canola oil, 156
composition of in selected oils, 156
detection of, 151
isomers, separation of, 155
measurement of, 154
Tomato, plastid-localized MEP pathway in, 129
Total milk fat, analysis of, 183-213
AG*-TLC separation of geometric isomers,
193-199
analysis of 16:1 FAME region, 198-199
analysis of cis-18:1 isomers, 198
analysis of trans-18:1 isomers, 195
calculation of monounsaturated FAME,
199
suggested analysis, 194-195
analysis of phospholipids in dairy samples,
202-206
separation using SPE columns, 206
separation using three-directional TLC,
204-206
CLA isomer analysis by combination of GC
and AG*-HPLC, 199-202
determination of CLA isomers, 200-202
suggested analysis, 200
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Total milk fat, analysis of (Cont.)
complexity of milk fat fatty acid
composition, 185-186
extraction of total milk and dairy lipids,
186-188
GC, 190-193
analysis of 18:1 FAME region, 192
analysis of PUFA region, 193
importance of sample load, 191-192
importance of temperature program, 192
suggested analysis, 190-191
methylation procedures, 188-190
typical results of commercial cheese, 202
trans fats, 141
low, 18
saturated fats vs., controversy over, 143
trans fatty acids (TFAs), 184
content, food sample analysis for, 73
major sources of, 143
oils, low, 18
public concerns about, 3
Transformative learning, 45, 65
Triacylglycerol (TAG), 12, 113, 164, 184, 243
behaviors, commonality of, 52
manipulating properties of, 50-54
shortening functions, 52, 54
test kits, 222
Tridecanoin, 17, 169, 170
Tridecanoylglycerol, 164
Triglyceride, 170
Trilaurin, saponification of, 147
Trimethylsilylation (TMS), 162, 166
Triose-phosphate/phosphate translocator, 230
Triose-phosphate shuttle, 246
Tristearin, 169
Trp, see Tryptophan
Tryptophan (Trp), 109, 111
Turpentine, 130
Type-2 diabetes, 13
Type 2 diacylglycerol acyltransferase (DGAT2),
114
Tyr, see Tyrosine
Tyrosine (Tyr), 109, 111

U

UK Food Standards Agency, 19
Undergraduate research projects, see also
Independent study students,
mentoring of
career paths of students completing, 70
failure of, 72
motivational issues, 82
opportunity for recruiting students for, 71
planning requirement for, 72
progression of student through, 73
short-term nature of, 74
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Undergraduate student
conflict between supervisor and, 83
evaluation of, 75
oral presentation evaluation form, 76
personality conflicts among, 83
publication-quality reports prepared by, 81
research papers of, 82
skill set, procedures to assess, 78
term paper evaluation for, 77
time commitment expected of, 74
time management of, 82
UNESCO, see United Nations Education,
Scientific and Cultural Organization
United Nations Education, Scientific and
Cultural Organization (UNESCO), 28
United States Agency for International
Development (US-AID), 15
Unknown information, problem-solving and,
49-50
Unsaturated fatty acids, 143
US-AID, see United States Agency for
International Development
USDA, see U.S. Department of Agriculture
U.S. Department of Agriculture (USDA), 116
crop germplasm collections of, 116
dietary recommendation for saturated fatty
acids, 143
Economic Research Service website, 99
field studies of Bt corn, 109
website, 8
USFDA, see U.S. Food and Drug Administration
U.S. Food and Drug Administration (USFDA), 3
U.S. National 4-H Council, Environmental
Stewardship program, 119
U.S. NSTA, website, 119
U.S. Plant Patent Act, 116

\%

Value-added consumer products, desire to
develop, 69
Vegetable o0il(s)
biodiesel fuel from, 6, 148
effect of oxidation on, 157
off-flavor components, 157
oxidatively stable, 112
Vernicia fordii, 114
Very long chain polyunsaturated fatty acids
(VLCPUFAS), 17, 18
Videoconferencing, desktop, 35-36
Virtual laboratory, problem-solving as, 63
Viscosity, definition of, 147
Visible fats, 13
VITAA, see Vitamin A for Africa
Vitamin(s)
-enhanced food products, 14
lipophilic, 12
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Vitamin A, 14
bioavailability, 15
deficiency, 14
Vitamin A for Africa (VITAA), 15

Vitamin E
group compounds, 16
in palm oil, 16

VLCPUFAs, see Very long chain
polyunsaturated fatty acids

VOC, see Volatile organic compounds

Volatile organic compounds (VOCs), 126

%%

Waco Non-Esterified Fatty Acid Assay Kit, 224
Waco Phosopholipid B Assay Kit, 224

Weather uncertainties, 53

Webcam technology, videoconferencing using,

35
Website
Agricultural Sciences Academic Workshop,
141

American Dietetic Association, 8
development, public education and, 9
Harnessing the Grey Matter, 38
International Food Information Council, 8

263

laboratory, 72
sample cards for oilseed and cereal
processing, 101-102
USDA, 8
Economic Research Service, 99
field studies of Bt corn, 109
U.S. NSTA, 119
Wisconsin BioTrek program, 120
WHMIS training, 78
Wild-habitat managers, farmers as, 117
Wisconsin BioTrek program, website, 120
Working knowledge final exam, 66
Written communication skills, development of,
81

Y

Youth Science Fairs Canada, 38

y4

Zeolite
adsorption, 165
removal of phospholipids, 172
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