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Preface to the series

There is increasing interest in industry, academia and the health sciences in medicinal
and aromatic plants. In passing from plant production to the eventual product used by
the public, many sciences are involved. This series brings together information which is
currently scattered through an ever increasing number of journals. Each volume gives an
in-depth look at one plant genus, about which an area specialist has assembled information
ranging from the production of the plant to market trends and quality control.

Many industries are involved such as forestry, agriculture, chemical, food, flavour,
beverage, pharmaceutical, cosmetic and fragrance. The plant’s raw materials are
roots, rhizomes, bulbs, leaves, stems, barks, wood, flowers, fruits and seeds. These yield
gums, resins, essential (volatile) oils, fixed oils, waxes, juices, extracts and spices for
medicinal and aromatic purposes. All these commodities are traded worldwide. A
dealer’s market report for an item may say ‘Drought in the country of origin has
forced up prices’.

Natural products do not mean safe products and account of this has to be taken by
the above industries, which are subject to regulation. For example, a number of plants
which are approved for use in medicine must not be used in cosmetic products.

The assessment of safe-to-use starts with the harvested plant material which has to
comply with an official monograph. This may require absence of, or prescribed limits
of, radioactive material, heavy metals, aflatoxin, pesticide residue, as well as the
required level of active principle. This analytical control is costly and tends to exclude
small batches of plant material. Large scale contracted mechanised cultivation with
designated seed or plantlets is now preferable.

Today, plant selection is not only for the yield of active principle, but for the
plant’s ability to overcome disease, climatic stress and the hazards caused by mankind.
Such methods as in vitro fertilization, meristem cultures and somatic embryogenesis
are used. The transfer of sections of DNA is giving rise to controversy in the case of
some end-uses of the plant material.

Some suppliers of plant raw material are now able to certify that they are supply-
ing organically-farmed medicinal plants, herbs and spices. The European Union direct-
ive (CVO/EU No 2092/91) details the specifications for the ob/igatory quality controls
to be carried out at all stages of production and processing of organic products.

Fascinating plant folklore and ethnopharmacology leads to medicinal potential.
Examples are the muscle relaxants based on the arrow poison, curare, from species of
Chondrodendron, and the anti-malarials derived from species of Cinchona and Artemisia.
The methods of detection of pharmacological activity have become increasingly reli-
able and specific, frequently involving enzymes in bioassays and avoiding the use of
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laboratory animals. By using bioassay-linked fractionation of crude plant juices or extracts,
compounds can be specifically targeted which, for example, inhibit blood platelet aggrega-
tion, or have anti-tumour, or anti-viral, or any other required activity. With the assist-
ance of robotic devices, all the members of a genus may be readily screened. However,
the plant material must be f#/ly authenticated by a specialist.

The medicinal traditions of ancient civilizations such as those of China and India
have a large armamentaria of plants in their pharmacopoeias which are used through-
out South-East Asia. A similar situation exists in Africa and South America. Thus, a
very high percentage of the world’s population relies on medicinal and aromatic plants
for their medicine. Western medicine is also responding. Already in Germany all med-
ical practitioners have to pass an examination in phytotherapy before being allowed to
practise. It is noticeable that throughout Europe and the USA, medical, pharmacy and
health related schools are increasingly offering training in phytotherapy.

Multinational pharmaceutical companies have become less enamoured of the single
compound magic bullet cure. The high costs of such ventures and the endless com-
petition from “me too” compounds from rival companies often discourage the attempt.
Independent phytomedicine companies have been very strong in Germany. However,
by the end of 1995, eleven (almost all) had been acquired by the multinational phar-
maceutical firms, acknowledging the lay public’s growing demand for phytomedicines
in the Western World.

The business of dietary supplements in the Western World has expanded from the
health store to the pharmacy. Alternative medicine includes plant-based products.
Appropriate measures to ensure the quality, safety and efficacy of these either already
exist or are being answered by greater legislative control by such bodies as the Food
and Drug Administration of the USA and the recently created European Agency for
the Evaluation of Medicinal Products, based in London.

In the USA, the Dietary Supplement and Health Education Act of 1994 recognized
the class of phytotherapeutic agents derived from medicinal and aromatic plants.
Furthermore, under public pressure, the US Congress set up an Office of Alternative
Medicine and this office in 1994 assisted the filing of several Investigational New Drug
(IND) applications, required for clinical trials of some Chinese herbal preparations. The
significance of these applications was that each Chinese preparation involved several
plants and yet was handled as a single IND. A demonstration of the contribution to
efficacy, of each ingredient of each plant, was not required. This was a major step for-
ward towards more sensible regulations in regard to phytomedicines.

My thanks are due to the staff of Taylor & Francis publishers who have made this
series possible and especially to the volume editors and their chapter contributors for
the authoritative information.

Roland Hardman, 1997
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Preface

Linum usitatissimum is a widely distributed Mediterranean and temperate climate zone
oilseed that has a long history of traditional use both as an industrial oil and a fiber
crop. However in North America and in Western Europe, its use as a food and medi-
cinal crop is less well known in spite of an equally long history of traditional use for
these purposes. Known as linseed in the United Kingdom and many of its former colonies,
or flax in North America, the oilseed cultivars of this species are now the predom-
inant forms that are grown around the world, while fiber cultivars have declined in
importance as synthetic fibers have displaced linen fibers from many of their tradi-
tional uses. Although the primary focus of this book is on the medicinal and nutri-
tional constituents of the seed of Linum usitatissimum, several other Linum spp. contain
podophyllotoxin derivatives that have biological activity or potential for use in the semi-
synthesis of anticancer drugs (Chapter 3).

Beginning in the mid-1980s there has been a steadily growing interest in the
medicinal and nutraceutical value of flax. At first, interest was concentrated on the
biological activity of the omega-3 fatty acid o-linolenic acid (Chapter 7). As time passed
and more investigators focused on the biological activity of flax, other biologically
active molecules were identified including the flax lignans and soluble dietary fiber
(Chapter 12). The experimental evidence for the role of flax lignans in preventing
cancer is described in considerable detail in Chapter 8. The role of lignans in the
prevention of cardiovascular diseases and the associated reduction in risk factors is
described in Chapter 9. The potential for flaxseed and flax lignans to delay the pro-
gression and severity of lupus nephritis and other kidney diseases is documented in
Chapter 10. Even the cyanogenic glycosides, long perceived to be anti-nutritional, may
have a protective effect from selenium toxicity (Chapter 12). Flax lignans are converted
to a number of different compounds in the mammalian GI tract. These compounds,
including the mammalian lignans, undergo enterohepatic circulation after initial
absorption (Chapter 11). The lignan secoisolariciresinol diglucoside and several of its
metabolites also possess significant antioxidant activity resulting in a series of oxidized
metabolites.

While the primary focus of this book is on the human use of flaxseed, increasing
attention is being placed on modification of animal diets to modify the fatty acid profile
of meat and dairy products (Chapter 14).

In keeping with other books in this series, Chapters 1 and 13 focus on the history
of the traditional food and medicinal uses of flaxseed and provide a fascinating com-
pilation of the diverse uses humans have found for this crop. The correct identification
of medicinal plants has long been a problem for the medicinal plant industry. While
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correct identification of Linum wsitatissimum as it applies to the commercial species is
rarely a problem, the taxonomy of this genus is complicated and there are few reliable
English language resources available on this subject. We are very pleased therefore to
be able to present in Chapter 2 a detailed analysis of the taxonomy and genetic resources
of this economically important species. As we become more aware of the biological
activity of compounds such as the lignans, knowledge and conservation of the genetic
resources of this genus will become increasingly important in the future as the few
remaining wild populations of Linum species come under increasing pressure from human
activities.

Fortunately the commercial sources of flaxseed are not in any danger of extinction
as flax is cultivated in many countries around the world. The main growing areas for
flax (both fiber and oilseed) are documented in Chapter 4, along with descriptions
of the typical agronomic practices for flax production in each region. The diseases
(Chapter 5) and insect pests (Chapter 6) encountered by flax growers around the world
are described along with the preferred strategies for their control.

The commercial trade in flaxseed and its oil are described in Chapter 15, while the
current regulatory status of flax products for human consumption is described in Chap-
ter 10.

This book is intended to give the reader a comprehensive overview of the present
knowledge of this genus, both from the perspective of producing the crop as well as
its many uses, both old and new. As a result of the rapidly growing interest in flax
and the wide range of biological activities associated with constituents of this plant,
flax is emerging as a strong rival for soybean as a major nutraceutical crop.

We wish to thank Mr Ralph Underwood for his many contributions to the art
work in this book, to the library staff of the Saskatoon Research Center for locating
many obscure references and to our colleagues at the Center for their many helpful
suggestions.
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1 Introduction

History of the cultivation and
uses of flaxseed

Marion Vaisey-Genser and Diane H. Morris

What department is to be found in active life in which flax is not employed? — Pliny, the Roman
natural historian’

Introduction

Linum usitatissimum, the specific name for flax within the family Linaceae, aptly
describes its usefulness and versatility. In fact, the name Linum originated from the
Celtic word /in or “thread,” and the name wusitatissimum is Latin for “most useful”
(Kolodziejezyk and Fedec, 1995). According to the Compact Oxford Dictionary, the
old French word “linnet” means “the bird which hovers feeding on the seeds over flax
fields.” The word “line” is derived from a Latin or Greek ancestor, /inum, meaning “flax”;
other words such as linen, lining, linear, and lineage are all derived from the word
“line” (Judd, 1995). These ancient linguistic origins underscore the importance of flaxseed
or linseed, as it is sometimes called, to the economic and social development of humans.

The terms flaxseed and linseed have particular meanings, depending on the region.
In Europe, flax refers to the seed grown for fiber (linen) production, while linseed refers
to oilseed flax grown for industrial and nutritional uses. In North America, the terms
are used interchangeably to describe the linum species, Linum usitatissimum, although
there is a slight preference for using the term flaxseed when referring to the flax used
for human consumption. Traditional flaxseed varieties consumed by humans are rich
in alpha-linolenic acid (ALA), the essential omega(®)-3 fatty acid, which constitutes
about 57 percent of the total fatty acids in flax. Solin is a generic term for flax vari-
eties that contain less than 3 percent ALA (Oomah and Mazza, 1988).” Flax grown for
human consumption and flax grown to manufacture linen belong to the same species
but are different varieties, and the two products are not usually obtained from the same
crop (BeMiller, 1973).

Flaxseed has historically been consumed as a cereal and valued for its medicinal qual-
ities, while the oil from the seed has served variously as a frying medium for food, a
lamp oil and a preservative in products such as paint and flooring. However, fabric
made from the fibers of flax stalks is the best documented example of the earliest use
of flax, likely because linen artifacts have survived over time better than perishable oils
and foods. For example, the weaving of linen is credited with having a role in some
of the major landmarks in the evolution of Western Civilization. Today, Canada is a
world leader in the production and export of flax. In 1996 and 1997, Canada produced
about 860,000 tonnes (or 40 percent) of the world’s total flax. Canada exports flax mainly
to Europe, Japan, South Korea and the United States (Anonymous, 1999b).
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Table 1.1 Landmarks in the chronology of flax from ancient to contemporary times

Years B.C.E. *

8000 Wild flaxseed (L. bienne) dated in the Fertile Crescent (Syria, Turkey and Iran)
(Helbaek, 1969; van Zeist, 1970; van Zeist, 1972)

7000 Agriculture fully established in the Fertile Crescent; flax among the first crops
domesticated (van Zeist and Bakker-Heeres, 1975; Smith, 1995)

6000 Remains of linen artifacts identified in the Dead Sea area (Schick, 1988)

5000 Earliest dated Egyptian linen cloth (Judd, 1995)

4000 European use of flax: artifacts of the Swiss Lake dwellers (Zohary and Hopf, 1993)

2000 The first industry? Babylonians twisted flax fibers into thread for weaving
(Harris, 1993)

1400 Egyptians used linseed oil for embalming and linen for binding mummies
(Judd, 1995); linen was the primary fabric for Egyptian cloth (Barber, 1994)

1000 Flaxseed used in breads in Jordan and Greece (Stitt, 1994)

500  Flaxseed used as a laxative and, by Hippocrates, as a poultice (Judd, 1995);
Phoenicians’ linen sails may have introduced flax to Flanders and Britain
(Wilson, 1979)

Years C.E.

800  Charlemagne prescribed flaxseed production for all subjects in the Roman
Empire (Anonymous, 1999b)

1000 Flanders was a leading center of the linen industry (Wilson, 1979)

1400 The Renaissance: Van Eyck pioneered linseed oil in oil painting preservation
(Judd, 1995)

1500 The Reformation: Huguenots took linen-producing skills to the British Isles
(Baines, 1985)

1600 Colonization: French immigrants took flax to North America (Atton, 1989)

1800 Industrial Revolution began. Linoleum flooring patented in Britain (Judd,
1995); invention of the cotton gin in 1793 forecast the end of the dominance
of linen and the 1920s’ collapse of the flax industry (Duder, 1992)

1980 Consumer emphasis on environmentally friendly, natural products renewed
producer interest in flax in North America and Europe (Prentice, 1990)

1995 Emergence of flaxseed as a functional food

* B.C.E. = Before the Common Era; C.E. = Common Era. The Common Era is understood to
begin about 1 A.D.

This chapter describes the biological origins of flax, its importance in the agricul-
tural economies of the Fertile Crescent of about 8000 B.C.E.,’ early methods of pro-
ducing flax fiber, and ancient and contemporary uses of flaxseed as a food, medicine,
industrial agent and source of fiber and oil. Although the specific points in time when
each of the functional qualities of flax emerged remains somewhat imprecise, the chrono-
logical landmarks in Table 1.1 provide a guidepost for exploring the history of flax
from early times to the present day.

Biological origins

As is the case with several other oilseed crops, cultivated annual flax appears to have
evolved from wild or weedy forms that are either perennial or annual. A likely
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Figure 1.1 Flowering and fruiting branches, flower (without petal), petal, fruiting calyx
with capsule (Plate 374, Zohary, 1972, used with permission of The Israel
Academy of Sciences and Humanities, Jerusalem).

progenitor is L. bienne Mill. (syn. L. angustifolium Huds.), which has the same
chromosome number (27 = 30), typical strong branches, periwinkle blue flowers and
splitting (dehiscent) bolls or capsules of seed (Figure 1.1). This form of wild flax is
widely distributed across western Europe, the Mediterranean Basin, North Africa
and the Caucasus (Zohary and Hopf, 1993). Perennial wild flax also grows in China
(Pan, 1990).

The Indian subcontinent seems the most likely geographic area for the botanical
origin of flax, as this region still claims the greatest biological diversity within the
genus Linum. This was demonstrated by the Russian plant breeders, Vavilov and Dorofeyev,
who collected a worldwide database of flax varieties, among other species, as a refer-
ence for plant breeding (Judd, 1995). The English translation of their treatise on the
Origin and Geography of Cultivated Plants was published in 1992 (Vavilov and
Dorofeyev, 1992). The thesis of India’s position as the source of flax is consistent with
early trade routes linking India with the Middle East through the Indus valley. Edible
flaxseed rather than fiber flax dominated India’s production because other fiber species,
such as hemp, were already in wide use (Judd, 1995).
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Ancient cultivation and processing of flax

Flaxseed is considered a founding crop because it was among the first domesticated
plants. Its cultivation likely began in the fertile valleys of the Tigris and Euphrates
rivers in Mesopotamia — the so-called Fertile Crescent — given that these were the sites
of the earliest agrarian societies (Zohary and Hopf, 1993; Smith, 1995). Archeological
evidence suggests that flax probably has been used by humans for about 10,000 years
and cultivated for some 8,000 years. Linseed, apparently wild L. bienne, has been found
in excavation sites in Syria, Turkey and Iran and dated between 8000 and 6750 B.C.E.
(Helbaek, 1969; van Zeist, 1970; van Zeist, 1972). Larger seeds recovered in Syria, Iraq
and other parts of the Mesopotamian basin point to flax cultivation as part of an evol-
ving irrigation-based agricultural system before 6000 B.C.E. (Zohary and Hopf, 1993).
Over time, conquest and trade spread flax cultivation from the Near East to Europe,
the Nile Valley and West Asia (Zohary and Hopf, 1993). It was reportedly used in
Scandinavia for spinning during the Iron Age (900—400 B.C.E.) (Geijer, 1979). The
Chinese heritage of flax use, predominantly as oil, goes back at least 2,000 years and
possibly 5,000 years, based on archeological records (Pan, 1990). Later, colonization took
flax cultivation as far afield as North America (Atton, 1988) and Australia (Frost, 1985).

With domestication, some of the characteristic traits of the weedy forms of flax evolved
through random selection via the consistent practice of sowing, reaping and thresh-
ing. For example, today’s domestic flax bolls no longer split or dehisce to distribute
seed, and seed size, number and oil yield have increased (Zohary and Hopf, 1993).
Different flax varieties were cultivated in different geographic regions according to local
growing conditions and local techniques. In Egypt, where flax was prized for its use
in weaving fine linens, varieties that grew tall with minimal branching were encour-
aged because of the longer fibers available from tall stalks. Also, fiber plants were sown
close together to further discourage branching. In contrast, along the southern Nile,
the Abyssinians fostered a shorter variety of flax that was less susceptible to windstorms
and lodging and bore larger seeds. They used flaxseed both as a source of edible oil
and as a cereal and flour (Judd, 1995).

Flax harvesting practices developed in keeping with the variety and its designated
use. Where flax was cultivated for its fiber, the stalks were pulled up by the roots before
the seeds matured and stored upright to dry so that the fibers could be separated from
the stem more easily (Wilson, 1979). However, Heinrich (1992) described a three-stage
harvesting system apparently used by early Egyptians to achieve a range of qualities
in their linens, as evidenced by the microscopic examination of cloth artifacts. The
earliest harvest was of green stalks just after the plant flowered, yielding the fine soft
fibers that were used for the delicate fabrics reserved for the aristocracy. Most flax crops
were pulled about thirty days after flowering and yielded a stronger fiber. The final
harvest of mature plants took place several weeks later, yielding the coarse fibers used
in ropes and mats, as well as the seeds for future planting and for linseed oil. Where
flaxseed was used primarily for oil or cereal, the seed was always allowed to mature
fully before harvesting took place (Atton, 1989).

Post-harvest handling techniques also evolved according to utility. Dry storage of
whole flaxseed was undoubtedly practiced early and effectively. Despite its high oil
content and the highly unsaturated nature of linseed oil, mature whole flaxseed has
demonstrated impressive oxidative stability in contemporary studies at ambient tem-
peratures (Chen ez a/., 1994).
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Information is sparse concerning the technologies for extracting linseed oil and flax
fibers before or during the early periods of flax cultivation. Zohary and Hopf (1993)
proposed that edible flaxseed oil was decanted simply from crushed seeds soaked in
water, a form of cold pressing. In contrast, the extraction of linseed oil for paints and
varnishes in later times involved hot pressing the seed (> 35°C). Concerning the fiber,
Judd (1995) speculated that the separation of flax fiber from stems, a process known
as retting, may have been discovered as a result of flooding. People might have noted
and gathered the long lines of strong white fibers left tangled along the riverbanks in
the wake of receding flood waters. Wilson (1979) reported that ancient Egyptians took
advantage of the nighttime dew for retting linseed stalks. Pulled flax was simply spread
on rooftops or in dry fields for several weeks and turned daily to spread the moisture
that was needed for the microbial decomposition of the pectins and gums binding the
fibers. Later, Pliny’s Natural History (77 B.C.E.) described how, in the Roman Empire,
flax stems were retted by weighting them with stones in tanks of water (Clarke, 1986).
Today retting is done using tanks and modern controls.

Ancient and contemporary uses of flax

The historical record provides convincing evidence that flax was valued in Ancient and
Early Modern times as a food, medicine, preservative and source of fiber for linen. Today,
flax is valued for many of the same — and some new — reasons. This section describes
the many ancient and contemporary uses of flax.

Flaxseed as a food crop

Flax appears to be the earliest and best documented oil and fiber crop cultivated in
the earliest agricultural stages of the Old World some 8,000 years ago (Zohary and
Hopf, 1993; Smith, 1995). Crop cultivation was accompanied by the storage of sur-
plus grains and oilseeds. These practices brought the reliable food supplies necessary
for the development of Western Civilization (Harlan, 1975). As flax and other crops
were domesticated, there was a shift from the nomadic hunter/gatherer lifestyle to
agricultural societies where people put down roots alongside the crops they tended.
Villages grew up around farms, providing farm owners and their families with a
central location for trading services and goods. The bartering of farm produce included
flaxseed and linens made at home from flax fiber (Barber, 1994).

Flaxseed ceveal dishes

At about 1000 B.C.E., Jordanian farmers saved flaxseeds harvested at the end of the
growing season for next year’s crop and for adding to mixed grain breads. The Greeks
preferred to mix roasted flax, barley and coriander with salt, which could be stored in
earthenware jars until needed for making bread (Stitt, 1994).

In Ethiopia, flax was particularly well-suited for planting in the highlands at eleva-
tions of 2,500-3,000 meters. It was a key ingredient in stews, porridges and drinks.
Roasted flaxseeds, for example, were crushed and mixed with pulses to make a stew
called “w’et.” In the Begemedhir region, w’et was made from roasted, crushed flaxseeds
and split peas. A popular porridge was also made from roasted, crushed and cooked
flaxseeds, to which salt and red pepper were added. Stone-ground flax was occasionally
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s 9

used to make porridge. Sometimes a drink called “ch’ilk’a” was made by mixing lightly
roasted, milled flax with water, salt and honey. Ch’ilk’a was consumed during periods
of fasting, when consumption of alcoholic beverages was not allowed (Siegenthaler,
1994).

In today’s North American food market, consumers likewise enjoy the pleasant, nutty
taste of flaxseed and can buy it in a variety of forms: whole flaxseed, flaxseed oil, cap-
sules, powders and food products made with added flaxseed; all are available from super-
markets and health food stores. Whole or milled flaxseed is a popular addition to baked
goods such as bagels, muffins, sports nutrition bars and multigrain breads. For con-
sumers who enjoy baking at home, there are muffin, cookie, bun, dinner roll, focaccia
and bread machine recipes that contain added milled or whole flaxseed (Anonymous,
1999a). Red River™ hot cereal, a popular breakfast item that originated in Manitoba’s
Red River valley in 1924, contains cracked and whole flaxseed (Sarah Caplan, personal
communication).

Flaxseed as an edible 0il source

The use of flaxseed oil in food preparation by the ancients is seldom dealt with in detail
apart from acknowledging its long culinary use in Egypt, India and China (Judd, 1995).
Pan (1990) cites archeological studies supporting the production of flaxseed in China
for possibly 5,000 years, and at least since the beginning of the Common Era. He main-
tains that flaxseed oil has been the major edible oil used in peasant communities from
the earliest times to the present day in those areas of China where flax is grown. The
oil is extracted locally by pressing and consumed in home-prepared foods. He points
out, however, that the consumption of fats in China is modest.

In the first half of the twentieth century, interest turned to flaxseed as a source of
edible oil in areas of Europe and North America where the climate precluded olive
and peanut production. Normal growth and reproduction in laboratory animals fed
flaxseed oil was demonstrated by Molotkow (1932) in the Soviet Union, by Maynard
and colleagues (1942) in the United States and by Crampton ez «/. (1951) in Canada.
Prompted by import restrictions on edible oils during the 1939-1945 World War and
the legalization in some provinces of margarine as a tablespread, the National
Research Council of Canada launched studies on linseed and rapeseed for their poten-
tial as domestic oilseed crops. The Council benefitted from experiences in the North
and West of Europe where the linseed crushing industry originated (Hunt, 1969).

In the 1950s, the limiting factor for the use of flaxseed oil in food was its suscept-
ibility to “flavor reversion,” an off-flavor that developed in industrial prototypes of
both salad oil and shortenings. This defect appeared to be associated with flaxseed oil’s
high ALA content (Lemon, 1947; Armstrong and McFarlane, 1944). Experimental
high temperature processing of flaxseed oil to polymerize ALA (275°C for 8—12 hr.)
succeeded in averting flavor reversion, but animal feeding trials showed that it signi-
ficantly reduced the oil’s nutritive value (Crampton ez «/., 1951; Lips and Crampton,
1952). As a result, the commercial processing of flaxseed oil did not proceed at that
time. Today, the high-ALA flaxseed oil sold in health food stores is cold pressed at
< 35°C, processed in a low-oxygen environment and packaged in light-proof con-
tainers to maintain stability (Carter, 1993). The increasing consumer demand for cold-
pressed flaxseed oil appears promising (Prentice, 1990).
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Flax use in the pet and livestock feed industries

Two emerging areas for flax include the pet food industry and animal feeds for live-
stock. For instance, Hill’s Pet Nutrition introduced a pet food product formulated with
added flax to meet the needs of dogs undergoing chemotherapy. The new food product
is rich in ALA and the amino acid arginine, both of which appear to reduce the painful
side-effects of cancer treatment and increase survival time by more than 54 percent
(Anonymous, 1998a). Anecdotal evidence indicates that dog and other animal breeders
add flaxseed to animal diets to produce a glossy, shiny coat — an important character-
istic for show animals (Barry Hall, personal communication).

Flax is added to animal feeds as a means of increasing the ®-3 fatty acid content of
animal products. In one study of broiler chicks, diet supplementation with linseed (at
levels of 1.0, 2.5 and 5.0%) significantly increased the 3-fatty acid content of thigh
muscle (Chanmugam er 2/., 1992). When flaxseed was added to poultry rations at a
level of 10 or 20 percent, the ALA content of egg yolk lipid increased about 5 and
9 percent, respectively (Caston and Leeson, 1990). Men who ate eggs derived from
flaxseed-fed hens showed significant increases in the total ®-3 fatty acid content of
platelet phospholipids (Ferrier ez a/., 1995), thus making this approach an effective
strategy for increasing the ®-3 fatty acid content of human tissues. Flaxseed has also
been added to rations of dairy cattle, hogs and farm-raised fish, all with the goal of
increasing the ®-3 fatty acid content of animal tissues and products derived from them
(Vaisey-Genser and Morris, 1997).

Flaxseed as a functional food

Ancient peoples likely valued flaxseed as a functional food, although they would not
have labeled it as such. The term “functional food” is thoroughly modern, and it is
used to describe the nutritional and disease prevention value of flaxseed and other foods.

Definition of functional food

In one sense, all foods are functional, because they provide nutrients, taste or aroma
(Hasler, 1996). Within the last decade, however, the term functional food emerged and
has been used interchangeably with the terms “nutraceutical,” “designer food,” “pharma-
food” and “foodaceutical” to describe foods or components of foods that may enhance
health or prevent disease (Hasler, 1996).

Recent efforts have been made to standardize the language in this area. The Insti-
tute of Medicine of the U.S. National Academy of Sciences defines functional foods as
those that “encompass potentially healthful products,” including any food ingredient
or modified food product that may provide a health benefit over and above the tradi-
tional nutrients the food contains (Thomas and Earl, 1994). Health Canada proposes
to differentiate the terms “functional food” and “nutraceutical.” It proposes to define
a functional food as one that is “similar in appearance to, or may be, a conventional
food, is consumed as part of a usual diet, and is demonstrated to have physiological
benefits and/or reduce the risk of chronic disease beyond basic nutritional functions.”
It proposes to define a nutraceutical as “a product isolated or purified from foods that
is generally sold in medicinal forms not usually associated with food . .. [and that}
also has a physiological benefit or provides some protection against chronic disease”
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(Anonymous, 1998b). In other words, nutraceuticals include pills, powders and cap-
sules that contain nutrients and other ingredients derived from functional foods.

The functional food aspects of flaxseed

In Ancient times, around 500 B.C.E., Hippocrates wrote about the value of flax in
relieving abdominal distress. Flaxseed has also been used as a laxative and poultice. In
preparing a laxative, roasted flaxseeds were ground and mixed with water. A harsher
stool softener could be made by boiling raw flaxseed in water and then drinking the
solution (Siegenthaler, 1994). During the Early Modern era (around the 8th century
C.E.), Charlemagne, the Frankish king and emperor of the West, considered flaxseed
so important for health that he passed laws and regulations requiring its consump-
tion by his subjects (Anonymous, 1999b). In Ethiopia, a flaxseed-containing drink
was prepared to help relieve itching. The rationale was that the oils in the flax drink
eventually permeated the affected skin from the inside out and reduced itching
(Siegenthaler, 1994).

Flax appeared on the North American continent about 400 years ago when a
European farmer brought it to New France (Anonymous, 1999b). Letters written in
the early 1600s extolled the virtues of flax as a crop. Samuel Argall wrote in 1617
that flax would likely grow well in Virginia (Anonymous, 1896/97). Instructions writ-
ten on behalf of King Charles I of England to Sir William Berkeley, a gentleman and
governor of Virginia, admonished the governor to encourage “ye people there” to raise
staple commodities such as flax (Anonymous, 1895). In 1691, Virginia enacted laws
“enjoyning ye planting and dressing of flax” and levied penalties for not “mak{ing} a
pound of Flax . . . every year” (Anonymous, 1903).

Pioneers in the American West at the beginning of the nineteenth century often
used homemade remedies for common ills such as chills, fevers, snakebites and indi-
gestion. Herbs, wildflowers, tree bark and other indigenous plants were staples in the
frontier doctor’s medicine box. Flax, along with slippery elm and pokeberry leaves,
was fashioned into poultices for treating cuts and burns (Buley, 1933/34). Perennial
flax (L. perenne) was used for eyewashes by the Paiutes and Shoshones of the Great Plain
Basin in North America. Other flax varieties were used in the Missouri River region
as folk remedies for coughs, gallstones, lung disorders and digestive disorders, includ-
ing constipation (Haggerty, 1999).

Today, flaxseed is considered a functional food because it contains nutrients and other
components, listed in Table 1.2, that promote health and may help prevent certain
diseases. Flaxseed’s main components of interest include dietary fiber, ALA and lignans.

Dietary fiber

Flaxseed averages about 28 percent dietary fiber on a dry-weight basis. The propor-
tion of soluble to insoluble fiber in flaxseed varies between 20:80 and 40:60.* The
soluble fiber component of flaxseed is mainly mucilage gums (Vaisey-Genser and Morris,
1997).

The soluble fiber fraction of flaxseed is likely the fraction responsible for its blood
lipid-lowering effects. In a randomized, crossover study, hyperlipidemic men and post-
menopausal women ate muffins containing either partially defatted flaxseed (about
50 g defatted flaxseed/day) or wheat bran daily for three weeks and then switched to
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Table 1.2 Functional food components in flaxseed

Component in flaxseed Health benefit
Dietary fiber
Soluble fiber Blood total cholesterol reduction
Blood glucose reduction
Insoluble fiber Laxation
Alpha-linolenic acid* Blood total cholesterol reduction

Reduction in production of arachidonic acid-derived eicosanoids
Reduction of inflammation
Reduction in risk of coronary heart disease
Reduction in risk of stroke
Lignans Prevention of cancer’

Notes
* Alpha-linolenic acid is the essential ®-3 fatty acid.

" Data on the anticancer effects of lignans are available at present only in animals.

the alternate muffin type for three weeks. Defatted flaxseed was used because it is rich
in the seed coat mucilage gums and low in ALA, an ®-3 fatty acid that may also lower
blood cholesterol levels. Using defatted flaxseed allowed for a more precise test of the
lipid-lowering effects of flaxseed’s mucilage gums. When subjects consumed flaxseed
muffins, there were significant reductions in total cholesterol, LDL-cholesterol, apolipo-
protein B and apolipoprotein A-I compared with the wheat bran group (Jenkins ez a/.,
1999).

Flaxseed also lowers blood glucose. In a study of six healthy volunteers, the
glycemic response of subjects to 50 g of a test carbohydrate was compared with 50 g
of a standard carbohydrate after an overnight fast. Flaxseed flour rich in flax mucilage
was the test carbohydrate, while bread made from wheat flour was the standard.
Consumption of a flaxseed bread test meal produced a 28 percent reduction in the
area under the blood glucose curve compared with consumption of the standard white
bread test meal (Cunnane et /., 1993).

Finally, flaxseed promotes laxation because it contains both soluble fiber, which absorbs
water from the gastrointestinal tract and increases stool bulk, and insoluble fiber, which
increases stool transit time. Cunnane et a/. (1995) reported a 30 percent increase in
bowel movements among young, healthy adults who ate 50 g flaxseed per day for four
weeks.

Alpha-linolenic acid

Flaxseed averages about 41 percent fat on a dry-weight basis. It is low in saturated fat
(9% of total fatty acids), moderate in monounsaturated fat (18%) and rich in polyun-
saturated fat (73%). Alpha-linolenic acid (ALA), an 18-carbon polyunsaturated ®-3
fatty acid, constitutes about 57 percent of the total fatty acids in flaxseed, making it
the leading source of plant-based ®-3s. The other polyunsaturated fatty acid in flax is
linoleic acid, an essential ®-6 fatty acid that constitutes about 16 percent of the total
fatty acids (Daun and DeClercq, 1994).

ALA is the parent fatty acid of the ®-3 family; it is essential in the human diet
because our bodies cannot manufacture it. The conversion of ALA to the long-chain
-3 fatty acids, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), and the
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Metabolic pathways
of the omega-3 and omega-6 fatty acids’

OMEGA-3 OMEGA-6
FATTY ACIDS FATTY ACIDS
Alpha-linolenic acid (ALA) Linoleic acid (LA)
18:3n-3 18:2n-6
‘ delta-6-desaturase ‘
Stearidonic acid Gamma-linolenic acid (GLA)
18:4n-3 18:3n-6
20:4n-3 Dihomo-gamma-
linolenic acid (DGLA)
¢ 20:3n-6
delta-5-desaturase ¢
Eicosapentaenoic acid (EPA) Arachidonic acid (AA)
20:5n-3 20:4n-6
22:5n-3 Adrenic acid
22:4n-6
¢ delta-4-desaturase ¢
Docosahexaenoic acid (DHA) 22:5n-6
22:6n-3

“Only the names of major fatty acids are shown in this figure.

Figure 1.2 Alpha-linolenic acid is the parent fatty acid of the -3 family. Linoleic acid is
the parent fatty acid of the ®-6 family. Both are essential fatty acids, required
in the diet because our bodies cannot manufacture them. Alpha-linolenic acid
and linoleic acid are desaturated and elongated to longer-chain fatty acids. The
main metabolites of a-linolenic acid are eicosapentaenoic acid and docosahex-
aenoic acid; the main metabolite of linoleic acid is arachidonic acid. Because
both families compete for the same desaturase enzymes, the ®-3 fatty acids can
interfere with the activities of the ®-6 fatty acids and vice versa. (Used with
permission of the Flax Council of Canada).

metabolism of the ®-6 fatty acids are shown in Figure 1.2. ALA and the other ®-3
fatty acids compete with the ®-6 fatty acids for the same desaturase enzymes involved
in their metabolism. Consequently, the ®-3 fatty acids can interfere with the activities
of the -6 fatty acids, and vice versa.

An important biological action of ALA is that, like EPA and DHA, it is incorporated
into cell membrane phospholipids. Supplementing the diet with traditional flaxseed,
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Figure 1.3 Flaxseed consumption increases the -3 fatty acid content of cell membrane
phospholipids two- to eight-fold, thus influencing membrane fluidity and function.
®-3 fatty acids, including alpha-linolenic acid, inhibit the conversion of linoleic
acid to arachidonic acid, decrease the amount of arachidonic acid released from
cell membrane phospholipids, and block the formation of eicosanoids derived from
arachidonic acid that promote inflammation and platelet aggregation. Lignans, also
present in flaxseed, inhibit inflammatory responses induced by platelet-activating
factor, a lipid mediator derived from arachidonic acid. Reactions blocked by ®-3
fatty acids or lignans are shown with a solid bar (===). Abbreviations: AA, arachi-
donic acid; Cat++, calcium ion; E, membrane-bound enzyme; R, membrane-bound
receptor; PAF, platelet-activating factor.

for example, increases the ALA content of blood phospholipids, triglycerides and/or
cholesteryl esters two- to eight-fold (Cunnane er /., 1993; Mantzioris er al., 1994).

Increased ALA, EPA and DHA concentrations in cell membranes affect the activ-
ities of membrane-bound phospholipids, including their regulation of membrane-bound
enzymes, receptors and ion channels (Nair ez /., 1997). (A highly stylized diagram of
a cell membrane is shown in Figure 1.3.) The ®-3 fatty acids also affect membrane
fluidity and elasticity. For example, consumption of a high ALA diet, in which the
ALA was derived from a flaxseed oil-based margarine, enhanced the elasticity of arter-
ial membranes in 15 overweight adults (Nestel ez /., 1997).

Moreover, because they interfere with the metabolism and biological actions of the
-6 fatty acids, ALA and the other ®-3 fatty acids block the production of arachidonic
acid and the formation of potent eicosanoids and other lipid mediators derived from
it. Eicosanoids are 20-carbon fatty acids derived from specific ®-3 and ®-6 fatty
acids; they include the prostaglandins, leukotrienes and thromboxanes. Eicosanoids are
lipid mediators of inflammatory reactions (Heller ez a/., 1998). Several eicosanoids
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derived from arachidonic acid, particularly thromboxane A,, promote inflammation
and platelet aggregation — two pathological processes involved in the development
of atherosclerosis (Ross, 1999) and general inflammatory reactions associated with
rheumatoid arthritis (Ariza-Ariza e al., 1998), systemic lupus erythematosus (SLE)
(Das, 1994) and lupus nephritis (Clark ¢z 2/., 1995). By comparison, the eicosanoids
derived from the ®-3 fatty acid EPA are not as biologically active as the arachidonic
acid-derived eicosanoids and tend not to promote inflammation and platelet aggrega-
tion (Heller ez 4l., 1998).

Platelet-activating factor (PAF), also shown in Figure 1.3, is a biologically active
compound implicated in the pathology of chronic inflammatory diseases such as SLE
and rheumatoid arthritis. PAF is derived from arachidonic acid. Feeding a 15 percent
flaxseed diet to mice resulted in a significant inhibition of PAF-induced platelet aggre-
gation (Hall ez @/., 1993). In a study of nine patients diagnosed with SLE, consump-
tion of 15 g or 30 g flaxseed daily for four weeks also inhibited PAF-induced platelet
aggregation (Clark e al., 1995).

These biological actions of ALA and the other ®-3 fatty acids have important
implications for health and the prevention of chronic diseases that involve inflam-
matory processes, such as cardiovascular diseases, including myocardial infarction and
stroke; cancer; lupus nephritis; and rheumatoid arthritis. For example, the ®-3
fatty acids may help prevent arrhythmia by affecting cell signaling or calcium chan-
nels and by blocking eicosanoid formation from arachidonic acid in cardiomyocytes
(Nair et al., 1997). Indeed, populations with high intakes of ALA from all sources have
a lower risk of certain types of cancer (de Lorgeril e 2/., 1998), myocardial infarction
and stroke (de Lorgeril er al., 1994; Simon et al., 1995; Ascherio ¢ /., 1996; Hu
et al., 1999).

Given the emerging importance of ®-3 fatty acids in helping prevent chronic
diseases, some experts have called for an increased dietary intake of ®-3s to offset the
current high intakes of ®-6 fatty acid in Western diets. Whereas the human diet dur-
ing the Paleolithic era (20,000-8000 B.C.E.) provided roughly equal amounts of ®-
6 and -3 fatty acids, giving an ®-6/®-3 ratio of about 1:1, the current ®-6/®-3 ratio
in the North American diet ranges from about 10:1 to 25:1 (Simopoulos, 1991). Although
the United States presently has no specific recommended ®-6/®-3 ratio, Health
Canada recommends an ®-6/®-3 ratio of 4:1 to 10:1, particularly for pregnant and
lactating women and infants (Anonymous, 1990). The Food and Agriculture
Organization/World Health Organization (FAO/WHO) (FAO, 1997) recommends a
ratio of between 5:1 to 10:1 and advises individuals consuming diets with a higher
ratio to consume more foods containing ®-3 fatty acids, such as green leafy vegeta-
bles, legumes and fish and other seafood (Anonymous, 1995). Because flaxseed is a rich
source of ALA, it makes a significant contribution to the recommended Adequate
Intake of ALA established by the Institute of Medicine (2002).

Lignans

Lignans are phytoestrogens, compounds that occur naturally in plants and exhibit weak
estrogenic activity. For example, lignans can bind to estrogen receptors on cell mem-
branes (Zava er al., 1997). Other common phytoestrogens include the isoflavonoids,

diadzein and genistein, found in soybeans, and the coumestans found in red clover and
alfalfa.
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Specifically, lignans are diphenolic compounds found in higher plants and the bio-
logical fluids of animals and humans. Flaxseed is rich in the plant lignan precursor,
secoisolariciresinol diglucoside (SDG), which is acted on by bacteria in the colon to
produce the mammalian lignans enterolactone and enterodiol. Mammalian lignans undergo
enterohepatic circulation and are excreted in the urine, mainly as glucuronide conjug-
ates. The greater the intake of plant lignans from foods such as flaxseed, the greater
the urinary excretion of mammalian lignans (Thompson, 1995).

Lignans inhibit cell proliferation and growth, making them potential anticancer agents.
They appear to protect against certain cancers, particularly hormone-sensitive cancers
such as those of the breast, prostate and endometrium. Lignans stimulate the hepatic
synthesis of sex hormone-binding globulin, thus increasing the clearance of circulating
estrogen, and they bind to estrogen receptors, thus interfering with estrogen-mediated
tumorigenic processes (Adlercreutz e al., 1986). Studies in laboratory animals confirm
the anticancer properties of flaxseed lignans. Rats fed defatted flaxseed meal for four
weeks, for instance, had decreased epithelial cell proliferation and nuclear aberrations
in mammary gland cells (early markers of carcinogenesis), compared with rats fed the
basal diet alone (Serraino and Thompson, 1991). A clinical trial of flaxseed’s effect on
tumor development in women with breast cancer is underway at the University of Toronto
(L.U. Thompson, personal communication).

The functional food trend, driven by health-conscious baby boomers, was the lead-
ing food trend in 1998 (Hasler, 1998). The trend is destined to continue, as baby boomers
seek foods that help fight disease, enhance longevity and promote quality of life
(Hollingsworth, 1999). Consumers and food manufacturers alike are increasingly iden-
tifying flaxseed, which is rich in ®-3 fatty acids, antioxidants (lignans) and fiber, as a
functional food.

Flax fiber for fabric

The utility of flax for fabric lies in the structure of the plant’s stalk. Flax is a dicotyle-
donous plant. Flax fibers are part of the inner bark or the walls of phloem cells within
the stem. The fibers are hollow tubes that are primarily cellulose. They grow as bun-
dles held together by complex carbohydrates such as pectins, gums and waxes. These
fiber bundles support the plant and, because the fibers are hollow, likely transport
photosynthesized material from the leaves by capillary action (Atton, 1989; Judd,
1995).

There are two primary advantages to flax fiber for linen cloth, both of which were
well-recognized by early civilizations. One is the strength of the yarns spun from long
line flax fibers, which are more than twice as strong as cotton. The other flax advant-
age is that the hollow flax fibers are very absorbent due to the property of wicking,
the movement of moisture along the surface (Atton, 1989). This makes linen fabrics
comfortable to wear in hot climates because sweat evaporates quickly, producing a
cooling effect. Moreover, wicking makes cloth made from flax even stronger when wet,
giving a desirable durability in products like sails, tents, rugs and heavy bagging. A
disadvantage of wicking is that flax fibers resist dyeing (Wilson, 1979).

A further advantage of the hollow flax fibers is that they break sound effectively.
This feature led to the contemporary use of linen in the interior construction of
Roy Thomson Hall, a major concert hall in Toronto, Ontario, inaugurated in 1982
(Atton, 1989).
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The Middle East deserves the credit not only for initiating flax cultivation but also
for introducing flax as the first plant fiber to be twisted for use in weaving (Harris,
1993), which many consider to be humankind’s first industry (Judd, 1995). This inno-
vation led to carpet-making and the development of the textile industry for which the
Middle East became famous. The earliest linen cloth remains identified were found on
an antler-handled tool at a site in Cayonu in the upper Tigris River Valley in eastern
Turkey and have been radiocarbon-dated to 7000 B.C.E. (Wilford, 1993). Remains of
early flax linen fabric discovered in the 1980s near the Dead Sea were radiocarbon-
dated to 7000 B.C.E. (Schick, 1988). Excavations in the Judean desert have yielded a
range of flax textile artifacts dated around 5000 B.C.E., including rope, netting, and
spun and plied thread (Harris, 1993). Linseed was identified in several early Neolithic
sites in Greece and at Lerna from 2400 B.C.E. (Hopf, 1961), in late Neolithic sites in
Switzerland, and in Early Bronze Age sites in Italy and Germany. Evidence of the Swiss
site was found in 1858 when the water level of the lake at Robenhausen fell and brought
to light a medley of fiber flax products, including skeins, cords, nets and linen cloth
(Coles and Coles, 1989).

However, it was in ancient Egypt that linen of the finest quality was most prized.
There, fine linen was symbolic of divine light and purity (Wilson, 1979). Linen was
also recognized as legal tender before coinage was adopted, and the amount of linen a
person possessed was a signal of wealth (Harris, 1993). In daily clothing, Egyptians
of high rank wore fine linen, while the poor had only coarser cloth (Atton, 1989).
Linen creases easily because flax fibers are more brittle than elastic. Ancient Egyptians
cleverly exploited this property by popularizing pleated linen tunics for women and
pleated kilts for men. They creased the cloth while it was wet, making rows of small,
concertina-like pleats that gave a snug but springy, elastic fit (Baines, 1985). Each laun-
dering demanded the repleating of linen garments. Because handling wet linen is heavy
work, this laundry was done by Egyptian men (Barber, 1994).

Flax played an important role in the burial of Egyptian dead, as it did in many of
their religious rituals. Bodies were embalmed with linseed oil, thick linen was used to
reshape the body cavity, and the mummy was then bound with linen strips and encased
in a woven linen shroud (Baines, 1985). The fineness of the linen cloths and the num-
ber of wrappings used to bind the mummy were expressions of the rank and affluence
of the deceased (Wilson, 1979). Remains of Egyptian linen have been dated to 5000
B.C.E. (Hall, 1986). Biblical references to the Hebrew use of linen abound, one example
being Joseph’s “coat of many colors.” The knowledge of flax cultivation and some flaxseed
likely accompanied the Jews in their exodus from slavery in Egypt (Judd, 1995).

Maritime trade

The spread of flax throughout the known world appears to have been driven initially
by the Phoenicians who, in the earlier years of the first millennium, had a flourishing
maritime trade across the Mediterranean Sea. Egyptian linen was an important cargo.
However, the Phoenicians recognized the usefulness for sailcloth of a fiber that was
strong in its own right but became even stronger when wet. They also took advantage
of the strength of flax fibers in making armour of very closely woven linen, in sewing
canvas tents and in fashioning ropes. Herodotus is said to have reported that 2,500
years ago, Xerxes I of Persia obtained flax ropes from the Phoenicians to build a bridge
across the Hellespont (Judd, 1995).
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Colonial and industrial expansion

While the Phoenicians were mainly interested in trade, the Romans who followed their
trading routes were equally interested in the expansion of their own empire. Whether
they or the Phoenicians introduced flax to Europe is debatable. Nevertheless, it was
the Romans who established linen factories in Britain and Gaul to supply their armies.
In fact, in the eighteenth century, Charlemagne decreed that each family in his realm
should learn to process and weave flax for their own use and for trade (Wilson, 1979).

Flax also played a role in the Industrial Revolution in Europe. Technology was
developed to support the production of linen from the flax that was imported by fleets
dependent on coarse linen sails. This appears to have been the impetus for the suc-
cessful linen mills of Scotland and Ireland in the late 1700s (Turner, 1982; Trinder,
1992). The British Empire’s colonial expansion was driven by its need for raw mater-
ials to sustain its growing industrial base at home which manufactured products for
maritime trade. One of the reasons for the settlement of Australia in the 1780s with
British indigents and convicts stemmed from Britain’s need for both timber for ship-
building and flax for the linen sails of their formidable fleet. Although flax did not
flourish “down under,” the Australian colony did (Frost, 1985).

A later colonial expansion linked to Britain’s need for flax was implemented after
World War I. Prior to the war, Britain had imported more than 90 percent of the flax
it processed. The war years increased the demand for the flax used in uniforms, tents
and a growing aircraft industry. However, traditional sources of supply were hampered
by the German occupation followed by the Russian Revolution. By 1919, there was
a worldwide “flax famine.” Between 1919 and 1921, with the encouragement of the
Empire Flax Growing Committee of the Board of Trade, 52 disabled ex-officers and
their wives were assisted in migrating to Kenya, East Africa, with some 25,000 acres
of land earmarked for them to use for flax production. This project was not a success.
In 1920, the bottom fell out of the flax market, and the Kenyan land that had been
cleared for flax was converted to the profitable production of tea (Duder, 1992).

Flax was a primary source of fiber for fabrics throughout the Middle East and Europe
for many centuries. European immigrants brought flaxseed with them to the New World
in the eighteenth century. In the colder climates of North America, a combination of
flax and wool, called linsey-woolsey or winsey, was introduced. This was a sturdy, warm
cloth made with a linen warp and a wool weft. Its strength made it suitable for long-
lasting garments, so it was popular up to the end of the American Civil War. Poorer
quality flax fiber was used in carpets and upholstery. The end of the supremacy of flax
in fabrics was forecast in 1780 when Richard Arkwright invented a machine called the
spinning jenny that was able to spin cotton thread as strong as linen thread (Atton, 1989),
and its use began to diminish in 1793 when the cotton gin was invented (Stout, 1970).

Flax as a preservative

Linseed oil’s value as a drying agent or preservative is due to its unique fatty acid
composition. Over 57 percent of the fatty acids in flax are alpha-linolenic acid, an 18-
carbon fatty acid containing three double bonds. These double bonds are easily
oxidized and, with enough heat, polymerize to form a translucent film. This property
likely led ancient Egyptians to use linseed oil for embalming the dead, a practice car-
ried out as early as 1400 B.C.E. (Judd, 1995).
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Ten centuries later, the Belgian master artist Jan Van Eyck capitalized on the sus-
ceptibility of linseed oil to oxidative polymerization in preserving the quality of his
magnificent oil paintings. Like others before him from early Grecian times, Van Eyck
used linseed oil as a vehicle for his pigments. However, he was the first to apply a final
coat of linseed oil that, on drying, oxidized and polymerized to provide a permanent
translucent glaze, preserving the original beauty of his artwork (Judd, 1995). The applica-
tion of Van Eyck’s invention spread rapidly throughout the European art community
of the Renaissance, yielding masterpieces that are today’s treasures. In many of these
works, the canvases were linen, giving flax a dual role in art history (Eastlake, 1960;
Mayer, 1975).

Linseed oil also played a role in the Reformation. Boiled linseed oil served as the
drying agent for the lamp black used as the pigment by Johannes Gutenberg in his
movable metal type printing press (Eastlake, 1960). By preserving the printed word,
linseed oil contributed to literacy and communication throughout the world (Judd,

1995).

Other uses of flax

The process for making the easy-to-clean, resilient floor covering, linoleum, was invented
by Frederick Walton in Britain in the latter part of the nineteenth century. The pro-
cess he patented in 1860 was a technique for oxidizing and polymerizing linseed oil,
which was mixed with rosin and ground cork, pressed onto a backing of burlap or
canvas, rolled to an even thickness, baked in large ovens and cut into sheets (Panati,
1987; Heinrich, 1992). This inexpensive and durable material was widely adopted for
home and institutional use, but it was later supplanted by synthetic floorings. Current
enthusiasm for natural products has brought renewed interest in linoleum.

Oilcloth table coverings were standard items in North American kitchens in the
first half of the twentieth century and are still used today. These “just wipe to clean”
tablecloths consisted of linen canvas coated with several layers of linseed oil-based paint
(Heinrich, 1992) in decorative designs and colors. Over time, these cloths became
brittle, making cracking a common sign of age and excess wear.

Present-day research is focusing on the application of linseed oil as a weathering
agent on concrete roads and structures (Xie ¢z #/., 1999). Dairy farmers in Ontario have
reported that coating new cement floors in their barns with linseed oil alone or in com-
bination with diesel oil not only preserves them but also helps prevent hoof damage,
which is apparently related to the caustic alkalinity of new concrete (Cumming, 1999).

Flax provides a good example of the efficient use of crops by today’s agribusiness.
The flax straw left in the field after threshing, for example, is collected and processed
into a fiber used for cigarette and other high-quality papers. Industrial linseed oil is
used in manufacturing paint, printing inks, soap, patent leather, core oils and brake
linings (Carter, 1993).

Summary

Flaxseed has been used by humans for thousands of years. It is a founding crop, being
among the first plants domesticated for human use. In ancient times, flaxseed was
valued as a food and medicine, for the versatility of its oil and for its long fibrous
stalks which were made into fine linen. At the end of the twentieth century, flaxseed
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continues to be valued for its contribution to linen production and industrial processes.
And with the dawn of the new millennium, flaxseed has emerged as a functional food,
valued for its soluble and insoluble dietary fiber, alpha-linolenic acid content and lig-
nans — all constituents that promote health and may help prevent disease, particu-
larly the chronic diseases of Western countries.
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Notes

1 As cited in Haggerty (1999).

2 Traditional flaxseed varieties rich in alpha-linolenic acid (ALA) have a brown seed coat. Solin
varieties, which contain less than 3 percent ALA, have a yellow seed coat. The exception is
the Omega variety, which is high in ALA and has a yellow seed coat (Barry Hall, personal
communication, 1999).

3 B.C.E. = Before the Common Era; C.E. = Common Era. The Common Era is understood to
begin in about 1 A.D.

4 A Joint FAO/WHO Expert Consultation report has proposed phasing out the terms solu-
ble and insoluble fiber (Anonymus, 1995). We elected to continue using these terms because
they are widely recognized by consumers and health professionals.
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2 Cultivated flax and the
genus Lznum L.

Taxonomy and germplasm conservation

Axel Diederichsen and Ken Richards

Introduction

Genetic resources of a given crop species cover the entire range of genetic diversity
available, even if only particular genotypes are relevant and significant in industrial-
ized agriculture. For breeding purposes, the entire range of different genotypes of
the species has to be considered as a resource for crop improvement. Describing and
analyzing the structure of a genepool is primarily the concern of systematics and
taxonomy. Thus, systematics and taxonomy, if applied and understood properly, are
effective tools to assist activities in germplasm conservation and utilization. Modern
molecular techniques, which allow for the description of the genetic structure at the
molecular level, are a powerful complement to traditional phenotypic approaches for
plant classification.

The most important criterion of the taxonomic species concept is the ability to cross
hybridize and produce fertile offspring. This criterion has also been applied by Harlan
and de Wet (1971) for defining the primary, secondary and tertiary genepools for a
given crop species. Therefore, taxonomy, plant breeding, and evolutionary studies have
a common interest in the study of plant species diversity, in spite of differing scientific
and practical considerations. Some scientists have clearly stated the usefulness and
economic relevance of taxonomy in considering plant genetic resources for food and
agriculture (Hanelt, 1988; Small, 1993). However, taxonomy is sometimes also looked
upon as being a classical and obsolete branch of biological science, based on inflexible
rules of nomenclature. Another criticism is that taxonomic classifications are usually
based on phenotypic observations, which are influenced by the environment. The
taxonomic rules for nomenclature were initially developed for wild plants. Difficulties
in applying these rules to cultivated plants have resulted in suggestions to reject any
formal taxonomic treatment of cultivated plants (Hetterscheid and Brandenburg,
1995). However, the first published scientific observations on genetic diversity within
a species were made on domesticated plants and animals (Darwin, 1868; Candolle, 1883).
The striking phenotypic diversity within a given species of domesticated plants or
animals initiated the research into biodiversity in the nineteenth century. Taxonomic
classifications of particular groups within a given species, i.e. at the infraspecific
(= intraspecific) level, were identified and named.

In order to understand and benefit from the use of classical research on the diver-
sity of flax and its wild relatives, it is essential to be familiar with the history and ter-
minology of taxonomy. As gene erosion at the species and at the infraspecific levels
continues, it is also important to consider historical studies on genotypes that are no
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longer cultivated. Flax provides a good example for this, as several genotypes studied
and described by N.I. Vavilov and his co-workers in the first half of the twentieth cen-
tury no longer exist (Elladi, 1940). Knowledge of the systematic and taxonomic issues
at the species, infraspecific, and above species levels facilitates an understanding of
the classical literature and provides for effective communication among present-day
genebank curators, plant scientists and breeders.

To consider phenotypic studies in genetic diversity as obsolete due to modern molecu-
lar methods is not justified. The final use of a plant is always aimed at the entire plant
or parts of it, which is the phenotype. Plant breeding works on the improvement
of phenotypic traits. Molecular characterizations will add valuable information to
germplasm description and provide new insights into biodiversity (Fu ez /., 2002a).

This chapter attempts to provide a better understanding of classical and modern
characterization of flax germplasm. It includes a description of the genus Linum L. and
pays particular attention to the infraspecific groups of cultivated flax (Linum usitatis-
simum L.). A review of the world’s flax germplasm collections is also provided.

Description of cultivated flax (Linum wusitatissimum L.)

General description of the plant

Cultivated flax (Figures 2.1 and 2.2) is a summer annual crop in temperate climates.
The time from seeding to harvest varies between 90 and 150 days. In subtropical areas,
flax is also cultivated under short-day environments. In the past, winter-annual flax
was grown in some Mediterranean, south-, central- and east-European countries with
mild winters. Recently, winter hardy cultivars of flax have been bred in the UK. However,
these cultivars and landraces are not obligatory winter crops, as they will grow nor-
mally and also produce seeds when sown in the spring.

Flax has a tap root. The leading shoot is erect and lateral branching at the stem
base occurs. If the leading shoot of the young plant is injured, the plant will develop
several secondary basal prostrate-ascending sprouts. The number of basal shoots also
increases with high levels of soil fertility (Dillman and Brinsmade, 1938). Lateral branch-
ing is suppressed by dense planting, which is practiced in fiber flax cultivation.

Plant height varies considerably and depends largely on the genotype (Figure 2.2).
Plant height ranges from 20 to 150 cm (Hegi, 1925). Large-seeded flax is much shorter
than typical fiber flax. Branching in the upper parts of the stem is also determined by
the genotype. Large-seeded flax typically has secondary branches from the middle of
the stem, while fiber flax only branches in the upper quarter of the stem. The three-
nerved leaves alternate. Smaller leaves are linear; larger leaves are linear-lanceolate. The
leaves vary from 3 to 13 mm in width and 15 to 55 mm in length. During the ripen-
ing of the plant, the leaves senesce and drop off.

The flowers are arranged panicle-like and all branches of the shoot terminate in flowers.
The five sepals are ovate, carinate, acuminate, and shorter than the ripe fruit. The corolla
forms into a tube, funnel or bowl and has a diameter of 10—32 mm (Figure 2.3). The
five petals are inversely egg-shaped and some genotypes have petals with a longi-
tudinal fold. Genotypes with inward folded petal margins occur. Petal color varies from
white, light blue, blue, dark blue, pink, violet, to red-violet (Figure 2.2). Further dif-
ferentiations in petal color are possible (Tammes, 1928; Dillman, 1936). The most
frequent color is blue, followed by white. The petals are veined and the veins also vary
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Figure 2.1 Flax, flowering plant (Howard, 1924).

Figure 2.2 Flax accessions of a genebank grown for rejuvenation and characterization.
The diversity in flower color, plant height, and development stage is obvious.
(Photo: A. Diederichsen, Saskatoon, Saskatchewan, Canada, 1995).
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Figure 2.3 Shape of flowers in flax. A: tube; B: funnel; C: bowl. Petals overlap in A, B,
and C; petals overlap less than 50% in D. (Adapted from Kulpa and Danert,
1962).

A B C D E F

Figure 2.4 Degrees of spontaneous opening in mature flax capsules. A and B: dehiscent;
C and D: slightly dehiscent; E, F and G: indehiscent. (Adapted from Kulpa
and Danert, 1962).

in color. The flowers open early in the day and by noon most petals have dropped. The
five stamens are joined at their basal edge. The stamens and the five anthers vary in
color with the same range of colors occurring as in the petals. The anthers can also be
orange or yellow in color. The colorations of the different flower parts are inherited
independently from each other. Self-pollination is common in cultivated flax and occurs
simultaneously with the opening of the flowers.

The five carpels produce a more or less round capsule-type fruit, which is 6-9 mm
wide (Figure 2.4). Each carpel forms two septa, which divide the capsule. Therefore,
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Figure 2.5 Flaxseeds of different coloration. (Photo: R. Underwood).

each capsule has ten lodicules and the maximum number of seeds possible within a
capsule is also ten. Typical fiber flax does not form seeds in all lodicules, while large-
seeded flax often reaches the maximum number of ten seeds. Irregular genotypes
with more than five carpels can also be found. Depending on the genotype, the ripe
capsules are either completely closed or open slightly along the septa. Some genotypes
have capsules opening completely along the septas, which causes the seeds to shatter.
Fiber flax has slightly opening capsules and in the typical oilseed flax the capsules do
not open at all.

The flattened seeds are ovoid or oblong elliptic, rounded at the base, acute at the
apex, and 3.3-5 mm long. Genotypic differences in seed size are also reflected by
the variation in weight of 1,000 seeds, which ranges from 4—13 g. Seed color varies
considerably and all variations between yellow, dark brown and olive can be found
(Figure 2.5).

The stem

The stem is of special interest, as it contains fibers, which can be isolated and have
several uses. This is one of the principal reasons for the initial cultivation of flax. The
branching of the flax stem determines the quality of the fiber. A long, primary fiber
can only be obtained from a part of the stem that has no side branches. Fiber flax is
planted at high density, so each plant develops only one main shoot. The “technical
stem length” is defined as the length from the stem base to the first secondary branches
(Figure 2.6). Only this part of the stem produces the fiber used in the textile indus-
try. This implies that these plants do not have many side branches and, therefore, will
have low seed productivity.

Recently, interest in flax fiber for technical (i.e. nontextile) purposes has increased.
This has resulted in technical stem length losing its importance as a selection
criterion in breeding programs, as short fibers are also suitable for such uses. A
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Figure 2.6 Technical stem length in flax. The part of the stem without side branches defines
the technical stem length. The part of the stem with branches is indicated.
A: typical fiber flax; B and C: intermediate flax; C: large-seeded flax. (Adapted
from Kulpa and Danert, 1962).

Figure 2.7 Cross-section of flax stem (cv. “Novotorzhskij”). Co: cortex; Fi: fiber fascicle;
Pa: parenchyma; Ph: phloem; Ca: cambium; Xy: secondary xylem (Zhuzhenko
et al., All-Russian Flax Research Institute, Torzhok, Russian Federation, 1993).

cross-section of the flax stem shows the fibers are located in the exterior part of
the stem, between the cortex and the phloem, i.e. in the pericambial part of the stem
(Figures 2.7 and 2.8). The stem contains 20—51 fiber fascicles, and each fascicle is com-
posed of 10-30 longitudinal cells (Hegi, 1925). The elementary cells are prolonged,
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Figure 2.8 Cross-section of flax stem. Co: cortex; Pa: parenchyma; Fi: fiber fascicle;
Ph: phloem; Ca: cambium; Xy: secondary xylem (Elladi, 1940).

between 20 and 30 mm long, but can extend up to 120 mm. The longitudinal
fascicles are anastomosed with each other. The fibers consist mostly of cellulose.
Antagonism exists between the xylem-formation activity of the cambium and the for-
mation of the fiber fascicles in the outer stem. Densely planted flax develops more fiber
fascicles and has reduced xylem production of the cambium (Elladi, 1940). Therefore,
thin stems of densely planted flax contain more fiber than thicker stems from wider
plant spacing. Dense planting also suppresses the formation of secondary shoots at the
stem base and branching in the apical parts of the stem, which makes the stem fibers
more suited for classical fiber use.

The seed

The seed contains oil, which is used for nutritional and industrial purposes. Man has
paid special attention to the characteristics of the flaxseed. Selection over thousands
of years has resulted in several distinct genotypic differences regarding seed-related
traits. Certain seed characteristics have significant impact on seed oil production. The
anatomical components of flaxseeds are the testa, the endosperm and the embryo. Cross-
sections of the seeds are given in Figures 2.9 and 2.10. The description presented here
is based on the observations made by Riidiger (1942, 1954). The outer surface of the
testa is shiny and slightly wavy. A single layer of epidermal cells covers the seed. Below
the epidermal cells are one to five layers of parenchyma cells. They are called ring-
cells, because their shape is more or less round when viewed in a pericline (parallel to
the seed surface) section. There is considerable intercellular space in this layer. The
ring-cells of this parenchyma may contain dark, tannin-like substances and occasion-
ally chlorophyll. If these substances are present, the ring-cells also contribute to the
outer appearance of the seed color. The epidermis and the ring-cells originate from
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Figure 2.9 Cross-section of flaxseed. Cu: cuticula; Ep: epidermis; Ri: ring-cells;
Sc: sclerenchyma; Tr: transversal-cells; Pi: pigment-cells; En: endosperm;
Co: cotyledon. (Photo: E. Kokko).

Figure 2.10 Cross-section of flaxseed. Cu: cuticula; Ep: epidermis; Ri: ring-cells;
Sc: sclerenchyma; Tr: transversal-cells; Pi: pigment-cells; En: endosperm;
Co: cotyledon (Gassner, 1951; Riidiger, 1954).

the outer integument of the ovule. Below the ring-cells of the parenchyma there is
a single layer of sclerenchyma fibers, which are oriented parallel to the longitudinal
axis of the seed. The sclerenchyma cells form a unicellular layer, 16-25 um thick.
They are mostly colorless, but can sometimes be dark yellow. Within the wild Linum
species, the sclerenchyma cells are thicker compared to cultivated flax. In cultivated
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flax there are genotypic differences in the thickness of this layer (Riidiger, 1942). The
next layer is composed of the so-called transversal-cells which have an irregular
orientation and are more or less collapsed in mature seeds. These cells make up at least
two cell layers. The innermost layer of the testa contains the pigment-cells which, in
a pericline section, are square shaped (Figure 2.9) and influence the outer appearance
of the seed color. These isodiametric or pericline-square shaped cells often contain
tannic pigments of yellow-brown color. In yellow-seeded flax these pigment-cells are
often absent or in some cases may be present, but do not contain any pigments. The
sclerenchyma, transversal- and pigment-cells originate from the inner integument of
the ovule. The next layer is the endosperm which contains oil and protein. The endosperm
surrounds the embryo which has two large cotyledons. The cotyledons fill more than
2/3 of the inner seed volume, while the endosperm occupies 1/3 or less of the inner
seed volume. The cotyledons are white or yellowish and also contain oil.

The epidermal cells produce mucilage, composed of polysaccharides, polypeptides
and glycoproteins, which is deposited in the extracellular space just below the cell-
wall facing the outside of the seed (Heinze and Amelunxen, 1984). During ripening,
the dry epidermal cells shrink by folding along the anticline cell walls. Upon contact
with water the cell walls stretch, the cuticula cracks, and the mucilage adsorbs water
and leaves the epidermal cells (Rudiger, 1942). One of the nutritional benefits of
flaxseed consumption is attributed to this mucilage. The mucilage protects the epithe-
lia of the digestive system. Cultivated flax produces more mucilage than the wild Linum
species.

Flaxseed color is influenced by several anatomical seed parts. The presence or absence
of the pigment-cell layer and whether these cells contain any pigments plays a signi-
ficant role. All shades of brown seed color result from pigmentation of the pigment
cells. Yellow, spotted or mottled seeds are the result of the irregular presence of pigments
in the pigment cells. If there are no pigments present, then the color of the cotyle-
dons becomes the main factor determining the outer seed color. Finally, the ring-cells’
and sclerenchyma’s coloration can also influence the seed color. Thus, a greenish to
dark green seed color may result from the pigmentation of the outer parenchyma cell-
layer, while the pigment layer may be colorless. Due to the numerous and complex
factors influencing seed color, the genetics for this trait are also complex. Barnes et /.
(1960) stated that at least three genes are involved in the determination of seed color
and that two of these genes simultaneously influence petal color.

Brown seed color is and has always been the most common in flax. The Dutch flax
breeder Tine Tammes (1927) was the first to initiate systematic studies on seed and
flower color, in addition to other important traits. Her work provides the framework
for understanding the genetics of these traits. The early collection missions conducted
by N.I. Vavilov and his colleagues revealed that yellow seed color was selected in Central
Asia, the Middle East, and China (Elladi, 1940). Riidiger (1942) observed that the seed
coat in yellow-seed flax was thinner than in the brown-seed flax. Recently, yellow-seed
commercial varieties with low o-linolenic acid content were released in Canada and
are marketed under the name “solin” (Kenaschuk and Rowland, 1993).

Phenotypic variation of cultivated flax

The phenotypic range of variation for several agrobotanic characters in cultivated flax
is very high. Due to careful selection by man, many landraces with genetically fixed
characteristics have evolved. This is because domestication has favored genotypes that
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Table 2.1 Range of variation for some important characters. Observations of 73 accessions of
flax, representing all 26 infraspecific groups proposed by Kulpa and Danert (1962)

Character Mean (5 years) Min. Max. cvV
Weight of 1,000 seeds (g) 6.3 4.38 12.7 274
Width of petals (mm) 9.6 33 14.7 25.8
Width of capsule (mm) 6.9 5.4 8.2 8.6
Number of days from sowing

to end of flowering 92.4 80.0 116.0 7.8
Height of plant (cm) 66.5 38.0 95.0 17.3

Note: Min. = Minimum; Max. = Maximum; CV = Coefficient of Variation in %.
Source: Diederichsen and Hammer, 1995.

Table 2.2 Range of variation for some qualitative characters in flax. Observations of 73
accessions of flax, representing all 26 infraspecific groups proposed by Kulpa and Danert

(1962)

Character Observed expressions

Petal color White, light blue, blue, dark blue, pink, violet, red-violet
Petal shape With/without longitudinal folding

Petal, folding of the margins Margins folded inwards/margins plain

Capsule dehiscence Completely dehiscent/completely indehiscent

Ciliation of the false septa Present, not present

Seed color Yellow, yellowish brown, olive, light brown, medium

brown, dark brown, mantled brown/yellow

Source: Diederichsen and Hammer, 1995.

always show the desired characteristics, in spite of environmental differences. There-
fore, seed or fiber yield has become more stable over time. Hence, an important
characteristic, like weight of 1,000 seeds, is of higher heritability in cultivated flax
than in its wild progenitor L. angustifolium Huds. (Diederichsen and Hammer, 1995).
Observations of 73 accessions of cultivated flax, representing all infraspecific groups
proposed by Kulpa and Danert (1962), give a good indication of the range of vari-
ation within the species (Tables 2.1 and 2.2). Several qualitative characters are useful
for characterization because their expression is independent from environmental influ-
ences and some of them are of great economic relevance. Seed color is one example.

The range of variation in seed size is enormous. Large-seeded flax originates from
the Mediterranean area, reflecting Vavilov’s (1926) observation that many cultivated
plant species from this area have infraspecific groups with large seeds. Large seed is
correlated with large petals, and this character also shows a wide range of variation.
The large-seeded flax from the Mediterranean area has a spectacular inflorescence with
large petals and widely opened, bowl-shaped flowers. In other flax genotypes, the flowers
can be tube shaped and do not open at all. The width of the capsule increases with
increasing seed size.

The length of the vegetation period is highly influenced by day-length. In north-
ern laticudes, fiber flax matures more rapidly than the branched, large-seeded oilseed
types. Day-length sensitivity is an important factor in the breeding of flax cultivars
for northern areas where growing seasons are of limited length. The vegetative period
of flax from the Mediterranean area or India seems to be less influenced by day-length.
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Careful observations of the morphological traits and their inheritance were conducted
by the Dutch scientist and flax breeder Tammes at the beginning of the twentieth
century (Tammes, 1927; Tammes, 1928; Tammes, 1930). In total, 44 genes and their
functions have been identified in flax. Of these, 20 genes are known to affect the color
of parts of the inflorescence, four affect seed color, five affect other morphological
traits, two affect male sterility, two affect oil quality, and 11 affect disease resistance
(Kutuzova, 1998). Several interactions between these genes are known. However,
genetic mapping has not been conducted and it is not known how these genes are dis-
tributed on the chromosomes.

Taxonomy

The genus Linum L. in plant systematics and its
geographical distribution

The genus Linum is the type genus for the flax family, Linaceae (DC.) Dumort. The
flax family is geographically widespread with about 300 species worldwide (Hickey,
1988). Several of the species are shrubs and occur in tropical areas, while perennial
and annual species are found in temperate areas of the world.

The flax family is positioned in the plant kingdom as follows: Division:
Pteridophyta; Sub-Division: Angiospermae; Class: Dicotyledoneae; Sub-class: Rosidae;
Order: Geraniales. Within the flax family, the genus Linum belongs to the tribe Linoideae
H. Winkl. There are four other genera within this tribe: (1) Reznwardtia Dumort. occur-
ring in India and South-East Asia; (2) Tirpitzia Hallier occurring in South China; (3)
Hesperolinon (A. Gray) Small occurring in the western USA; and (4) Radiola (Dillen.)
Roth. occurring in Europe and adventive in the USA.

Linum is the largest genus within the family. Three geographical centers of dis-
tribution exist in the genus Linum, each with large interspecific diversity: (1) the
Mediterranean area; (2) southern North America and all of Mexico; and (3) South America
(Figure 2.11). However, several other species also occur in the temperate areas of Europe,
Asia and the Americas.

The genus Linum has received considerable attention from botanists during the last
three centuries. The wide range of diversity within the genus continues to challenge
its systematic treatment by botanists. Several proposals for dividing the genus into
sections exist, and the status of many species remains to be clarified.

The first proposal for a natural system for arranging the species was published in
1837 by Reichenbach (Vul'f, 1940). A thorough overview of the genus was presented
by Winkler (1931). Yuzepchuk (1949) delivered a more elaborated, systematic treat-
ment and distinguished nine sections, some with further taxonomic subdivisions. However,
the systematic treatment of the genus continues to be discussed. A recent investiga-
tion of pollen morphology could not confirm any of the previously proposed groupings
(Grigoryevka, 1988).

Winkler’s proposal for grouping still appears to be the most useful, because its
structure is clear and based on traits which are suitable for taxonomic distinctions.
Chemotaxonomic investigations of the fatty oil composition in the seeds support
this morphological grouping (Rogers, 1972). The systematic hierarchy proposed by
Winkler (1931) is presented here with some minor changes which incorporate results
of recent publications, including the Flora Europaea (Ockendon and Walters, 1968).
A recent revision of the genus Linum is not available, and there is need for better
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Figure 2.11 Geographical distribution of the sections of the genus Linum L. (After Vul'f (1940)
and recent floras).

clarification of the questions regarding its systematic treatment. The genus Linum can
be subdivided into the following six sections:

1 Sect. Linum

Characteristics  Flowers usually large; fruiting pedicels elongate; petals free, blue, pink,
or white; sepals without obvious longitudinal veins; stigmas longer than wide, clavate
or linear. Leaves alternate, without stipular glands and glabrous. Perennials, biennials or
annuals.

Important species and range of distribution — Linum usitatissimum L. belongs to this section.
L. wusitatissimum does not occur as a wild plant and its cultivation is common in tem-
perate climates world-wide. A close relative and the supposed wild progenitor of cul-
tivated flax is the species L. angustifolium Huds., which is a biennial or perennial plant
of the Mediterranean and submediterranean area, Ireland and the south of Great Britain.
The similar Linum decumbens Dest. occurs in Italy. Many other perennial species of this
section can be found in the Mediterranean area, and their ranges of distribution some-
times extend into the northern temperate climates of Europe and Asia. The impres-
sive flowers of several species such as L. austriacum L., L. perenne L. or L. narbonense L.
have resulted in their being cultivated as ornamental plants and commonly found in
European botanic gardens. The annual L. grandiflorum Dest., which originates from Algeria,
has large red flowers and is also a common ornamental plant. Some perennial species
appear to have dispersed early in evolutionary time from the common center of origin
and can be found in remote areas like Siberia (L. amurense Alef., L. baicalense Juz.) or
in North America (L. Jewisi; Pursh).
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The range of variation of the phenotypic characters used to distinguish among the
species often overlaps within the section Linum. To resolve this problem, Ockendon
and Walters (1968) proposed lumping species into groups, e.g. the Linum perenne group,
and declaring the exact determination of the species as preliminary until a revision of
the genus was completed. Unfortunately, such a revision has not yet been conducted.
Another approach was to define many species and to single out more infraspecific taxa
to get a better structure as Yuzepchuk (1949) did in the Flora of the USSR. However,
this more elaborate classification has remained preliminary and inconsistent in dis-
criminating species. Molecular investigations of seven species of the section Linum includ-
ing cultivated flax and its wild progenitor confirmed the established morphological
system (Fu ez /., 2002b).

2 Sect. Dasylinum (Planch.) Juz.

Characreristics  Like Sect. Linum, but pedicels or leaves pubescent. Perennial species.

Important species and range of distribution Some species are cultivated as ornamental
plants (e.g., L. hypericifolium Salisb., L. hirsutum L., L. viscosum L.). Most occur in the
Mediterranean area, although some are restricted to Asia Minor.

3 Sect. Linastrum (Planch.) Benth.

Characreristics  Like Sect. Linum, but flowers small and usually yellow.

Important species and range of distribution  This section has a wide range of distribution.
Species occur in the Mediterranean area, Africa and South America.

4 Sect. Cathartolinum (Reichenb.) Griseb.

Characteristics  Like Sect. Linum, but stigmas capitate.

Important species and range of distribution  About 50 species in this section are found in
North America including Mexico, while only one (L. catharticum L.) occurs in Europe.
L. catharticum has been used as a purgative in folk medicine. Small (1907) structured
this section into eight subsections and several groups, indicating the wide range of
diversity found in this section.

5 Sect. Syllinum Griseb.

Characteristics  Like Sect. Linum, but petals connected before opening of the flowers.
Petals yellow or white. Stem with wings decurrent from leaf bases. Leaves with glands
at base.

Important species and range of distribution 'The perennial species of this section are dis-
tributed in the eastern Mediterranean area. An important species is L. flavum L. It has
bright yellow flowers and is widely cultivated as an ornamental plant. Also in this
group the differentiation of several species is not solved and the L. flavum group defined
by Ockendon and Walters (1968) contains several species.
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6 Sect. Cliococca (Babingt.) Planch.

Characteristics  Petals shorter than sepals.

Important species and range of distribution  This section contains only one species (L. selagi-
noides Lam.) which is found in South America.

The sect. Eulinum Planch., which is often mentioned in the literature, is here divided
into the two sections Linum and Dasylinum. The main difference between these two
is the presence of hairs on several parts of the plants in the section Dasylinum.

The diversity of species in the genus Linum differs in various parts of the world.
Table 2.3 presents an overview based on floristic inventories. The Mediterranean area
and adjacent Asia Minor have a very rich diversity of species, while northern Europe
has fewer endemic Linum species. In Scandinavia, for example, only two species
(L. catharticum L. and L. austriacum L.) can be found naturally. Turkey, on the other
hand, which belongs partly to the Mediterranean area and partly to Asia Minor, has a

Table 2.3 Distribution of species in the genus Linum L. for different areas of the world

Area Number of species  Source

Northern America and Mexico 63 Small, 1907

Former Soviet Union 45 Yuzepchuk, 1949

Turkey 38 Davis et al., 1967

Europe 36 Ockendon and Walters, 1968
France 24 Fournier, 1977

Ttaly 20 Pignatti, 1982

Bulgaria 19 Stojanov and Stefanov, 1948
Morocco 19 Jahandiez and Maire, 1932
Lebanon and Syria 17 Mouterde, 1986

Algeria 15 Battandier, 1888—1890

Iran 13 Rechinger, 1974

Germany 10 Schubert ez a/., 1988
Portugal 10 Palhinha, 1939

USA, north-east 10 Gleason and Cronquist, 1998
Central Asia 9 Vvedenskij, 1983

Canada 8 Scoggan, 1978

Switzerland 8 Aeschimann and Burder, 1994
Afghanistan 7 Kitamura, 1960

Alava/Spain 7 Uribe-Echebarria and Alejandre, 1982
Mallorca/Spain 6 Barcelo, 1979

Australia 6 Hnatiuk, 1990

Libya 6 Jafri and El-Gadi, 1977
Pakistan, West 6 Stewart, 1972

Cyprus 5 Meikle, 1985

India 5 Harja, 1993

Egypt 4 Monastir and Hassib, 1956
Tropical East Africa 4 Smith, 1966

Belgium 3 Lawalrée, 1964

Iraq 3 Rechinger, 1964

Arabia 2 Blatter, 1978

Japan 2 Ohwi, 1965

Scandinavia 2 Gram and Jessen, 1958
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rich diversity with 38 Linum species. In the Americas, the species in the Section
Cathartolinum are dominant. Although a good indicator, the figures in Table 2.3 have
to be considered carefully, since the taxonomic systems used differ considerably among
authors.

Plant systematics attempts to establish a system reflecting the evolutionary relationships
among plant species. Natural systems in plant taxonomy are supportive for plant breed-
ing, as they facilitate the targeted search for desired traits of economic importance in
closely related wild species of a crop. The challenge for plant breeding is to introduce
the desired traits from wild species into cultivated species.

Traditionally, taxonomic systems are based on morphological characters. Since the
morphological systems previously proposed for the genus Linum were considered im-
perfect, Chennaveeraiah and Joshi (1983) conducted cytological studies on 19 species.
They proposed the phylogenetic relationships based on chromosome numbers and
similarities as outlined in Figure 2.12. Within the genus Linum, the chromosome
number varies between 2n = 16 to 2n = 60, with most of the species having either
2n = 18 or 2n = 30 chromosomes (Chennaveeraiah and Joshi, 1983). Gill (1987)
presented chromosome numbers of 41 species of the genus ranging from 2n = 16 to
2n = 80. However, the phylogenetic relationships within the genus are not yet
clarified and all proposed systems are artificial.

A thorough revision of this diverse genus is necessary using the full range of mor-
phological, chemical, and molecular characters and techniques available.

Cross-hybridization between cultivated flax and wild species has been tried since
the beginning of scientifically based plant breeding in flax. Interspecific hybridization
between cultivated flax and L. angustifolium has been successfully conducted (Tammes,
1923). In addition, Gill and Yermanos (1967) report successful hybridization with L.
africanum, L. corymbiferum and L. decumbens. Using embryo-rescue techniques, hybrids
with L. monogynum have been produced (Nickel, 1993). None of these interspecific crosses
has had any practical use in flax breeding. So far, only L. grandiflorum has been used
in breeding for cultivated flax. By pollinating L. usitatissimum with L. grandiflorum, the
induction of dihaploid embryo growth in cultivated flax is possible.

Nomenclature of cultivated flax

Flax cultivation has its origin in Asia Minor and was introduced to other agricultural
areas during the Neolithic revolution (8000 B.C.). It belongs to the “founder crops”
that initiated agriculture in the Old World (Zohary, 1999). As the plant was introduced
to new areas, it underwent selection for adaptation to very different environments, result-
ing in a wide range of diversity. Simultaneously, selection for the use of the seed oil
or the fiber resulted in very distinct plant types. Selection for use of the seed focused
on the development of the generative parts of the plant, while selection for use of the
fiber resulted in tall, rarely branched plants. The common names for cultivated flax
reflect this divergence, as there exist, in several languages, different names relating to
the specific uses of the plant (Table 2.4). The English name, “flax,” refers to the species
in general. However, in Europe “flax” is usually associated with the fiber plant, while
the name “linseed” is applied to oilseed flax. In the Americas the name “flax” is usu-
ally associated with the oil plant. Linseed and fiber flax belong to the same botanical
species and can easily be crossed with each other. Intermediate types that can be used for
either oil or fiber also exist and, in fact, make up the vast majority of all flax genotypes.
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Figure 2.12 Evolutionary relationships among Linum L. species based on cytological data.
(After Chennaveeraiah and Joshi, 1983).

A recent approach to use flax fiber not for long fibers, but for other technical purpose,
has resulted in an increased interest in fiber quality parameters in all types of flax.
The accepted scientific name of the flax species cultivated for the use of its fiber or
oil is Linum wusitatissimum L. and was introduced by Carl von Linné in 1753. The clas-
sical Latin name of flax is /inum, which is closely related to the classical Greek name
linon (Mvov). The translation of the Latin species epithet wsitatissimum is “the most
useful one,” reflecting the several uses made of this plant. Linné (1753) deposited in
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Table 2.4 Common names of flax in different languages

Language General Oil plant Fiber plant
English Flax Linseed, oil-flax Fiber-flax
German Lein Ollein Flachs, Faserlein
Russian Len’ Kudrjas, len’-masli¢nyj Dolgonec
Spanish Lino Lino oleaginoso

French Lin Lin oléagineux Lin a fibers
Danish Hirr

Turkish Killu

Hindi Alsi, tisi

Arab Kattan

Dutch Vlaas

Chinese Hu ma, ya ma

Table 2.5 The infraspecific groups of Linum usitatissimum L. according to Cernomorskaja and
Stankevi¢ (1987)

Main English Russian Formal name Placement in
characteristics according to the system of
Cernomorskaja and — Kulpa and
Stankevic (1987) Danert (1962)
One stem; tall  Fiber flax Len-dolgunec Ssp. wsitatissimum  Convar.
elongatum
One stem; Intermediate Len-meZeumok Ssp. intermedinm Convar.
medium height flax Czernom. usitarissium
Several stems;  Crown flax ~ Len-kudrjas Ssp. humile (Mill.) Convars.
short; late Czernom. mediterraneum
mature and wsitatissinum
Weight of Large-seeded Len-krupnosemjannyj Ssp. latifolium (L.) Convar.
1,000 seeds flax Stankev. mediterraneum
larger than 7 g
Prostrate Semiwinter  Len-poluzimnyj, Ssp. bienne (Mill.)  Convar.
growth habit flax Len-steljuscyj Stankev. usitatissinum

his herbarium a specimen of L. wusitatissimum L., which is now recognized as the type
species (Herb. Linn. No. 396—1). Since the stem of this plant is somewhat branched
in the upper part, Kulpa and Danert (1962) stated the herbarium specimen is neither
a typical fiber flax nor a large-seeded type, but an intermediate flax type. It shows
more branching than fiber flax, but less than the large-seeded flax from the Mediter-
ranean area. Linné’s species epithet #sitatissimum is the autonym and designated name
for all infraspecific taxa (groups), which morphologically include the intermediate
appearance of the type. Cernomorskaja and Stankevi¢ (1987) did not agree with this
opinion and based their system on the assumption that Linné’s herbarium specimen
is a typical fiber flax. Therefore, the autonym wusitatissimum used by Cernomorskaja
and Stankevil (1987) refers to a different infraspecific group of flax than the same
name used by Kulpa and Danert (1962) (see Table 2.5). The rules outlined by the
International Code for Botanical Nomenclature (Greuter, 1994) must be followed to
avoid such confusion. Confusion or inconsistency in naming infraspecific taxa has resulted
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in the rejection of recognizing any formal grouping below the species level (Harlan
and de Wet, 1971; Hetterscheid and Brandenburg, 1995). One has to be very careful
when assigning formal botanical names to infraspecific groups. The usefulness of a for-
mal approach to the naming of infraspecific groups in the study of plant genetic resources
was stressed by Hanelt (1988).

Linné (1753) distinguished four different types of Linum usitatissimum, thus recog-
nizing the diversity within the species. The English botanist Philip Miller (1768) restricted
the name L. usitatissimum L. to the fiber flax and called the typical oil flax L. humile
Mill. Miller’s descriptions of the flax types are confusing and the name L. humile Mill.
was later applied to cultivated flax with spontaneously opening capsules. Miller, how-
ever, does not mention the spontaneous opening of the capsules for the L. humile Mill.
he describes. Common names exist for cultivated flax with dehiscent capsules, for
example, the German name “Klenglein” translates in English as “Flax Sounding.” This
name is inspired by the noise the capsules of this particular group of flax make when
they are mature and suddenly open with a cracking sound. In 1824, Boeninghausen
considered this dehiscent cultivated flax as a distinct species and named it L. crepitans
Boenning. (Kulpa and Danert, 1962). A further group distinguished by Miller (1768)
were flax types with winter hardiness. He called them L. bienne Mill. Later it became
obvious that the herbarium specimen Miller was referring to when he named L. bienne
Mill. was not cultivated flax, but a wild species of flax, which was later described prop-
erly by Hudson (1788) and given the name Linum angustifolium Huds. Kulpa and Danert
(1962) proposed that this name should be accepted for the species, due to the lack of
clarity of Miller’s description, which could claim priority. Even in some recent taxo-
nomic publications the name L. bienne Mill. is considered to refer to cultivated flax
(Cernomorskaja and Stankevic, 1987). This name should be rejected as being doubtful.

A very elaborate classification for cultivated flax was published by Howard (1924).
However, this grouping is restricted to Indian flax only and distinguishes 26 varieties.
The system of Elladi (1940) is the most complicated and distinguishes 119 botanical
varieties based on morphological characteristics and geographical origin of the differ-
ent flax types. This system reflects the evolutionary development of cultivated flax dur-
ing domestication. Elladi’s classification has more theoretical than practical value since
it is very complicated to apply, and recent crosses between the distinguished and eco-
morphological varieties do not fit into the system. Elladi’s system has never been applied
to any collection of flax genetic resources and has been criticized for neglecting the
rules of taxonomic nomenclature (Chrzanovskij er a/., 1979).

The classification presented by Dillman (1953) also proposes to distinguish mor-
phological and geographical groups of flax. This system does not divide the genepool
into formal botanical varieties, but makes distinctions between some morphological
and geographical groups and assigns informal names to them. The major problem with
this system is the inconsistency in applying the criteria for establishing the groups,
thus limiting its usefulness. Dillman’s (1953) classification is more artificial than Elladi’s
(1940). However, Dillman’s system was partly applied to the world flax collection of
the United States Department of Agriculture (USDA). The USDA world germplasm
collection is grouped into six plant types: (1) fiber flax; (2) spring-type seed flax; (3)
winter-type seed flax; (4) short, large-seeded, Indian seed flax; (5) Ethiopian forage-
type flax; and (6) Mediterranean or Argentine seed flax.

The most recent proposal for a formal taxonomic grouping of flax came from
Cernomorskaja and Stankevi& (1987). Their system further simplifies the groupings
and distinguishes five subspecies. With slight modifications this system has been applied
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to the flax collection at the All Russian Flax Research Institute at Torzhok, Russia. It
is a natural grouping consisting of five groups: (1) fiber flax; (2) intermediate flax (only
one stem, shorter than fiber flax); (3) crown-flax (several stems, short); (4) large-seeded
flax; and (5) prostrate flax (winter flax or semi-winter flax). Cultivated flax with spon-
taneously opening capsules is not recognized as a separate group, but belongs in the
fiber flax group. This natural system of grouping does not distinguish flax with spon-
taneous opening capsules, but nevertheless has a distinct category for winter flax. It is
difficult to distinguish winter flax from other flax types, since only certain environ-
mental conditions allow for observation of this behavior. The system of Cernomorskaja
and Stankevi¢ (1987) is often used in Russian literature, and the groups proposed by
them and their scientific names are listed in Table 2.5.

The above examples illustrate how the phenotypically obvious genotypic diversity
existing in flax has been a scientific challenge to taxonomists since they started to con-
sider classification groupings. Several systematic treatments of cultivated flax already
existed when Kulpa and Danert published their proposal in 1962. They carefully
considered eight different classifications for cultivated flax proposed between 1866 and
1953. The system proposed by Kulpa and Danert (1962) distinguishes four convari-
eties and, in a second step, subdivides them into 28 varieties within the convarieties.
Compared to Elladi’s proposal (1940), which named 119 varieties, their system is
simpler, but is still difficult to apply. However, the convarieties of Kulpa and Danert
(1962) are very distinct and represent flax groups which have been selected for
special purposes, thus forming natural groups. The 28 described varieties are based on
morphological characters with the grouping being more artificial. Some flower traits
used by these authors are not clear, while obvious characteristics like the folding of
the petals are not mentioned at all. This classification with 28 varieties has been applied
to the genebank collection at the IPK Gatersleben, Germany, and allows for targeted
requests at the Gatersleben genebank. The accepted scientific name of cultivated flax
and those of the four infraspecific groups according to Kulpa and Danert (1962) are
listed with their synonyms below. The species grouping into four convarieties is natural
and takes essential morphological traits into account. A further grouping into botan-
ical varieties is possible. However, the varieties distinguished in the original publica-
tion are not quoted here; they are in need of clarification to be applicable and useful.

Accepred scientific name of cultivated flax and synonyms

The accepted scientific name and synonyms of cultivated flax and its infraspecific groups
are presented according to Hammer (2001) and Kulpa and Danert (1962). Changes
based on recent taxonomic studies were incorporated. The accepted name is printed
in bold letters and followed by the synonyms.

Linum wsitatissimum L., Sp. Pl. (1753) 277, ssp. wusitatissimum. — L. sativum
Hasselqu., Iter Palaest. (1757) 462; L. arvense Neck., Delic. Gallo-Belg. 1 (1768) 159;
L. utile Salisb., Prodr. (1796) 177; L. usitatissimum B humile Pers., Syn. 1 (1805) 344;
L. usitatissimum var. vulgare Boenningh., Prodr. Fl. Monast. Westph. (1824) 94; L.
usitatissimum var. indebiscens Neilr., Fl. Nied.-Oest. (1856) 864; L. usitatissimum var. humile
Alef., Landw. Fl. (1866) 103; L. usitatissimum var. typicum Pospich., Fl. Oest. Kiistenl.
(1898); L. typicum (Pospich.) Schilling in Herzog, Technol. Textilpfl. 5, 1 (1930) 64;
L. indebiscens (Neilr.) Vav. et Ell., Kul’t. FI. SSSR 5, 1 (1940) 117; incl. L. debiscens
Vav. et Ell. ssp. crepitans (Dum.) Vav. et Ell., 1. c., 110.
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Since the beginning of the twentieth century, it has been known that cultivated flax
can be crossed with the wild species pale flax (L. angustifolium Huds.) (Tammes, 1911;
1923). Cytogenetic studies reveal both species to have 2n = 30 chromosomes and to
differ in caryotype by one translocation (Gill and Yermanos, 1967). The geographical
range of distribution of L. angustifolium Huds. and studies on the distribution of weeds
associated with flax confirm L. angustifolium as being the wild progenitor of cultivated
flax (Hjelmquist, 1950; Helbaek, 1959). This evolutionary relationship was mentioned
very early by Heer (1872), who conducted morphological observations of recent and
historic findings on flax. Thellung (1912) unified cultivated and pale flax under the
single species name, L. usitatissimum L. Recent molecular investigations confirmed the
close relationship between these two taxa (Fu e #/., 2002b). Therefore, according to
the rules of botanical nomenclature, cultivated flax and the wild progenitor each receive
in this case the rank of a subspecies (Hammer, 2001). Cultivated flax is then named
L. wsitatissimum L. ssp. wusitatissimum and the wild progenitor L. wusitatissimum L. ssp.
angustifolium (Huds.) Thell. The unification of these two flaxes into one species reflects
the concept that all subordinated taxa belonging to one species can hybridize with each
other. According to the genepool concept of Harlan and de Wet (1971), both sub-
species belong to the primary genepool for breeding activities in cultivated flax. From
the viewpoint of an evolutionary biologist, this taxonomic widening of the species Linum
is consistent. However, for practical reasons it is not always necessary to quote the com-
plete name and cultivated flax can be referred to as L. usitatissimum L. and pale flax as
L. angustifolium Huds. Usually it is clear from the context which subspecies is discussed.

Key for determination of the convarieties of L. usitatissimum

A Capsules open septicidaly and loculicidally during ripening. Seeds are easily shat-

tered. Later empty capsules are dropped. 1. convar. crepitans
A* Capsules not opening during ripening or only slightly septicidally separating. Seeds
are not easily shattered. Capsules are not dropped. B

B Plant height more than 70 cm and only the upper 1/3 or less of the entire stem
length with side branches; if less than 70 cm then stem branches only in the upper

1/5 of the entire stem length. 2. convar. elongatum
B* Plant height usually less than 70 c¢cm; more than 1/5 of the entire stem length
with side branches. C

C  Weight of 1,000 seeds more than 9 g; plants usually without basal branches.
3. convar. mediterraneum
C* Weight of 1,000 seeds less than 9 g; plants often with basal branches.

4. convar. usitatissimum

1. convar. crepitans (Boeninningh.) Kulpa et Danert, Kulturpflanze, Beih. 3,
(1962) 374. — L. usitatissimum var. crepitans Benningh., Prodr. Fl. Monast. Westph. (1824)
94; L. crepitans (Boenningh.) Dum., Fl. Belg. (1827) 111; L. humile Planch. in London
Bot. 7 (1847) 165, p. p., et auct. vix Miller (1768); L. usitatissimum C debiscens Neilr.,
Fl. Nied.-Oest. (1859) 864; L. dehiscens Vav. et Ell. in Kul’t. F1. SSSR 5, 1 (1940) 113;
L. usitatissimum ssp. wusitatissimum apud Czernom. et Stankev., Sel. i gen. techn. kul’t.
113 (1987) 58, p. p.

The convar. crepitans has been used in Central and South-East Europe as a fiber plant.
Seed shattering makes it difficult to harvest the seeds. This type of flax is no longer
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cultivated in agriculture and only the germplasm collection conducted early in the
twentieth century helped maintain and preserve this type from extinction. Its range
of variation is limited. With the exception of the dehiscence of the capsules the plants
are phenotypically similar to those of the convar. usitatissimun.

2. convar. elongatum Vav. et Ell. in Kul't. Fl. SSSR 5, 1 (1940) 153, pro prole
sub L. indehiscens Vav. et Ell. ssp. eurasiaticum. — L. wsitatissimum L. ssp. vulgare
(Boenningh.) Ell., Tr. prikl. bot. gen. i sel. 22, 2 (1929) 457, p. p.; L. usitatissimum
ssp. eurasiaticum Vav. ex Ell., in Zhuk., Turquie Agric. (1933) 442, p. p.; L. usitatissimum
ssp. usitatissimum apud Czernom. et Stankev., Sel. i gen. techn. kul’t. 113 (1987) 58, p. p.

The convar. elongatum describes typical fiber flax. It has long stems which are only
branched at the top of the stem. This type of flax has been of great importance in the
temperate and northern areas of Europe and in particular eastern Europe. China is also
a center of diversity for fiber flax. Fiber flax has a shorter vegetative period than the
large-seeded flax. This group is identical with the fiber flax as defined by Dillman (1953).

3. convar. mediterraneum (Vav. ex Ell.) Kulpa et Danert, Kulturpflanze, Beih. 3,
(1962) 376. — L. usitatissimum var. C L., Sp. PL. (1753) 277; L. usitatissimum ssp. mediter-
raneum Vav. ex Ell., in Zhuk., Turquie Agric. (1933) 442; L. usitatissimum ssp. bienne
(Mill.) Rothm., Agron. Lusitana 6 (1944) 259, p. p.; L. wusitatissimum ssp. latifolium
(L.) Stankev., Sel. i genet. techn. kul’t. 113 (1987) 59.

The convar. mediterraneum represents the large-seeded flax with large flowers and
capsules, and branched stems. It is only used for seed production. Flax of this type
originates from the Mediterranean area and has a long vegetative period. This group
is identical with the Mediterranean seed flax defined by Dillman (1953).

4. convar. usitatissimum — L. humile Mill. ssp. transiens (Ell.) Rothm., Agron. Lusitana
6 (1944) 257; L. wusitatissimum ssp. bienne (Mill.) Rothm., Agron. Lusitana 6 (1944)
259, p. p; incl. L. usitatissimum ssp. humile (L.) Czernom., Sel. i genet. techn. kul’t.
113 (1987) 58, ssp. intermedium Czernom., 1. c., 60 et ssp. bienne (Mill.) Stankev., Sel.
i genet. techn. kul’t. 113 (1987), 61, p. p.

The convar. usitatissimum refers to the intermediate flax, or dual purpose flax. This
is the most common type of flax in the world. It has adapted to a wide range of
climates. Within this convariety further segregation into different morphotypes is
possible. This group covers the spring-type seed flax, winter-type seed flax, and Indian
and Ethiopian (Abyssinian) flax, as defined by Dillman (1953).

Accepred scientific name of pale flax, the wild progenitor of cultivated flax,
and synonyms

Linum usitatissimum ssp. angustifolium (Huds.) Thell., Fl. Adv. Montp. (1912) 361.
— L. bienne Mill., Gard. dict. ed. 8 (1768) n. 8, nomen dub. rejiciend.; L. angustifolium
Huds., Fl. angl. ed. 2 (1788) 13;. L. ambiguum Jord., Cat. jard. Dijon (1848) 27,
L. hobenbackeri Boiss., Diagn., ser. 2, 1 (1853) 97; L. usitatissimum ssp. bispanicum Thell.,
Feddes Rep. 11 (1912) 75; L. usitatissimum ssp. bienne (Mill.) Thell., L. c., 129; L. debiscens
Vav. et Ell. ssp. angustifolium (Huds.) Vav. et Ell., Kul’t. F1. SSSR 5, 1 (1940) 111.
Pale flax (Figure 2.13) has a biennial or perennial growth habit. The flowers are
homostylous and self pollinated. The capsules open spontaneously and the seeds shat-
ter. It occurs in the Mediterranean area and the Atlantic western Europe. Investigation

Copyright © 2003 Taylor & Francis



Figure 2.13 Pale flax, Linum angustifolium Huds., flowering plant. (Photo: A. Diederichsen).

of morphology showed that some characters of pale flax show a wider range of vari-
ation than in cultivated flax (Diederichsen and Hammer, 1995). It can be expected that
molecular investigations will also reveal more genetic diversity in the wild progenitor
pale flax than in cultivated flax.

Germplasm conservation

In situ and ex situ conservation of flax germplasm

When discussing the different approaches for conservation of flax germplasm a dis-
tinction has to be made between the wild species and cultivated flax. Several of the
wild species occur in native habitats remote from civilization (Figure 2.11, Table 2.3).
Activities to preserve such natural ecosystems will also contribute to preservation of
the respective species at their natural sites. Some of the wild species gained import-
ance as ornamental plants and their distribution by man has widened their geographical
range of distribution, e.g. species of the section Linum in Australia or North America.

The lack of a recent taxonomic revision of the genus makes it difficult to judge
information from floristic inventories as listed in Table 2.3. However, the 7z situ approach
has to be favored for effective conservation of these species and ex sizu collection can
support this by allowing for detailed studies of the diversity of these species.

With cultivated flax there is no doubt that collection and ex sizu conservation have
preserved (infraspecific) diversity, which would have been lost without such activities.
In spite of recent tendencies in industrialized countries to revive the cultivation of
fiber flax this entire group is decreasing and has already disappeared from many areas
(Diederichsen and Hammer, 1995). To find relicts of fiber flax cultivation in on farm
situations is very rare. Recently Laghetti ¢ a/. (1998) reported such an event from the
island Ustica in Italy. Landraces, both of fiber flax and linseed, have vanished or are
replaced by modern breeding lines. For cultivated flax, iz situ conservation, which
should better be called o7 farm conservation, is nonexistent in industrialized countries.
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In developing countries, the diversity of flax is also declining due to replacement by
uniform breeding lines. There are no effective programs in place to change this situ-
ation and genebanks have to coordinate their efforts to continue to preserve the divers-
ity of cultivated flax.

The relative superiority of 7z situ conservation for wild flax and ex sit# conservation
for cultivated flax reflects the general picture for conservation of diversity of crops and
their wild relatives as described by Hammer ez a/. (1999).

Major ex situ collections of flax germplasm

The total number of flax germplasm accessions existing in world genebanks is about
53,000. The eight largest flax collections hold more than 55 percent of the total num-
ber of accessions (Table 2.6). There are at least another 81 genebanks, institutions or
breeding stations in the world, which maintain collections of flax germplasm. About
38 of these 81 collections hold more than 100 accessions each, while the other sites
maintain smaller collections or only a few accessions of Linum germ-plasm. A direc-
tory of information on germplasm collections is provided by the Food and Agriculture
Organization (FAO) (http://apps3fao.org/wiews/).

The total number of flax germplasm accessions is impressive, but the figure must
be considered with caution. For example, a high degree of duplication exists between
the two major collections held in the Russian Federation, the collection at the All-
Russian Flax Research Institute (VNIIL) and the N.I. Vavilov Institute for Plant Industry
(VIR). The collection at the VNIIL has been intensively integrated into the breeding
program for fiber flax. It has been screened for several important traits and consider-
able characterization and evaluation data exist for their accessions. A catalog with basic
passport data of the VNIIL accessions was published in 1993 (Zhuzhenko et a/., 1993).
Evaluation data are partly accessible in published form (Marcenko, 1994; Rozhmina
and Zhuzhenko, 1998). The VNIIL germplasm is derived from the VIR collection
which is made up of many accessions dating back to the early period of collecting plant
genetic resources at the beginning of the twentieth century. This collection is very
valuable since much of the germplasm at the VIR has vanished from cultivation in
agriculture. The passport data for the VIR collection are available on the Internet

Table 2.6 Genebank collections of Linum germplasm

Name of institution Country No. of accessions
All Russian Flax Research Institute, VNIIL, Torzhok Russia 6,100
N.I. Vavilov Institute of Plant Industry, VIR, St. Petersburg Russia 5,700
Research Institute for Technical Cultures, RITC China 4,000
Breeding company DSV, Lippstadt Germany 3,500
Ethiopian Genebank, Addis-Abbaba Ecthiopia 3,100
North Central Plant Introduction Center, Ames, Iowa USA 2,800
Plant Gene Resources of Canada, PGRC, Saskatoon Canada 2,800
Research Institute for Cereals and Industrial Crops, Romania 2,700
RICIC, Funduela
Other collections (81) 22,300
Total 53,000

Sources: FAO; Zhuzhenko and Rozhmina, 2000.
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(http://www.vir.nw.ru), while characterization data are accessible by direct contact with
the curator of the flax collection at the VIR.

In China, fiber flax production is an important industry and the large collection at
the Research Institute for Technical Cultures (RITC) meets this need. The Chinese col-
lection contains 2,000 accessions, which were received from the USDA (Pan, 1990),
again reflecting a duplication between large ex situ collections of flax germplasm.

The German plant breeding company Deutsche Saatveredelung (DSV) is engaged
in flax breeding and also has a large collection of flax germplasm. This collection con-
sists mainly of breeding material and the diversity it contains is limited compared to
that maintained in genebanks.

Ethiopia is one of the classical centers of flax diversity named by N.I. Vavilov (1926).
Obviously a large collection of flax germplasm exists there, but unfortunately access
to this collection is presently restricted.

The collections for flax germplasm of the United States National Plant Germplasm
System (NPGS) in the USA and of Plant Gene Resources of Canada (PGRC) are to
a large extent duplicates of one another. Passport and evaluation data for these
collections are available via the Internet (USA: http://www.ars-grin.gov/; Canada:
http://www.agr.gc.ca/pgrc-rpe).

The collection of flax germplasm at the German genebank, at the Institut fiir Pflanzen-
genetik und Kulturpflanzenforschung (IPK), Gatersleben, has passport data accessible
via the Internet (htep://fox-serv.ipk-gatersleben.de). This is the only collection of flax
germplasm which has been subjected to a formal infraspecific classification.

In summarizing all information about existing ex siz# collections of flax germplasm,
it becomes obvious that considerable duplication exists among the different ex sizu col-
lections of the world as listed in Table 2.6. About 30 percent of the world flax germplasm
accessions listed in Table 2.6 can be assumed to be unique. In particular, the more
recently bred varieties will account for much of the duplication, since on the national
and international level plant breeders tend to use similar germplasm. This, of course,
implies duplication of rejuvenation and storage expenses at genebank sites. However,
the continued preservation of germplasm in genebanks can be severely affected by polit-
ical change, genebank priorities, and problems with rejuvenation. Therefore, a certain
degree of duplication helps to ensure the preservation of the diversity. Duplication of
germplasm for security reasons could be better organized than it is at present. Detailed
observations on accessions, which are supposed to be duplicates, often show these acces-
sions to be significantly different.

The wild species in the genus Linum are rarely found in genebank collections because
they are perennials and are difficult to regenerate due to cross-pollination. The German
genebank at Gatersleben has the largest collection of these species. Several botanical
gardens, especially those in Europe, have seeds of wild species of the genus available
for use.

Characterization and evaluation of flax germplasm in
ex situ collections

All collections listed in Table 2.6 have been subjected to characterization for some traits.
However, this information is often difficult to access by external users. A list of 63
descriptors for flax was established for genebank use for four major collections in Eastern
Europe (Rykova ez /., 1989). This comprehensive list has been partly applied to the
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collection preserved at the Vavilov Institute. A new initiative to develop a descriptor
list was started in 1993 by a European working group on flax and other fiber plants.
This working group is composed of several institutions and plant breeding companies
in 11 countries (Bulgaria, Czech Republic, France, Germany, Netherlands, Poland,
Romania, Russian Federation, United Kingdom, Ukraine and USA). The group pro-
posed a descriptor list for flax based on 24 traits including the most important
oil- and fiber-quality traits (Pavelek, 1998). The list is being applied by some of the
institutions participating in this network. A centralized database, which includes parts
of the collections of the participating countries, is located at Sumperk, Czech Republic.

The United States Department of Agriculture (USDA) has put significant effort into
its Genetic Resources Information Network (GRIN) and has characterization data on
18 characters of flax for more than 2,800 accessions. These data are available via the
Internet (http://www.ars-grin.gov/). Plant Gene Resources of Canada (PGRC) has
recently collected characterization and evaluation data (Diederichsen, 2001) on the 2,800
flax accessions within its collection, using the descriptor list given in Table 2.7. These
data are also available on the Internet (http://www.agr.gc.ca/pgrc-rpc).

The characterization of flax accessions in genebanks is based on morphological traits
which are minimally influenced by environmental conditions. Such characteristics ensure
identification of a genebank accession, and can be obtained during field regeneration
without the restriction of establishing field trials. Plant breeders, however, are primarily
interested in quantitative traits such as yield, which are much more influenced by environ-
ment, and demand intense observation over several years to achieve exact results. Detailed
information is often not available for genebank accessions. However, Atlin ez 2/. (1992)
showed that, even in breeding programs, a reduction of plot size in flax to single rows
can still produce results which are useful in selection decisions.

Modern computer software allows for the handling of large amounts of data, and
electronic communication via the Internet is possible worldwide. Genebanks should
make more use of this technology to share information on their accessions. Coopera-
tion among different sites maintaining flax germplasm collections needs to be
intensified to avoid duplication of effort and to increase the use of the existing flax
germplasm collections.

Regeneration and storage of flax germplasm

Cultivated flax is self-pollinating. However, during flowering, flax is occasionally
visited by insects, which may result in cross-pollination. Robinson (1937) reported out-
crossing rates up to 1.47 percent. More recent studies report out-crossing up to 5
percent (Williams, 1988) and isolation distances between different genotypes of flax
have been demanded to avoid cross-pollination (Nickel, 1993). Cross-pollination by
wind is rare because flax pollen grains are very heavy. Observations made during the
regeneration of flax accessions preserved in genebanks showed that off-types appear
regularly. Flax accessions were grown in the field without isolation from each other
during a previous regeneration cycle. Plants which are off-types should be removed
because they obviously indicate cross-pollination and introgression of genes from dif-
ferent populations. Isolation of genotypes during flowering by distance, bagging, or
cages would minimize this problem.

Another problem experienced during regeneration of accessions is physical mixture
between genotypes. This can occur during seeding, harvesting or seed cleaning.
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Table 2.7 Descriptors for cultivated flax used by Plant Gene Resources of Canada (PGRC)

No. Character Scale
Phenology traits
Emergence date Date
Start of flowering Date
End of flowering Date

NN AW N =

o0 I

Length of flowering
Days until maturity
Harvest date

Flower
Sepal dotting
Anther color

Filament color
Style color

Number of days
Number of days
Date

1=None, 2=Intermediate, 3=Many

1=White, 3=Blue, 5=Pink, 7=Créme-colored (Yellow),
9=Orange, 11=Gray (turquoise)

1=White, 3=Blue, 4=Dark blue, 5=Pink, 6=Violet
1=White, 3=Blue, 4=Dark blue, 5=Pink, 6=Violet,
7=Créme-colored

11 Petal color (basal) 1=White, 2=Light blue, 3=Blue, 4=Dark blue, 5=Pink,
6=Violet 10=Red-violet (lavender)
12 Petal width (W) mm
13 Petal length (L) mm
14 Petal ratio W/L Ratio
15 Petal longitudinal folding =~ No=Absent, Yes=Present
16 Petal margin folding No=Plain, Yes=Folded inwards
17 Petal overlap 1=Petals overlap more than 50% of length, 2=Petals
overlap less than 50% of length
18 Flower shape 1=Tube, 2=Funnel, 3=Bowl
Capsule
19 Capsule width mm
20 Capsule shape 1=Ovate, 2=Round, 3=Flattened
21 Capsule dehiscence 1=Dehiscent, 3=Medium opened, 5=Slightly opened,
7=Weak, 9=Indehiscent
22 Ciliation of septa No=Hairs absent, Yes=Hairs present
Plant, habit
23 Branching 1=1/1, 2=1/2, 3=1/3, 4=1/4, 5=1/5, 6=1/6 (of total stem
length branched)
24 Plant height cm
25 Growth habit 1=Postrate, 2=Intermediate, 3=Erect
Seed
26 Seed color 1=Light brown (7.5YR5/6), 2=Medium brown
(7.5YR4/6), 3=Dark brown (7.5YR3/2), 4=Yellow
(2.5Y6/6), 5=0live (5Y5/6), 6=Mottled brown/yellow;
(Color codes according to Munsell (Anonymous, 1976))
27 Weight 1,000 seeds grams
28 Yield from 3m row grams

Mechanization of seeding and harvesting does not always allow the maintenance
of high purity standards necessary for preserving the genetic integrity of genebank
accessions. Existing characterization data have to be used as a reference for detecting
deviations in the performance of an accession in different growing seasons.
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Observations at the Canadian genebank have shown that some genotypes of yellow-
seeded flax tend to lose viability during seed storage much faster than brown-seeded
flax (Diederichsen, unpublished). Long-term storage can obviously result in genetic shift
of genebank accessions when genotypes differ in their ability to maintain viability
during long-term storage. This underlines the need to properly characterize accessions
within genebanks, and to record any changes that may have occurred. Herbarium spec-
imens collected during the first increase of an accession are very useful as reference
samples for verifying the genetic identity of the accessions (Hammer, 1992).

Landraces of cultivated flax are composed of several genotypes, which can sometimes
be distinguished phenotypically. In these cases, it is necessary to note the frequency
of the different genotypes in the original landrace and, if possible, to keep these dif-
ferent strains distinct. This allows consistent characterization of the material and helps
to avoid genetic change (shift/drift) in the collection. The qualitative characteristics
given in the descriptor list (Table 2.7) are useful for making such decisions.

There are significant differences in the dehiscence of the ripe flax capsules. Acces-
sions which are dehiscent must be observed during the ripening period so as not to
lose the seeds due to shattering.

Linseed oil contains a high percentage of double and triple unsaturated C-C bounds,
which are chemically more unstable than saturated C-C bounds. The seeds should
be stored under cold and dry conditions to maintain viability. Seeds with a water con-
tent of 6 percent did not show any decrease in viability after having been stored
for 15 years at a temperature of —15°C (Specht ez a/., 1998). Seeds stored at ambient
conditions should not be stored for more than five years to avoid loss of genotypes
(Gladis, 1999; Rozhmina, VNIIL, Torzhok, personal communication).

Maintenance of germplasm of wild Linum species is much more challenging. Seed-
set in the perennials is low during the first growing season and most of these species
are highly out-crossing. The majority of the species in the genus Linum are self-
incompatible due to the obligatory heterostylous flowering habit and cross-pollination
by insects (Ockendon, 1968). Therefore, additional efforts such as isolation distance,
cages or pollination management are required to maintain these species. This partially
explains why germplasm of these species is not maintained at many sites. Taxonomic
difficulties in correctly determining the species causes some additional confusion in
the germplasm of the wild species available in ex sizz collections. Cross-pollination among
different species during seed increase, due to insufficient isolation among accessions in
botanical gardens or genebanks, has resulted in interspecific hybrids. These hybrids
are not suitable for taxonomic studies and may explain some of the present confusion
in the taxonomy of the genus Linum.

Conclusions

A wide range of diversity in cultivated flax has been preserved in genebanks world-
wide. This has been possible since collection activities for this species started early in
the twentieth century. Without collecting and preserving flax germplasm in ex situ
collections, most of the cultivated flax genetic diversity which has evolved under
domestication since 8000 B.C. would have been lost to future utilization. About
53,000 accessions of flax are maintained in world genebanks and a high degree of
duplication exists among the world flax collections. Duplication is beneficial as it secures
the maintenance of germplasm. However, better coordination among international
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genebanks maintaining flax germplasm could enhance effective preservation of flax
diversity.

Comparisons of passport, characterization and evaluation data among different col-
lections would be an initial step. Characterization of germplasm using internationally
standardized crop descriptors would also assist in the identification of particular
infraspecific groups and unique germplasm. Molecular characterization needs to be
encouraged as it will contribute to a better understanding of the diversity within cul-
tivated flax. By combining different data sets (agrobotanic, evaluation and molecular
data) it will become possible to better identify natural structures in the diversity. The
classical approach was to describe infraspecific groups and assign names to them accord-
ing to the rules of botanic nomenclature. Germplasm of these infraspecific groups
represents cornerstones in the structure of the entire diversity of the species. The estab-
lishment of core collections, i.e. subsets of existing germplasm collections, is based on
a similar principle and the use of computer programs will allow for the compilation,
assimilation and analysis of even more information than was previously possible.

The history of the scientific discussions on cultivated flax’s taxonomic grouping demon-
strates how the general approach to the classification of the entire genepool of culti-
vated plant species has changed. After Linné (1753), scientists started to distinguish
infraspecific groups and the increased knowledge led to very complicated systems. These
systems were rarely of practical use but have significant scientific value. This is
particularly valid for the first generation of taxonomists who elaborated the theories
of N.I. Vavilov. Further considerations led to classification systems naming a few
clearly distinguishable groups. Recently, some scientists have proposed to discard all
formal infraspecific groupings in cultivated plants and to substitute the scientific
species epithet with a new taxonomic category called “culton” (Harlan and de Wet,
1971; Hetterscheid and Brandenburg, 1995). The latter is obviously a reaction to the
complicated infraspecific classifications that are confusing and do not support clear
communication.

Plant breeders, genebank curators, crop researchers and botanists have different needs
and, therefore, often divergent opinions about the usefulness of infraspecific groupings
of crop plants. The interest of breeders is often limited to agronomic and quality traits
and disease resistance. Plant breeding typically encompasses only a small segment of
the entire range of available diversity. The entire genepool is of primary importance
for further crop improvement by exploiting monogenic traits like disease resistance.
Genetic resources are often neglected, once the desired germplasm has been found.
Genebank curators need to cooperate and pool their efforts to provide an overview of
the identified range of variation available and to communicate this information to clients
of the genebanks. Crop researchers and botanists are interested in questions regarding
the evolution of cultivated plants and their intraspecific and interspecific genetic rela-
tionships. A reasonable infraspecific grouping according to the formal rules supports
this interest.

The systematics of the genus Lizum is in need of clarification. Botanical, biochem-
ical, cytological and molecular methods are available and need to be used in com-
bination to better clarify the evolutionary or biogeographical relationships among
the species within the genus. It will be necessary to acquire additional germplasm
through exploration of the wild Linum species. Additional effort and resources for research
on the wild species are urgently required and these efforts should be undertaken in
combination with iz situ and ex situ conservation of this germplasm. The investigation
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of the potential of the wild Linum species for the improvement of cultivated flax
will be based on these studies. To achieve taxonomic consistence on the species and
infraspecies level is essential for communication of all disciplines interested in the divers-
ity of flax.
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3 Chemical studies on the
constituents of Linum spp.

Nezl D. Westcott and Alister D. Muir

Introduction

The genus Linum consists of about 200 species of annual or perennial herbs or sub-
shrubs. Most of our knowledge of the chemical constituents of members of the genus
is limited to far fewer of the species. Most of the knowledge is, not surprisingly, based
on studies of L. usitatissimum, the common oilseed and fiber flax species. Traditionally
the utility of flax was driven by the value of its oil and the durable linen fabrics made
from the stem fibers. The presence of gums in flaxseed has long been known and these
gums are now being slowly developed for food and non-food uses. More recently the
principal dibenzylbutyl-type lignan found in the seed of both oilseed and fiber flax has
attracted significant attention as a potential pharmaceutical or nutraceutical therapy
for some forms of cancer, diabetes, cardiovascular disease and lupus nephritis (see Chapters
8, 9 and 10). Other species of the genera produce podophyllotoxin-type lignans that
are of interest because of their antiviral and cytotoxic activities (see Chapter 12).

LIPIDS

L. usitatissimum is the best known species of Linum used as an oil source. The prin-
cipal distinguishing Characteristic of this oil is its high concentration of o-linolenic acid
1 (ALA, 18:3n-3). See Chapter 7 for a detailed review of the biological activity of ALA.
Typically high quality flaxseed oils grown in Canada will have about 55 percent of
the total oil as ALA (DeClercq and Daun, 2002). The fatty acid profiles for a number
of Linum species have been reported. Selected data from the New Crops Database that
was prepared by the United States Department of Agriculture are presented in Table
3.1 (Abbott, 1999). The predominant chain length is 18 carbons with either linolenic
or linoleic 2 (18:2n-6) acid being the principal fatty acid. In one study it was deter-
mined that plants of the section Linum, of the section Dasylinum and Old World species
of the section Linastrum generally have high levels of linolenic acid and lower levels
of linoleic acid, while plants of section Syllinum, of section Cathartolinum and New
World species of the section Linastrum have the reverse order (Rogers, 1972). Data on
additional Linum species were reported from Australia (Green, 1984). In this paper
the occurrence of ricinoleic acid 3 (12-hydroxy-9-octadecenoic acid) in species in the
Syllinum taxonomic section was confirmed. The reports on the concentration of any
one fatty acid need to be tempered with the observation that as temperature increases
the concentration of both linoleic and linolenic acids decreases with an increase in oleic
acid concentration (Canvin, 1965). Mutation breeding has also produced a form of
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Table 3.1 Percentage of methyl esters of the fatty acids in Linum species

Species NCSS*  14:0 16:0 16:1 18:0 18:1 18:2 18:3 20:0 20:1 22:0 22:1 24:0
L. austriacum 40,919 0.0 63 05 49 148 54.1 182 0.0

L. austriacum 46,139 0.0 3.7 0.1 2.0 19.3 17.2 557 09 0.3 0.2 0.0
L. austriacum 47,049 39 00 24 17.9 229 526 03

L. glabrescens 47,033 0.0 35 01 14 140 226 562 02 03

L. lewisii 61,018 0.0 4.5 0.1 2.8 212 242 434 1.2 0.6 0.3 1.0 0.1
L. littorale 47,163 0.1 7.7 0.3 3.4 9.8 734 23 04 0.1 0.4

L. mucronatum 46,176 0.1 6.0 0.2 36 239 481 2.0 0.1 04 0.1 0.1 0.0
L. narbonense 43,683 0.0 34 0.1 1.8 10.6 30.0 53.6 00 03

L. perenne 40,240 0.3 34 01 1.7 169 220 539 1.2 0.1

L. suffruticosum 46,577 48 00 3.6 9.0 80.8 1.8

L. wusitatissimum 45,636 6.0 4.4 242 153 50.1

Note
* NCSS: New Crops Seed Sample number as assigned in New Crops Database (www.ncaur.usda.gov/nc).

CH,(CH,)sCOOH CH,(CH,)sCOOH CH,(CH,)sCOOH CH,(CH,)sCOOH

18 18 18

16
1 o-linolenic acid 2 linoleic acid 3 ricinoleic acid 4 palmitic acid

Figure 3.1 Fatty acids from Linum spp.

L. wsitatissimum, referred to as solin, whose oil is low in ALA and is greater than
70 percent linoleic acid (Dribnenki er /., 1996). Additional mutation breeding has
resulted in a L. wusitatissimum that has nearly eliminated linolenic acid and quadrupled
the level of palmitic acid 4 (16:0) (Saeidi and Rowland, 1999).

Protein

Part of the utility of L. usitatissimum is the possibility of using the protein fractions
remaining after oil extraction. Canadian grown flaxseed has about 43 percent oil and
23 percent protein on a whole seed basis (DeClercq and Daun, 2002). As with other
oilseeds the storage proteins can be classified as albumin and globulin. Globulins are
soluble in dilute salt solutions but not in water. Albumins are soluble in water. Globulins,
with a sedimentation coefficient of 12, account for about two-thirds of the total pro-
tein. Molecular weight estimates varied between 250 and 300 kDa for this fraction.
The albumin fraction, sedimentation coefficient of 1.6S, has a molecular weight of 15-17
kDa. Preparation of a protein fraction by sucrose gradient centrifugation produces an
albumin fraction with a sedimentation value of 2S. The 12§ protein is rich in argi-
nine, aspartic and glutamic acid and can be viewed as a nitrogen reserve. The 1.6S
protein by contrast is rich in cysteine and methionine and may be viewed as a sulfur
source. The amino acid composition of flaxseed meal is presented in Table 3.2 (Bhatty
and Cherdkiatgumachi, 1990).
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Table 3.2 Amino acid composition of flaxseed meal (Bhatty and Cherdkiatgumachi, 1990)

Amino acids (abbreviations) Commercial flaxseed meal
Alanine (Ala) 5.5
Arginine (Arg) 11.1
Aspartic acid (Asn) 12.4
Cysteine (C-C) 4.3
Glutamic acid (Glu) 26.4
Glycine (Gly) 7.1
Histidine (His) 3.1
Isoleucine (Ile) 5.0
Leucine (Leu) 7.1
Lysine (Lys) 4.3
Methionine (Met) 2.5
Phenylalanine (Phe) 5.3
Proline (Pro) 5.5
Serine (Ser) 5.9
Threonine (Thr) 5.1
Tryptophan (Trp) 1.7
Tyrosine (Tyr) 3.1
Valine (Val) 5.6
e
O=CCH,CHCHCOOH
ll\l H
5 N COOH

Figure 3.2 Structure of linatine.

Enzyme inhibition of some oilseeds has been reported (Bhatty, 1993). Laboratory
prepared flaxseed meals had a trypsin inhibition activity (TIA) of between 42 and
51 units. Three of the four samples that were either toasted or heated had 20 units of
TIA. By contrast raw canola or soy meal had 100 and 1650 TIA units, respectively. The
low values in the flaxseed meal suggest that trypsin inhibition is not a serious issue.

A glutamyl derivative of D-proline, linatine 5, is a vitamin B6 antagonist found in
flaxseed meal (Klosterman ez a/., 1967). Flaxseed meal did not produce symptoms of
vitamin B6 deficiency in rats but did in poultry and swine. Symptoms could be
alleviated by administration of pyridoxine orally or subcutaneously (Kratzer and
Williams, 1948; Klosterman et al., 1967).

A series of cyclic polypeptides have been isolated from L. usitatissimum containing
between eight and ten amino acids (Kaufmann and Tobschirbel, 1959; Morita e a/.,
1997; Matsumoto ¢t al., 2001). They are commonly referred to as cyclolinopeptides
and their composition is shown in Table 3.3 as structures 6 to 14. At least three of
the peptides, CLA, CLB and CLE, have shown some immunosuppressive activity.
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Table 3.3 Amino acid sequence of the cyclolinopeptides isolated from flaxseed meal

Cyclolinopeptide Structure

CLA Cyclo(-Pro-Pro-Phe-Phe-Leu-Ile-Ile-Leu-Val)
CLB Cyclo(-Pro-Pro-Phe-Phe-Val-Ile-Met-Leu-1le-)
CLC Cyclo(-Pro-Pro-Phe-Phe-Val-Ile-Mso-Leu-Ile-)
CLD Cyclo(-Pro-Phe-Phe-Trp-Ile-Mso-Lue-Luc-)
CLE Cyclo(-Pro-Lue-Phe-Ile-Mso-Lue-Val-Phe)
CLF Cyclo(Pro-Phe-Trp-Val-Mso-Leu-Mso)

CLG Cyclo(Pro-Phe-Trp-Ile-Mso-Leu-Mso)

CLH Cyclo(Pro-Phe-Trp-Ile-Mso-Leu-Met)

CLI Cyclo(Pro-Phe-Trp-Met-Mso-Leu-Mso)

Note: Amino acid abbreviation as in Table 3.2 where Mso is methionine sulfoxide.

Polysaccharides

One long-recognized characteristic of L. usitatissimum that sets it apart from other
oilseeds is the high content of polysaccharidic mucilage. The mucilage content of
flax ranges from 6 to 8 percent dry weight (DW) (Mazza and Biliaderis, 1979). It is
recognized that genotype influences the rheological and chemical properties of the poly-
saccharides from L. wusitatissimum (Wannerberger et al., 1991; Oomah er 2/., 1995; Cui
et al., 1996).

The mucilage consists of both an acidic and a neutral polysaccharide in a ratio of
2:1 (Erskine and Jones, 1957; Fedeniuk and Biliaderis, 1994). The acidic polysaccha-
ride has L-rhamnose, L-fucose, L-galactose and D-galacturonic acid in a molar ratio of
2.6:1:1.4:1.7. The neutral polysaccharide is composed of L-arabinose, D-xylose, and
D-galactose in a molar ratio of 3.5:6.2:1. It is composed of branched arabinoxylans
with a preponderance of terminal arabinopyranosyl units. All galactouronosyl units are
located in the main chain. Most fucosyl and about half of the galactosyl units are pre-
sent in non-reducing terminal groups (Muralikrishna ez a/., 1987).

Phytochemicals

Cyanogenic glycosides

Cyanogenic glucosides occur in all organs of the flax plant. The monoglucosides,
linamarin 15 and lotaustralin 16, were found in germinating seeds, leaves, flowers and
developing embryos. The diglucosides, linustatin 17 and neolinustatin 18, were also
found in developing embryos and are the main cyanogenic glucosides in mature seed
(gentiobiose = 6-O-B-glucosyl-D-glucone). Roots and stems contained relatively low
concentrations of cyanogenic glucosides (Niedzwiedz Siegien, 1998).

In a study of Canadian oilseed types it was determined that there was considerable
variation in the content of cyanogenic glucosides. The principal cyanogenic glycoside
was linustatin (213 to 352 mg/100 g of seed), followed by neolinustatin (91 to
203 mg/100 g). Linamarin was only detected at low levels (< 32 mg/100 g). Most of
the variation was seen in different cultivars but there was also variation related to loca-
tion and year (Oomah ez a/., 1992). Cyanogenic glycosides have been reported to be
present in several Linum species (L. arboreum, L. campanulatum, L. flavum, L. gallicum,
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CHj3 , OR,
/ ¢ S
Rz C—=N
Name R, R,
15 Linamarin CHj B-glucose
16 Linustatin CH; B-gentiobiose
17 Lotasutralin CyHs  B-glucose
18 Neolinustatin CyHs  B-gentiobiose

Figure 3.3 Cyanogenic glycosides from Linum spp.

L. maritimum, L. alpinum, L. catharticum, L. grandiflorum, L. narbonse, L. perenne,
L. suffruticosum, L. kingii, L. lewisii and L. marginale) (Hegnauer, 1966; Hegnauer, 1989).

Lignans

Lignans are a class of phytochemicals that are formed from the coupling of two
cinnamyl alcohols (Xia et #/., 2000). Lignans should not be confused with lignins
that are more complex molecules containing several cinnamyl fragments. There are
hundreds of lignans reported which differ in their degree of oxidation, substitution
patterns and degree of coupling (Ayers and Loike, 1990). In the genus Linum the
principal types of lignans belong to the dibenzyl butane group (e.g. secoisolariciresinol
diglucoside, (SDG), 23), aryltetralin group (e.g. 5-methoxypodophyllotoxin, 29)
and arylnaphthalene group (e.g. justicidin B, 42) (Bakke and Klosterman, 1956;
Broomhead and Dewick, 1990; Mohagheghzadeh er a/., 2002).

Coniferyl alcohol 19 or coniferin 20, the glucoside of coniferyl alcohol, have been
reported from several species (Berlin er 4/, 1986; Broomhead and Dewick, 1990;
van Uden et /., 1991; van Uden et 4/, 1994a; van Uden et /., 1994b; Oostdam
and van der Plas, 1996; Smollny ez /., 1998; Xia et «l., 2000). There is evidence that
dibenzyl butane and aryltetralin lignans are biosynthesized from a dirigent protein-
mediated coupling of two E-coniferyl alcohols to produce (+)-pinoresinol 21, as pre-
sented in Figure 3.4 (Xia ef a/., 2000). Pinoresinol is enatiospecifically converted into
(+)-lariciresinol (22) and then to (—)-secoisolariciresinol (23). In L. usitatissimum this
is di-glucosylated to produce SDG (24). Low levels of (4)-pinoresinol, (+)-lariciresinol
and (—)-matairesinol (25) have been reported in flaxseed extracts (Mazur er /., 1996;
Meagher e al., 1999; Liggins et al., 2000).

Early investigators recognized that SDG was part of a larger complex in L. #sitatissimum
(Bakke and Klosterman, 1956). These investigators determined that it was necessary
to treat the naturally occurring complex with alkali to liberate free SDG. As co-
products they isolated 3-hydroxy-3methylglutaric acid 31 (HMGA), and two cinnamic
acids, gluco-coumaric 32 and gluco-caffeic 33 acids, all as their methyl esters
(Klosterman and Smith, 1954; Klosterman ¢z /., 1955; Klosterman and Muggli, 1959).
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19 R = H, coniferyl alcohol OCHg OCH3
20 R = glucose, coniferin 21 (+)-Pinoresinol 22 (+)-Lariciresinol
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CH;0 OCHj3
OCH4
26 Deoxypodophyllotoxin 25 (-)-Matairresinol 23 R = H, (-)-Secoisolariciresinol
24 R = Glu, (-)-Secoisolariciresinol
‘ diglucoside
A4
I\
OH

o ;
( )
0 Y v
o o
CH30 OCH; CHZ0” ; " OCH3 CH;0” ; " OCH3

OCH, OCH4 OCH,
27 Podophyllotoxin 28 B—Peltatin 29 R = H, 5-Methoxypodophyllotoxin
30 R = Glu, 5-Methoxypodo-
phyllotoxin glucoside

Figure 3.4 Biosynthetic pathways leading to the synthesis of (=) secoisolariciresinol and
5-methoxyphodophyllotoxin beginning from coniferyl alcohol.

Subsequently it was reported that the complex also contained 3-methoxy-5-gluco-
cinnamic acid 35 (Luyengi er /., 1993). The assignment has been challenged by two
independent groups (Hall ez 2/, 2000; Westcott et al., 2000; Johnsson et al., 2002).
These groups have unequivocally shown that this is really 3-methoxy-4-gluco-cinnamic
acid 34. It is now known that that the HMGA and SDG form an ester-linked
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47
48
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51
52
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HO
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e
R3 R4
R2
Name

4-Glucosyl-cinnamic acid
3-Hydroxy-4-glucosyl-cinnamic acid
3-Methoxy-4-glucosyl-cinnamic acid
3-Methoxy-5-glucosyl-cinnamic acid
p-Coumaric acid

Caffeic acid

Ferulic acid

Sinapic acid

p-Coumaryl-quinic acid
p-Coumaryl glucose

Chlorogenic acid

Caffeoyl glucose

Ferulol glucosey

glu = glucose

v

CH,COOH

CH,COOH

HO
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OH
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OCH,

OH
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OCH,

OH
OH
OCH,

Figure 3.5 Cinnamic acid derivatives from Linum spp.
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oligomer (Figure 3.6) (Ford et 4/., 2001; Kamal-Eldin ¢ 4/., 2001). It is not known
where the cinnamic acids fit into the oligomer described or if they are part of another
ester based complex.

An examination of several cultivars of oilseed-type flax found that the concentration
of SDG (24) could vary between 9 and 30 mg of SDG per g of defatted meal (Westcott
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Figure 3.6 Postulated structure for the lignan oligomer containing secoisolariciresinol diglucoside and 3-hydroxy-3-methyl-gluctaric acid units.
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Table 3.4 Predominant enatiomer of SDG in Linum species: + for (+) SDG; — for (=) SDG:
and +/— for racemic mixture

Species (+) SDG (=) SDG (+/—) §DG

. angustifolium ( = L. bienne) +

. altaicum -

. austriacum -

bienne + —

. campanulatum +/—
. capitatum +

decumbens +/—
. elegans Spruner +/—
flavum +/—
. grandiflorum +/—-
hirsutum +

komarovii —

leonii -

. lewisii (= L. perenne) —

narbonense —

pallescens -

perenne -

setaceum +

. stelleroides -

strictum +/—
. tauvicicum +/—
. tenuifolinm +/—-
. trigynum

. Usitatissimum +

sisivicicisicicisisisisicisioivisiolisioialalaliv

and Muir, 1996). Location and year had less influence on SDG concentration in the
seed. In L. wusitatissimum there is also a low concentration of the (+) enatiomer (Muir
and Westcott, 1998). In a recent survey of Linum accessions it was determined that
many Linum species produced a predominance of one of the two enatiomers of SDG
in the seed but some species had both enatiomers (Table 3.4) (Westcott e /., 2002).

The bio-coversion of (—)-secoisolariciresinol 23 into 5-methoxypodophyllotoxin 29
is not a trivial matter (refer to Figure 3.4). In L. flavum species, (—)-secoisolariciresinol
is converted to (—)-matairesinol 25 and finally into 5-methoxypodophyllotoxin 29
(Xia e al., 2000). Additional biosynthetic relationships from (—)-matairesinol to
5-methoxypodophyllotoxin have been elucidated using cell cultures of L. flavum.
Suspension cultures of L. flavum converted podophyllotoxin 27 into its glucoside
and not into S-methoxypodophyllotoxin 29 (van Uden et @/, 1993). Feeding of
deoxypodophyllotoxin 26 resulted in an accumulation of 5-methoxypodophyllotoxin
29 and its glucoside 30 (van Uden et /., 1997). B-peltatin 28 was converted into S-
methoxypodophyllotoxin glucoside 30 by a L. flavum cell culture (van Uden et al., 1997).
Thus, it appears that 5-methoxypodophyllotoxin is biosynthesized via B-peltatin
rather than from podophyllotoxin.

The investigation of aryltetralin-type lignans (podophyllotoxin and peltatin
derivatives) has occurred in many Linum species (L. arboreum, L. campanulatum, L. cariense,
L. elegans, L. mucronatum, L. pampylicum, L. tauricum, L. thracicum, L. austricum, L. lewisii,
L. monogynum, L. sibiricum, L. hirustum, L. vicosum, L. corymbulosum, L. boissieri, L. flavum,
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R2
Name
Podopyllotoxins
26 3'-Deoxypodophyllotoxin
27 Podophyllotoxin
29 5-Methoxypodophyllotoxin
30 4-O-B-D-Glucosyl-5-methoxypodophyllotoxin
37 4-Acetyl-5-methoxypodophyllotoxin
40 4-O-B-D-Glucosyl-podophyllotoxin
41 5'-Demethoxy-5-methoxypodophyllotoxin
Peltatins
28 B-Peltatin
36 o-Peltatin
38 5-0-B-D-Glucosyl-o-Peltatin
39 5-0-B-D-Glucosyl-B-Peltatin
Ac = acetate

Figure 3.7 Aryltetralin lignans from Linum spp.
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L. capitatum, L. album, L. nodiflorum, L. cartharticum, and L. austriacum) (Weiss et al.,
1975; Berlin ez 4l., 1988; Broomhead and Dewick, 1988; Broomhead and Dewick, 1990;
Wichers et al., 1991; Konuklugil, 1996; Konuklugil, 1997a; Konuklugil, 1997b;
Konuklugil, 1998; Smollny ¢t /., 1998; Konuklugil ¢z /., 1999; Mohagheghzadeh et 4.,
2002). In a survey of 26 Linum species, sub-species or accessions from four sections
of this genus it was determined that podophyllotoxin 27, S-methoxypodophyllotoxin
29, a-peltatin 36 and B-peltatin 28 were detectable, some in concentrations as high
as 24 mg/g (Konuklugil, 1996). All of the species studied contain aryltetralin-type
lignans and it has been suggested that the genus Linum is characterized by them

(Konuklugil, 1998).
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In a study of roots, stems/leaves and roots of L. flavum, L. flavum compactum and
L. capitatum aryltetralin lignans were detected (Broomhead and Dewick, 1990). In both
L. flavum and L. flavum compactum, S-methoxyodophyllotoxin 29, its glucoside 30 and
acetate 37 were the main constituents in roots and stems/leaves. The roots contain up
to 3.5 percent DW of these compounds. L. capitatum contained both S-methoxyo-
dophyllotoxin 29 and its glucoside 30 in the roots, stems and leaves produced o- and
B-peltatins (36 and 28, respectively) and their glucosides (38 and 39, respectively).
Alcoholic extracts of the leaves and roots of L. catharticum contained podophyllotoxin
27 and its glucoside 40, 5-methoxypodophyllotoxin 29 and its acetate 37 and gluco-
side 30 plus a-pelatin 28 (Konuklugil, 1998).

While initial studies have examined intact plants, much of the more recent work
has concentrated on the use of cell cultures (Petersen and Alfermann, 2001). In L. album
suspension cultures glycosides of podophyllotoxin 40 and 5-methoxypodophyllotoxin
30 were the main products (Smollny ez 2/., 1998). Lesser amounts of deoxypodophyl-
lotoxin 26, 5’-demethoxy-5-methoxypodophyllotoxin 41, lariciresinol 22, pinoresinol
21, matairesinol 25, o~ and B-peltatin (36 and 28, respectively) were also detected.
Cell suspension culture of L. nodiflorum produces 5-methoxypodophyllotoxin 30,
podophyllotoxin 27 and deoxypodophyllotoxin 26 (Konuklugil ez /., 1999). As early
as 1988 it was demonstrated that the cytotoxic activity of root cultures of L. flavum was
due to the accumulation of 5-methoxypodophyllotoxin-4-B-D-glucoside 30 (Berlin
et al., 1988). The aglycon 29 exhibited a 250-500 times higher cytotoxic activity. On
a dry weight basis root cultures contained between 0.7 and 1.3 percent podophyllo-
toxins (Berlin ez 4/., 1986).

Callus, suspension and normal and hairy root cultures of L. austriacum produce
the arylnaphthalene lignans justicidin B 42 and isojusticidin B 43 (Mohagheghzadeh

et al., 2002).
R1
(o]
CH;0 A\
R, o
o
o—/
Name R, R,
42 Justicidin B OCH; H
43 Iso-Justicidin B H OCH;

Figure 3.8 Arylnaphthalene lignans from Linum spp.
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Figure 3.9 Structures of 4-hydroxybenzoic acid 53, gallic acid 54 and phytic acid 55.

Phenolic and other acids

The occurrence of the glucosylated coumaric, caffeic and ferulic acids in the SDG com-
plex was discussed earlier. In addition, the presence of coumaric 44, caffeic 45, ferulic
46 and sinapic acids 47 was reported to occur in the dehulled, defatted flaxseed
(Dabrowski and Sosulski, 1984). In cotyledons and young shoots of L. ustitassimum a
number of cinnamic acid derivatives were identified (Ibrahim and Shaw, 1970). These
include p-coumaryl quinic acid 48, p-coumaryl glucose 49, chlorogenic (3-O-caffeoyl
quinic) acid 50, glucosyl caffeic acid 35, caffeoyl glucose 43, glucosyl ferulic acid
51, feruloyl glucose 52 and a unspecified glycoside and an ester of sinapic acid. Chlorogenic
50, 4-hydroxybenzoic 53, and gallic 54 acids were also reported (Harris and Haggerty,
1993). Flaxseed meal contains 2 to 3 percent of phytic acid (inositol hexaphosphate)
55, depending on cultivar and environment (Oomah ez a/., 1996).

Isoprenoids

In the non-saponifiable fraction of linseed oil a number of oil-soluble materials have
been identified (refer to Figure 3.10). The phytochemicals derived from triterpenes have
been identified as cholesterol 56, campesterol 57, stigmasterol 58, AS-avenasterol 59,
cycloartenol 60 and 24-methylenecycloartenol 61 (Middleditch and Knights, 1972).
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Figure 3.10 Isoprenoids from Linum spp.

In the phospholipid fraction some of the sterols exist as glycosides (Aylward and Nichols,
1962). Tocopherols, natural fat-soluble anti-oxidants containing 40 carbons, are
present in the oil at a concentration of about 10 mg/100 g seed. The concentration
varies with cultivar and growing conditions. Gamma-tocopherol 62 accounts for about
80 percent of the total tocopherol in the oil (Oomah ez 2/, 1997). Two diterpenes,
phytol 63 and geranyl geraniol 64, were isolated from a linseed oil distillate fraction
(Fedeli et al., 1966).

Flavonozds

Interest in flavonoids is being stimulated by the knowledge that some have anti-
oxidant properties or inhibitory activity against carcinogen-induced tumors. There are
several classes of flavonoids that differ in the degree of oxidation. Within any class the
substitution pattern will also vary.

An examination of color mutants of L. wsitatissimum demonstrated the occurrence of
several anthocyanin pigments. The anthocyanins included the 3-glucoylrutinosides of
pelargonidin, cyanidin, and delphinidin (65 to 67, respectively); the 3-triglucosides
of delphinidin and cyanidin (68 to 70, respectively); a 3-diglucoside of delphinidin
71; 3-rutinosides of pelargonidin, cyanidin, and delphinidin (72 to 74, respectively);
and 3-glucosides of pelargonidin, cyanidin, and delphinidin (75 to 77, respectively)
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Figure 3.11 Anthocyanins from Linum spp.

Name

3-Glucorutinosyl pelargonidin

3-Glucorutinosyl cyanidin
3-Glucorutinosyl delphinidin
3-tri-Glucosyl pelargonidin
3-tri-Glucosyl cyanidin
3-tri-Glucosyl delphinidin
3-di-Glucosyl delphinidin
3-Rutinosyl pelargonidin
3-Rutinosyl cyanidin
3-Rutinosyl delphinidin
3-Glucosyl pelargonidin
3-Glucosyl cyanidin
3-Glucosyl delphinidin
3-Xylorutinosyl delphinidin

rut = rutinose, xyl = xylose
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OH
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(Dubois and Harborne, 1975). An anthocyanidin triglycoside was isolated from the
scarlet flowers of L. grandiflorum cv scarlet flax as a major anthocyanin. The structure
of the main pigment was determined to be delphinidin 3-O-3-xylosylrutinoside 78
(Toki et al., 1995). The 3-rutinosides of delphinidin and cyanidin were also identified.

The flavonols, 3,7-O-dimethoxy-herbacetin 79, 3,7-O-diglucopyranosyl-kaempferol

80, and 3,8-O-diglucopyranosyl-herbacetin 81 were isolated from common flaxseed meal
Qiu et al., 1999). L. usitatissimum contains four mono C-glycoside flavones: orientin
82, iso-orientin 83, vitexin 84, iso-vitexin 85; and four di-C-glycosides: vicenin-1 86,
vicenin-2 87, lucenin-1 88 and 7-rhanmosyl-lucenin-2 89 (Dubois and Mabry, 1971).
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Name Ry R; Rj

79  3.7-Dimethoxy-herbacetin CH; OCH; OH
80  3,7-Diglucopyranosyl-kaempferol glu O-glu H
81 3.,8-O-Diglucopyranosyl-herbacetin glu H O-glu

Name Ry Rg
82 Orientin OH C-glu
83 Iso-orientin OH OH OH C-glu OH H
84 Vitexin H OH OHH OH C-glu
85 Iso-vitexin H OH OH C-glu OH H
86 Vicenin-1 H OH OH C-xyl OH C-glu
87 Vicenin-2 H OH OH C-glu OH C-glu
88 Lucenin-1 OH OH OH Cxyl OH C-glu
89 7-Rhamnosyl-lucenin-2 OH OH OH C-glu O-rhamC-glu
920 3'4'-Dimethoxy-7-rhamnosyl-luteolin OCH; OCH; OH H O-rham H
91 Linoside A OH OH OHH OH C-glu-2"rham-6"-Ac
92 Linoside B OH OH OHH OH C-glu-2"rham

rham = rhamnose

Figure 3.12 Flavonoids from Linum spp.

Iso-orientin has also been reported from L. capitatum (Stosic er al., 1989). Linum
maritimum contains 3, 4’-dimethoxy-7-rhamnosyl-luteolin 90 and two flavone-C-
glycosides, linoside A 91 and linoside B 92 which are rhamnosyl derivatives of iso-
orientin (Volk and Sinn, 1968; Wagner ¢t /., 1972).

Copyright © 2003 Taylor & Francis



References

Abbott, T.P. (1999). New Crops Database, United States Department of Agriculture,
www.ncaur.usda.gov/nc

Ayers, D.C., and Loike, ]J.D. (1990). Lignans: Chemical, Biological and Clinical Properties.
Cambridge University Press, Cambridge.

Aylward, F., and Nichols, B.W. (1962). Plant lipids. II. Free and combined sterols (sterol esters
and glycosides in commercial oilseed phospholipids. J. Sci. Food Agric. 13, 86-91.

Bakke, J.E., and Klosterman, H.J. (1956). A new diglucoside from flaxseed. Proc. N. Dakota
Acad, Sci. 10, 18-22.

Berlin, J., Bedorf, N., Mollenschott, C., Wray, V., Sasse, F., and Hofle, G. (1988). On the
podophyllotoxins of root cultures of Linum flavum. Planta Med. 54, 204-2006.

Berlin, J., Wray, V., Mollenschott, C., and Sasse, F. (1986). Formation of B-peltatin-A-methyl
ether and coniferin by root cultures of Linum flavum. J. Natural Prod. 49, 435—439.

Bhatty, R.S. (1993). Further compositional analyses of flax: Mucilage, trypsin inhibitors and
hydrocyanic acid. J. Am. 0il Chem. Soc. 70, 899-904.

Bhatty, R.S., and Cherdkiatgumachi, P. (1990). Compositional analysis of laboratory-prepared
and commercial samples of linseed meal and of hull isolated from flax. J. Am. Oil Chem. Soc.
67, 79-84.

Broomhead, A.J., and Dewick, P.M. (1988). Linum species as a source of anticancer lignans.
J. Pharm. Pharmacol. 40 Suppl, 55p.

Broomhead, A.J., and Dewick, P.M. (1990). Aryltetralin lignans from Linum flavum and Linum
capitatum. Phytochemistry 29, 3839-3844.

Canvin, D.T. (1965). The effect of temperature on the oil content and fatty acid composition
of the oils from several oilseed crops. Can. J. Bot. 43, 63—69.

Cui, W., Kenaschuk, E., and Mazza, G. (1996). Influence of genotype on chemical composition
and rheological properties of flaxseed gums. Food Hydrocolloids 10, 221-227.

Dabrowski, K.J., and Sosulski, F.W. (1984). Composition of free and hydrolizable phenolic
acids in defatted flours of ten oilseeds. J. Agric. Food Chem. 43, 2016-2019.

DeClercq, D.R., and Daun, J.K. (2002). Quality of Western Canadian Flaxseed, Canadian Grain
Commission, http://www.cgc.ca/quality/qualmenu-e.htm#Flaxseed

Dribnenki, J.C.P., Green, A.G., and Atlin, G.N. (1996). Linola 989 low linolenic flax. Can.
J. Plant Sci. 76, 329-331.

Dubois, J.A., and Harborne, J.B. (1975). Anthocyanin inheritance in petals of flax, Linum
usitatissimum. Phytochemistry 14, 2491-2494.

Dubois, J.A., and Mabry, T.J. (1971). The C-glycosylflavonoids of flax, Linum wusitatissimum.
Phytochemistry 10, 2839-2840.

Erskine, A.J., and Jones, J.K.N. (1957). The structure of linseed mucilage. Part I. Can. J. Chem.
35, 1174-1182.

Fedeli, E., Capella, P., Cirimele, M., and Jacini, G. (1966). Isolation of geranylgeraniol from
the unsaponifiable fraction of linseed oil. J. Lipid Red. 7, 437—441.

Fedeniuk, R.W., and Biliaderis, C.G. (1994). Composition and physicochemical properties of
linseed (Linum usitatissimum L.) mucilage. J. Agric. Food Chem. 42, 240-247.

Ford, J.D., Huang, K.S., Wang, H.B., Davin, L.B., and Lewis, N.G. (2001). Biosynthetic path-
way to the cancer chemopreventive secoisolariciresinol diglucoside-hydroxymethyl glutaryl
ester-linked lignan oligomers in flax (Linum wusitatissimum) seed. J. Natural Prod. 64,
1388-1397.

Green, A.G. (1984). The occurrence of ricinoleic acid in Linum seed oils. J. Am. Oil Chem. Soc.
61, 939-940.

Hall, T.W., Westcott, N.D., and Muir, A.D. (2000). Phenylpropanoid glucoside from
flaxseed. 83rd CSC Conference, May 27-31, 2000. Calgary.

Harris, R.K., and Haggerty, W.J. (1993). Assays for potentially anticarcinogenic phytochem-
icals in flaxseed. Cereal Foods World 38, 147—-151.

Copyright © 2003 Taylor & Francis


http://www.grainscanada.gc.ca/
www.ncaur.usda.gov/

Hegnauer, R. (19606). Dicotyledoneae: Daphniphyllaceae-Lythraceae. In Chemotaxonomie der
Dpflanzen; eine iibersichr iiber die verbreitung und die systematische bedentung der pflanzenstoffe, Band
4, Burkhauser, Based, pp. 393—-401.

Hegnauer, R. (1989). Nachtrige zu Band 3 und Band 4: (Acanthaceae bis Lythraceae). In
Chemotaxonomie der pflanzen; eine iibersicht iiber die verbreitung und die Systematische bedeutung der
pflanzenstoffe. Band 8, Birkhiuser, Basel, pp. 669—672.

Ibrahim, R.K., and Shaw, M. (1970). Phenolic constituents of the oil flax (Linum wusitatissimun).
Phytochemistry 9, 1855-1858.

Johnsson, P., Peerlkamp, N., Kamal-Eldin, A., Andersson, R.E., Andersson, R., Lundgren, LN.,
and Aman, P. (2002). Polymeric fractions containing phenol glucosides in flaxseed. Food Chem.
76, 207-212.

Kamal-Eldin, A., Peerlkamp, N., Johnsson, P., Andersson, R., Andersson, R.F., Lundgren, L.N.,
and Aman, P. (2001). An oligomer from flaxseed composed of secoisolariciresinol diglucoside
and 3-hydroxy-3-methyl glutaric acid residues. Phytochemistry, 58, 587-590.

Kaufmann, H.P., and Tobschirbel, A. (1959). Uber ein Ooligopeptid aus Leinsamen. Chen.
Ber. 92, 2805-2809.

Klosterman, H.J., Lamoureux, G.L., and Parsons, J.L. (1967). Isolation, characterization, and
synthesis of linatine, a vitamin B, antagonist from flaxseed (Linum usitatissimum). Biochem. 6,
170-177.

Klosterman, H.J., and Muggli, R.Z. (1959). The glucosides of flaxseed. II. Linocaffein. J. An.
Chem. Soc. 81, 2188-2191.

Klosterman, H.J., and Smith, F. (1954). The isolation of B-hydroxy-B-methylglutaric acid from
the seed of flax (Linum usitatissimum). J. Am. Chem. Soc. 76, 1229-1230.

Klosterman, H.J., Smith, F., and Clagett, C.O. (1955). The constitution of Linocinnamarin.
J. Am. Chem. Soc. 77, 420—421.

Konuklugil, B. (1996). Aryltetralin lignans from genus Linum. Fitoterapia 67, 379-381.

Konuklugil, B. (1997a). Lignans from L. flavum var. compactum (Linaceae). Biochem. Syst. Ecol.
25, 75.

Konuklugil, B. (1997b). Lignans from Linum boissieri. Fitoterapia 68, 183.

Konuklugil, B. (1998). Arytetralin lignans from Linum catharticum L. Biochemical Systematics and
Ecology 26, 795-796.

Konuklugil, B., Schmidt, T.J., and Alfermann, A.W. (1999). Accumulation of aryltetralin
lactone lignans in cell suspension cultures of Linum nodiflorum. Planta Med. 65, 587-588.
Kratzer, F.H., and Williams, D.E. (1948). The improvement of linseed oil meal for chick feed-

ing by the addition of synthetic vitamins. Poultry Sci. 27, 236-238.

Liggins, J., Grimwood, R., and Bingham, S.A. (2000). Extraction and quantification of lignan
phytoestrogens in food and human samples. Anal. Biochem. 287, 102-109.

Luyengi, L., Pezzuto, J.M., Waller, D.P., Beecher, C.W.W., Fong, H.H.S., Che, C.T., and Bowen,
P.E. (1993). Linusitamarin, a new phenylpropanoid glucoside from Linum usitatissimum.
J. Natural Prod. 56, 2012-2015.

Matsumoto, T., Shishido, A., Morita, H., Itokawa, H., and Takeya, K. (2001).
Cyclolinopeptides F-1, cyclic peptides from linseed. Phytochemistry 57, 251-260.

Mazur, W., Fotsis, T., Wihild, K., Ojala, S., Salakka, A., and Adlercreutz, H. (1996). Isotope
dilution gas chromatographic-mass spectrometric method for the determination of isofla-
vonoids, coumestrol, and lignans in food samples. Anal. Biochem. 233, 169-180.

Mazza, G., and Biliaderis, C.G. (1979). Functional properties of flaxseed mucilage. J. Food Sci.
54, 1392-1305.

Meagher, L.P., Beecher, G.R., Flanagan, V.P., and Li, B.W. (1999). Isolation and character-
ization of the lignans, isolariciresinol and pinoresinol, in flaxseed meal. J. Agric. Food Chem.
47, 3173-3180.

Middleditch, B.S., and Knights, B.A. (1972). Sterols of Linum usitatissimum seed. Phytochemistry
11, 1183-1184.

Copyright © 2003 Taylor & Francis



Mohagheghzadeh, A., Schmidt, T.J., and Alfermann, A.W. (2002). Arylnaphthalene lignans
from in vitro cultures of Linum austriacum. J. Natural Prod. 65, 69-71.

Morita, H., Shishido, A., Matsumoto, T., Takeya, K., Itokawa, H., Hirano, T., and Oka, K.
(1997). A new immunosuppressive cyclic nanapeptide, cyclolinopeptide B from Linum
usitatissimum. Bioorg. Med. Chem. Lett. 7, 1269-1272.

Muir, A.D., and Westcott, N.D. (1998). Flaxseed lignans, sterochemistry, quantitation and
biological activity (Paper 14). Phytochemicals in human health protection, nutrition and plant defence.
Pullman, WA.

Muralikrishna, G., Salimath, P.V., and Tharanathan, R.N. (1987). Structural features of an
arabinoxylan and a rhamnogalacturonan derived from linseed mucilage. Carbohydrate Research
161, 265-271.

Niedzwiedz Siegien, 1. (1998). Cyanogenic glucosides in Linum usitatissimum. Phytochemistry 49,
59-63.

Oomah, B.D., Kenaschuk, E.O., Cui, W., and Mazza, G. (1995). Variation in the composition
of water-soluble polysaccharides in flaxseed. J. Agric. Food Chem. 43, 1484—-1488.

Oomah, B.D., Kenaschuk, E.O., and Mazza, G. (1996). Phytic acid content of flaxseed as influenced
by cultivar, growing season, and location. J. Agric. Food Chem. 44, 2663—2666.

Oomah, B.D., Kenaschuk, E.O., and Mazza, G. (1997). Tocopherols in flaxseed. J. Agric. Food
Chem. 45, 2076-2080.

Oomah, B.D., Mazza, G., and Kenaschuk, E.O. (1992). Cyanogenic compounds in flaxseed.
J. Agric. Food Chem. 40, 1346-1348.

Oostdam, A., and van der Plas, LH.W. (1996). A cell suspension of Linum flavum (L.) in phos-
phate limited continuous culture. Plant Cell Rep. 16, 188—191.

Petersen, M., and Alfermann, A.W. (2001). The production of cytotoxic lignans by plant cell
cultures. Appl. Microbiol. Biotechnol. 55, 135-142.

Qiu, S.-X., Lu, Z.-Z., Luyengi, L., Lee, S.-K., Pezzuto, J.M., Farnsworth, N.R., Thompson,
L.U., and Fong, H.H.S. (1999). Isolation and characterization of flaxseed (Linum wusitatissi-
mum) constituents. Pharma. Biol. 37, 1-7.

Rogers, C.M. (1972). The taxonomic significance of the fatty acid content of seeds of Linun.
Brittonia 24, 415—-419.

Saeidi, G., and Rowland, G.G. (1999). Seed color and linolenic acid effects on agronomic traits
in flax. Can. J. Plant Sci. 79, 521-526.

Smollny, T., Wichers, H., Kalenberg, S., Shahsavari, A., Petersen, M., and Alfermann, A.W.
(1998). Accumulation of podophyllotoxin and related lignans in cell suspension cultures of
Linum album. Phytochemistry 48, 975-979.

Stosic, D., Gorunovic, M., Skaltsounis, A., Tillequin, F., and Koch, M. (1989). Flavonoids of
the leafs from Linum capitatum Kit. Acta Pharm. Jugosl. 39, 215-218.

Toki, K., Saito, N., Harada, K., Shigihara, A., and Honda, T. (1995). Delphinidin 3-
xylosylrutinoside in petals of Linum grandiflorum. Phytochemistry 39, 243-245.

van Uden, W., Bos, J.A., Boeke, G.M., Woerdenbag, H.J., and Pras, N. (1997). The large-
scale isolation of deoxypodophyllotoxin from rhizomes of Anthriscus sylvestris followed by its
bioconversion into S-methoxypodophyllotoxin beta-D-glucoside by cell cultures of Linum flavum.
J. Natural Prod. 60, 401-403.

van Uden, W., Holidi Oeij, K., Woerdenbag, H.J., and Pras, N. (1993). Glucosylation of
cyclodextrin-complexed podophyllotoxin by cell cultures of Linum flavum. Plant Cell, Tissue
Organ Cult. 34, 169-175.

van Uden, W., Pras, N., Batterman, S., Visser, J.F., and Malingre, T.M. (1991). The accu-
mulation and isolation of coniferin from a high-producing cell suspension of Linum flavum
L. Planta 183, 25-30.

van Uden, W., Pras, N., and Woerdenbag, H.J. (1994a). Linum species (flax): in vivo and in
vitro accumulation of lignans and other metabolites. Biotechnol. Agric. For. 26, 219-244.

van Uden, W., Woerdenbag, H.J., and Pras, N. (1994b). Cyclodextrins as a useful tool for bio-
conversions in plant cell biotechnology. Plant Cell, Tissue Organ Cult. 38, 103-113.

Copyright © 2003 Taylor & Francis



Volk, O.H., and Sinn, M. (1968). Linosid ein neues Flavon aus Linum maritimum L. {Linoside:
a new flavone from Linum maritinum LY. Z. Naturforsch. 23b, 1017.

Wagner, H., Budweg, W., and Iyengar, M.A. (1972). Linoside A and B, two new flavone-C-
glycosides from Linum maritimum L. Z. Naturforsch. 27B, 809—812.

Wannerberger, K., Nylander, T., and Nyman, M. (1991). Rheological and chemical properties
of mucilage in different varieties from linseed (Linum wsitatissimum). Acta Agric. Scand. 41,
311-319.

Weiss, S.G., Tin-Wa, M., Perdue, R.E., and Farnsworth, N.R. (1975). Potential anticancer agents
II. Antitumor and cytotoxic lignans from Linum album (Linaceae). J. Pharm. Sci. 64, 95-98.

Westcott, N.D., Hall, T.W., and Muir, A.D. (2000). Evidence for the occurrence of the
ferulic acid derivatives in flaxseed meal. Proceedings of the 58th Flax Institute of the United States.
Fargo, ND, pp. 49-52.

Westcott, N.D., and Muir, A.D. (1996). Variation in the concentration of the flaxseed lignan
concentration with variety, location and year. In Proc. of the Flax Institute of the United States,
Vol. 56, Flax Institute of the United States, Fargo, ND, pp. 77-80.

Westcott, N.D., Muir, A.D., and Diederichsen, A. (2002). Lignan distribution in the genus
Linum. 85th Candian Society of Chemistry Conference. Vanconver, BC. pp. Abstract 21.

Wichers, H.J., Versluis-De Haan, G.G., Marsman, J.W., and Harkes, M.P. (1991).
Podophyllotoxin related lignans in plants and cell cultures of Linum flavum. Phytochemistry
30, 3601-3604.

Xia, Z.Q., Costa, M.A., Proctor, J., Davin, L.B., and Lewis, N.G. (2000). Dirigent-mediated
podophyllotoxin biosynthesis in Linum flavum and Podophyllum peltatum. Phytochemistry 55,
537-549.

Copyright © 2003 Taylor & Francis



4  Cultivation of flax

Anatoly Marchenkov, Tatiana Rozhmina,
Lgor Uschapovsky and Alister D. Muir

Introduction

Significant areas of land are devoted to oilseed and fiber flax cultivation in more than
16 countries distributed throughout the temperate zones of the world, with produc-
tion increasing or declining as dictated by local and international market conditions
and subsidy policies. In this chapter we will review the cultivation practices in the
major flax-growing areas of the world, with particular emphasis on Russia as an
example of a major fiber flax production area and Canada as a major oilseed flax pro-
duction area. Mention of a specific product or cultivar is provided for purposes of illus-
tration and does not constitute endorsement. The reader is urged to consult their local
agricultural extension services for specific information on cultivation and weed control
practices and for current recommendations on cultivars, fertilizers and agricultural chem-
icals. Use of agricultural chemicals must comply with the label recommendations for
rates and methods of application.

Production areas

Flax is grown as a commercial or subsistence crop in over 30 countries representing
all five continents of the world. Although growing flax for fiber is an important indus-
try in some countries, most flax is grown primarily for oil. The main flaxseed-
producing countries are Argentina, Canada, China, India, Poland, Romania, Russia,
Uruguay, and the USA (Gill, 1987b). The area devoted to flax production changes with
market demand, particularly in exporting countries such as Canada.

Russia

Flax is the most important industrial fiber crop in Russia with more than 100,000 ha
currently devoted to its cultivation. This is down significantly from the 1980s, when
over 400,000 ha were under flax cultivation and over 1 m ha in the former USSR
(Table 4.1). The 1991-95 average fiber production was 73,000 tonnes compared to an
average of 141,000 tonnes for 1981—85 (Table 4.2) and this has continued to fall reach-
ing a low of 23,000 tonnes in 1997 (FAO). The seed is also recovered, with produc-
tion also falling from approximately 80,000 tonnes of seed in the late 1980s to less than
20,000 tonnes in 2000 (FAO). The main fiber flax-growing areas of Russia are in the
western part, from Pskov in the west to Perm on the western slopes of the Ural Mountains
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Table 4.1 Fibre and oilseed flax production in the former USSR countries (000 ha)

1988 1989-1991 1992—-1995 1996-2000

Fibre 0il Fibre 0:l Fibre 0il Fibre 0:l
USSR 931 1,039 758.6 831.7 457 470.5 238.6  230.4
Russia 181.2 225.5 121.4 96.8
Ukraine 115.6 115.6 32.6 32.7
Belarus 100.5 100.5 75.5 76.1
Lithuania 12.2 12.2 7.1 7.3
Kazakhstan 8.3 2.0
Kyrgyzstan 11.2

Note: The difference between oil and fibre represents areas devoted to oilseed flax. It appears that in the
late 1990s seed may not have been recovered from all of the fibre flax crop.
Source: FAO.

Table 4.2 Fibre flax production in the former USSR countries

Fiber production (1,000 tons)

1981-1985 Average 1986-1990 Average 1991-1995 Average
Russia 141 122 73
Ukraine 102 109 75
Belarus 98 88 49
Lithuania 14.2 13.7 N.A.

Source: Anonymous, 1996a.

Table 4.3 The acidity of soils in the non-chernozemic zone of Russia

Acidity (pH)

<45  4.6-5.0 5.1-5.5 5.6-6.0 >06.0

Area evaluated for acidity (000 ha) 38,876 5,449 8,498 10,790 7,739 6,401

% 14 22 28 20 16

in the east (Figure 4.1). Flax production exclusively for oil which occurs on about
10 percent of the area devoted to flax production, including Kazakhstan and Kyrgyzstan,
has also declined significantly over the same period. Fiber flax is grown principally on
acidic non-chernozemic soils in this region with approximately 60 percent of the area
devoted to flax cultivation classified as acidic (pH < 5.5) (Table 4.3).
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Figure 4.1 Principal fiber flax-growing areas of Russia (adapted from Greenhoff, 1988).

Ukraine and Belarus

Fiber flax is also a significant industrial crop in Ukraine and Belarus, with fiber pro-
duction in Ukraine similar to that of Russia and slightly less in Belarus (Table 4.2).
The decline in oilseed production in the Ukraine has been even more dramatic, declin-
ing from 49,000 tonnes in 1992 to 6,000 tonnes in 2000 (FAO).

North America

The main flax-growing areas of North America are the Brown, Dark Brown, Black,
and Dark Gray Chernozemic soil zones of the Canadian Prairies and the southern
extensions of these soil zones in the northern United States (Figure 4.2). The flax that
is grown on the prairies is almost exclusively of the oilseed type (Anonymous, 1996b).
In the Brown and Dark Brown zones, the principal limitation is moisture, whereas in
the other soil zones moisture is less of a limiting factor. Flax production is concen-
trated in Saskatchewan and Manitoba involving between 67 and 70 percent of the
area (Table 4.4). In 1997 approximately 61,000 ha were devoted to flax production
in the USA, of which 91 percent were in North Dakota and the balance in South Dakota,
Minnesota and Montana. By 2000, this had risen to over 270,000 ha (FAO; US
Agricultural Census, 1997).
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Table 4.4 Flaxseed production in Canada for the years 1999 and 2000

Province Seeded area 1,000 ha Production 1,000 tonnes
1999 2000 1999 2000
Manitoba 210 176 272 206
Saskatchewan 567 405 711 470
Alberta 32 14 39 18
Total 809 595 1,022 694

Source: Statistics Canada (2000).

India

In India, flax is grown on a variety of different soils with varying moisture (rainfall)
and a moderately cool climate being the main factors influencing the growing areas.
Flax is grown on black-cotton soils in the Pradesh and Maharashtra states, on lighter
gangetic alluvium soils in the Uttar Pradesh and Bihar states and on paddy lands in
the Punjab (Figure 4.3) (Gill, 1987a; Anonymous, 1993). The area devoted to flax
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Figure 4.3 Principal flax-growing states on the Indian subcontinent.

production has declined from a high of 2.118 m ha in 1976 to a low of under
800,000 ha in 2000 (FAO), although improved yields have to some extent offset the
decline in acreage.

China

Although China is one of the largest producers of flax, its production is almost entirely
for domestic use and relatively little is known about this industry outside of China
(Pan, 1990). The cultivation of flax can be traced back at least 2,000 years in China
and possibly as long as 5,000 years. Production is largely concentrated in northern and
northwestern China with smaller areas of flax production in the southern provinces of
Yunnan and Guangxi. The main production areas are the Gansu, Nei Monggol,
Xinjiang and Shanxi provinces (Figure 4.4). Flax production areas in China are char-
acterized by high elevation (1,000-2,500 m), low annual precipitation (50—-500 mm)
and low annual temperatures (2.5-10°C) (Pan, 1990). Approximately 570,000 ha of
land were under flax cultivation in the late 1990s (FAO).
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Figure 4.4 Principal flax-growing provinces in China (adapted from Pan, 1990).

[CJFlax-growing regions

Argentina

Flax production in Argentina has declined considerably since the peak production year
of 1992-3. The principal flax-growing areas are located in the provinces of Entre Rios,
Buenos Aires and the southern areas of Santa Fe.

Europe

Both fiber and/or oilseed flax is grown in most western and central European coun-
tries, although the area devoted to flax cultivation in each country is relatively small
and the production in any given year may vary significantly depending on market con-
ditions and the effects of the European Union (EU) agricultural policies. The areas devoted
to fiber flax production in France and Belgium, for example, are relatively stable, while
the area devoted to oilseed flax can vary significantly from year to year (Pouzet and
Sultana, 1991). In the United Kingdom the area devoted to fiber production is relat-
ively stable at around 19,000 ha, while oilseed flax production has varied from a low
of 37,000 ha in 1996 to a high of 194,000 ha in 1999 (FAO), largely as a result of
changes in the EU policies. Production of oilseed flax in Germany has also increased
significantly during the 1990s, from nothing in 1989 to 199,000 ha in 1999—2000 (FAO),
while fiber flax production in Poland, Romania, Slovakia and the Czech Republic has
all but disappeared. Spain, on the other hand, has become a significant producer of
fiber flax, with 85,000 ha under cultivation in 1999-2000 (FAO).

Africa

There is a long history of flax cultivation in North Africa. However, in many areas it
is grown only as a subsistence crop and little information is available on production.
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Egypt is one of the few countries in Africa with significant commercial production
where cultivation has varied from a low of around 3,000 ha in the 1930s to a high of
over 28,400 ha in 1980 (El-Hariri, 1998). Between 70,000 and 90,000 ha annually
is planted to flax in Echiopia/Eritrea (FAO).

Cultivars

In areas where there is a long history of flax cultivation (eg. India, China, North Africa),
the cultivars grown tend to reflect the evolution of flax in the local area over a long
period of time, while in the New World, the cultivars tend to reflect composite germ-
plasm imported from several different locations and refined by concerted plant breed-
ing into well-defined cultivars.

Russia

The majority of the cultivars grown (29 of 31 of the recommended cultivars on the
State List) are the results of national breeding work. The average yield in Russia of
flax fiber is 600700 kg of fiber and 300—-400 kg of seed per hectare. New cultivars
(Alexim, A-93, Lenok etc.) have a high yield potential for fiber (up to 2,800 kg/ha)
and seed (up to 1,400 kg/ha) production.

North America

The high o-linolenic acid traditional flax cultivars registered in Canada all have brown
seed coats, although at least one yellow seeded variety is grown in both Canada and
the USA primarily for human consumption. Flax varieties are classified as medium or
late maturing varieties with a range of cultivars developed to suit different regions.
Varieties of traditional oilseed flax currently grown in Canada are either the product
of the breeding program at Agriculture and Agri-Food Canada (AAFC), or that of the
Crop Development Center (CDC) of the University of Saskatchewan. Cultivars adapted
for the northern states of the USA are primarily the product of breeding programs at
North Dakota State University (NDSU) (Table 4.5).

In 1993, a low o-linolenic acid cultivar “Linola 947" was registered in Canada and
subsequently the Canadian Grain Commission Standards were amended to recognize
the name “Solin” for varieties with less than 5 percent o-linolenic acid. These stand-
ards also require that these cultivars have a yellow seed coat. The only solin varieties
currently registered in Canada are the products of United Grain Growers’ (UGG)
breeding programs although this is expected to change when solin-type varieties under
development at CDC are released.

India

Both dual purpose (oil/fiber) and oilseed flax are grown in India (Reddy and Pati, 1998).
The varieties are predominantly of Indian origin and much of the production is from
home-grown seed, although this is slowly changing with the introduction of new improved
cultivars developed as the result of systematic plant breeding activities. Flax cultivars
in India either have a deep root system (peninsular type) or shallow root system (allu-
vial type) (Anonymous, 1993).
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Table 4.5 North American oilseed flax cultivars

Cultivar Maturity Developer and year of registration
Linott Medium—Early AAFC (1966)
McGregor Late AAFC (1981)
NorLin Medium AAFC (1982)
NorMan Medium AAFC (1984)
Vimy Medium CDC (1986)
Neche Medium NDSU (1988)
Flanders Medium—Late CDC (1989)
Ornega1 Medium NDSU (1989)
Somme Medium CDC (1989)
AC Linora Medium—Late AAFC (1991)
AC McDuff Late AAFC (1993)
Linola 9477 Late UGG (1993)
AC Emerson Medium AAFC (1994)
CDC Normandy Medium CDC (1995)
Linola 959’ Medium—Late UGG (1995)
Andro Medium CDC (1998)
Cathay Medium NDSU (1998)
Pembina Medium NDSU (1998)
Notes:

' Yellow seed coat.
* Yellow seed coat—solin.
Sources: Anonymous, 1996b; Berglund ef «/., 1999.

China

Five general ecotypes of flax are grown in China, although the distinctive character-
istics of Chinese flax cultivars is changing due to the need to incorporate genes for
disease resistance, particularly as a result of changes in agricultural practices brought
about by the Cultural Revolution and more recently by the privatization that is now
occurring in China. The five traditional ecotypes are Loess Plateau, Grassland, Yellow
River Valley, Xinjiang and Quighai Highlands. Beginning in the 1950s germplasm
was imported into China for incorporation into indigenous cultivars, first to improve
yield and subsequently to improve disease resistance (Pan, 1990).

Europe

Like North America, Europe has a long history of systematic flax breeding, both for
specialized fiber flax and for oilseed flax adapted to specific regions and for varying
maturity periods (Pavelek, 1998).

Africa

Cultivars currently grown in Egypt are mainly long fiber varieties with good seed yields
derived by crossing local varieties with imported germplasm from a variety of sources
(El-Hariri, 1998).
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Crop rotation

Crop rotations are many and varied, reflecting local growing conditions, local custom
and the suitability of the soil and climate for other crops grown in the rotation.

Russia

The continuous monoculture of flax has a negative effect on yield and quality of flax
fiber. Diseases, insect pests, and weeds increase rapidly. The yields of seeds and fiber,
as well as the quality of the fiber, decrease sharply. The optimal rotation period for
flax is five to seven years, but in extraordinary situations, a three to four year rotation
is acceptable.

The traditional practice in Russia was to grow flax after perennial grasses. But under
more intensive agricultural systems with increased soil fertility, flax is now being grown
after other crops including potato, grains, and annual grasses (Karpunin ez a/., 1988).

During the cultivation of different crops in the rotation cycle, different fertilizers
are used with consequent effects on soil fertility which, in turn, have an effect on the
yield and quality of the flax fiber. It is desirable to determine the elemental and organic
content of the soil prior to planting flax to identify any deficiencies that should be
corrected before planting.

For example, clover and grains mixes (with 50 percent clover in the mix), used for
hay production, enrich the soil with nitrogen (12—15 kg), but at the same time deplete
the soil of potassium (18-20 kg) and phosphorus (4—7 kg) for every ton of hay. This
situation can lead to potassium and phosphorus deficiencies in a flax crop. Cereals reduce
the levels of the main nutritional elements (N, P, K) and others from the soil in approx-
imately equal amounts and a balanced NPK fertilizer should be applied to the fields
after cereals and before flax is planted (Petrova, 1989).

The level of weed infestations in fields prior to the planting of flax is also an important
consideration. Perennial grass fields should be kept relatively free of weeds for two years
prior to the planting of flax. Cereal grain yields of more than 300 kg/ha tend to leave
the fields relatively free of weeds compared to other predecessors, with winter crop
fields more weedy than spring fields because of the longer effective growing season.

Growing flax after potatoes is less favorable than following cereals. The application
of high doses of manure (40-50 tons per ha) desirable for potato cultivation leads
to an elevated nitrogen content in the soil which increases the risk of lodging and
lowers the flax fiber quality.

An analysis of soil fertility and its organic content and structure, and an assessment
of the amount of weeds should both be done to identify fields suitable for flax pro-
duction. On a rich, well-fertilized soil, a high yield of flax fiber can be obtained in a
rotation of perennial grasses followed by winter or spring cereals prior to flax cultiva-
tion. On low fertility soils, flax should immediately follow the perennial grasses in the
rotation. On light soils, potatoes can be recommended as a flax predecessor.

North America

Crop rotations for oilseed flax are different from those for fiber flax in Russia in that
seeding of flax into fields where perennial grasses were grown previously is rare. Usually
flax will follow a cereal (wheat or barley), corn, or an annual legume. However, the

Copyright © 2003 Taylor & Francis



fungal disease Rhizoctonia may be a problem when flax follows a legume in the rota-
tion. Flax does not do well when following potatoes or sugar beet in areas where these
are grown, primarily because of difficulties with seedbed preparation and Rhizoctonia
may also be a problem. In parts of Saskatchewan, growing flax after canola can also
cause significant yield reductions that are thought to be due to allelopathic effects
of the canola straw from the previous crop and possibly also from spring volunteer
canola seedlings. Continuous cropping of flax is rare in North America (Anonymous,

1996b).

India

As flax is a relatively poor competitor with weeds it should be grown in rotation with
other cultivated crops. Typical flax rotations in India include maize, sorghum, pearl
millet, groundnut and cowpea. The best rotations include a legume in one of the
two preceding seasons (Gill, 1987a). Flax is also grown in intercropping systems with
chickpea, safflower or lentil (Reddy and Pati, 1998).

China

In China, flax often follows millet, barley, wheat or potatoes (Pan, 1990). In addition
to traditional monculture type flax production in the central areas of Gansu, flax is
sometimes planted together with “Wenggai” (Eruca sativa), a member of the Brassica
family. In this form of culture, both crops are harvested together (Pan, 1990).

Seedbed preparation

Russia

Seedbed preparation affects the yield and quality of flax products. The preparation con-
sists of basic (summer—fall) and spring tillage (Matukhina 1994).

Buasic tillage

The main form of basic tillage is plowing with minimizing soil drifting. The
optimal time for plowing for the North-West region of Russia is the end of August
or the beginning of September. The basic tillage objectives are weed control and
incorporation of plant residue which is usually undertaken two to three weeks before
plowing. Straw chopping and fall plowing can result in a 40 percent reduction in weed
populations.

Another form of basic tillage which could be recommended in the case of the early
harvesting of cereals is termed semi-fallow. This tillage can be conducted during the
warm weather during the 60 to 80-day period before the first frost. After harvesting
and straw chopping the field should be plowed and harrowed at the same time. Before
frosts, two or three cultivations (10—~12 c¢cm deep) should be performed depending on
precipitation and the weediness of the field, with the last cultivation two weeks before
the first killing frost (Matukhin, 1990). In experiments at the VNIIL, the number of
weeds was decreased by 30 percent and the yield of flax was increased by 10 percent
following this form of semi-fallow tillage.
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When perennial grass fields are being broken for flax cultivation, field disking is
recommended. This operation should be performed in two perpendicular directions to
a depth of 8-12 e¢m. According VNIILs data, the disking operation conducted ten
days before plowing improved the quality and increased the yield of flax fiber by more
than 100 kg per ha (Marchenkov ¢# a/., 1998).

Spring tillage

The first early spring tillage prevents the loss of water from the plow level, and has a
positive effect on soil microflora activity. On sandy and light loamy soils with low
perennial weed levels, the early spring tillage can be achieved with a harrow. On heavy
soils with high perennial weeds, tillage with a cultivator implement to a depth of
10—12 c¢m (followed by harrowing) have been recommended. This should be followed
four to seven days later by the seedbed tillage.

As a small-seed crop, flax needs a well-prepared seedbed. The soil should be
friable, with medium density, and have a level surface. It can usually be achieved by
a combination of cultivation, harrowing, leveling and compaction. Presowing cultiva-
tion (8—10 cm in depth) should be done with simultaneous harrowing in two cross-
over directions. The disc choppers and heavy disk harrow can be used for spring tillage
on weed-free fields.

A level field surface leads to an approximately 20 percent increase in the emer-
gence rate and yield increases of up to 100 kg/ha. The final step of field compaction
is usually achieved with teeth or plain water-filled rollers. This facilitates a uniform
planting depth, increased water supply to the seedbed level from the lower levels of
soil and good seed germination. Rolling results in a 10 to 15 percent increase in yield
compared to poorly compacted soils. Rolling is recommended on light sandy and light
loamy soils, in dry conditions, and is less important on wet and loamy soils with nor-
mal soil moisture. To limit deterioration of soil quality during multi-operational tillage
it is desirable to combine harrowing, leveling and rolling in one operation.

If fallow tillage has not been undertaken, the field should be plowed, harrowed and
rolled in the spring (8—10 c¢m in depth). The two latter steps can be combined in one
operation. At the end of seedbed preparation the soil should be characterized as fol-
lows — uniform friable soil (8—10 cm in depth), greater than 90 percent of soil parti-
cles should be up to 30 mm in size, with less than 2 percent of the particles greater
than 50 mm in size, and the hollows and crests should be less than 2 c¢m.

North America

In contrast to the situation with fiber flax production in Russia, oilseed flax on the
prairies usually follows a cereal or legume crop and therefore the tillage practices are
less intensive.

Fall tillage

Fall tillage on the prairies to prepare land for flaxseeding has become less common in
recent years and is primarily used as a tool for weed management. This can typically
be accomplished by harrowing and care should be exercised to minimize soil erosion
and maximize snow trapping (Anonymous, 1996b).
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Spring tillage

As with preparation of the seedbed for fiber flax, obtaining a firm well-packed seedbed
is desirable and therefore shallow tillage is desirable.

Minimum and zero tillage

In recent years there has been a significant shift toward minimum and zero tillage pro-
duction of oilseed flax. Specialized seeding equipment developed for zero tillage can
be used effectively for minimum and zero tillage seeding of flaxseed. Because mois-
ture is often the main yield-limiting factor on the prairies, minimum and zero tillage
production systems not only reduce wind and water erosion but they also reduce the
loss of soil moisture.

China and India

Seed preparation requirements are similar for other areas of the world except that fields
are generally much smaller and equipment is smaller and less mechanized than in North
America.

Soil fertility

Flax is very responsive to the soil nutrient status. Obvious effect of fertilizers on flax
plants can appear soon after seedling emergence. The emergence rate, height, size and
color of stems depends on the quality of fertilizers and the way they are used.

Russia

The highest yield of flax can be achieved on non-chernozemic soils with 15 mg
phosphorus (P,0Os) and 15 mg potassium (K,O) per 100 g of soil. In general, the soil
fertility in the range of 15-20 mg of P,O, and K,O per 100 g of soil is considered
the optimum for fiber flax.

Uniform placement of fertilizers is usually achieved during fallow (basic) tillage.
Fertilizer requirements and rates for flax for different soil types and fertility are listed
in Table 4.6.

Rates of application are based on the optimum ratio for fiber for the elements N,
P, K in ratio of 1:4:5 respectively. The placement method depends on the type of fer-
tilizer (solid or liquid).

During the first spring cultivation the fertilizers should be placed according to the
following methods — broadcasting, seed-placed (2—3 ¢cm below the seed level) or between

Table 4.6 Average rate of fertilizer for fiber flax for different Russian soil types

Soil rype Nitrogen Phosphorus Potassium
High fertility (> 100 mg P,0,/100 g soil) 10-15  80-100 100125
Medium fertility (10—-15 mg/100) 15 70-85 90-110
Poor fertility (< 10 mg/100 g) 15-20 70 90
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seed rows (15 c¢cm) at a depth of 5 cm. In the seed-placed or between rows methods
the rate of fertilizer, especially the nitrogen content, should be reduced to half the rate
for broadcast spreading (Kuzmenko, 1999). Flax is very sensitive to zinc deficiency in
the soil. In soils with low levels of this micro-nutrient, injured (yellowish, thin, small)
young plants will be observed. Flax usually outgrows this “physiological disease,” but
with reduced yield. The effect of zinc deficiency can be reduced by spraying a solution
of 500 g Zn(SO,), and 150 g H;BO; per hectare at the seedling stage (Sorokina, 1997).

North America

The soil type and the effect of the previous crop on the soil fertility should always be
considered when determining the fertilizer requirements for flax. Oilseed flax often
responds well to nitrogen, particularly when soil nitrogen levels are low. Typical
application rates for oilseed flaxseeded on stubble in western Canada would be in the
range 35—80 kg N/ha, with the higher rates applied when moisture is not limiting. Although
flax responds to phosphorus applications of 15-30 kg P,Os/ha, the response is less pro-
nounced or consistent compared to other annual crops grown in western Canada. Potassium
is frequently deficient on sandier soils of the Dark Gray/Gray soil zone and in organic
soils, while sulphur deficiency can be more widespread.

Flax is very sensitive to seed-placed fertilizer. Therefore the preferred practice is to
place the fertilizer to the side or below the seed. Pre-plant deep-banding or broadcast
applications are less effective with up to four-fold higher rates required to achieve the
same result.

As with fiber flax, oilseed flax is sensitive to low levels of zinc and iron. However,
experience on the Canadian prairies has suggested that plant and soil testing should
be undertaken for these micro-nutrients before their application as the margin
between deficiency and toxicity is relatively narrow and high levels can depress yield.

China and India

Traditionally flax has often been planted on marginal land and rarely received adequate
fertilizer. Trials in both countries have shown similar beneficial effects on flax yield
to those observed in North America, Europe and Russia. In general, flax grown on
nitrogen-deficient soils in India will respond well to nitrogen application in propor-
tion to the soil moisture levels (Gill, 1987b).

Growing season and seeding dates

The growing seasons and seeding dates vary from region to region and reflect the annual
nature of the crop. Flax is normally planted as a spring crop except in a few locations
where it is grown as part of a two-crop annual rotation. In all regions, seeding depth
is important, with the optimum depth 2.5-4 c¢cm. Deeper seeding can delay seedling
emergence, causing significant reductions in yield.

Russia

The vegetation period of fiber flax is around 85-95 days depending on environmental
conditions and cultivar. During this period cumulative heat units (above 10°C) are
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1,500 (Greengoff, 1988; Petrova, 1994). The recommended seeding dates are shown
in Figure 4.1. For maximum biomass and seed production, seeding at the earliest
possible date is desirable. Early seeding leads to full utilization of soil moisture by
young plants, with resultant increased tolerance to drought and resistance to lodging,
decreased susceptibility to insect damage, and earlier maturity. The optimal time for
seeding is when the temperature of soil at a depth of 10 cm is 7-8°C (at 50-60 per-
cent soil moisture). These conditions occur in the first half of May in the central zone
of the flax-growing area of Russia (Figure 4.1).

North America

As with most crops on the prairies, seeding dates are influenced by the probability of
frost. In Canada, early spring seeding is desirable for the best results. Newly emer-
ging seedlings can withstand temperatures down to —3°C (27°F) (Anonymous, 1996b).
Seeding in mid-May usually will allow the crop to reach the flowering stage when
there is still sufficient moisture present. If for weed management reasons or because
of drought or excessive moisture, seeding is delayed beyond the first week of June, then
only early maturing varieties should be seeded. Particular attention should be paid to
the cultivars selected since some will perform much better than others under these
conditions. Seeding dates and growing seasons are slightly earlier and longer in the
northern USA and dates should be adjusted accordingly. Seed yields are strongly influenced
by the duration of the flowering period which can be extended by irrigation.

India

The growing season and time of seeding varies considerably over the Indian subcon-
tinent (Gill, 1987a). For example flax is generally sown in the south in early October,
in the northern states such as Bihar in November, while in Kashmir, flax is not sown
until February or March. As in other flax-growing regions, timing is always import-
ant as seeding outside the optimum window has significant negative effects on crop
yield (Gill, 1987a).

Most flax is seeded by drilling, but some is still seeded by broadcast, particularly
in paddy fields. Seeding rates, as in other areas, are dependent upon the method of
planting, fertility and moisture conditions, with typical seeding rates between 25 and
50 kg/ha.

Argentina

In Argentina, flax is primarily grown as a winter crop with optimal seeding dates between
May 15 and July 1 with the later dates more appropriate for the northern areas in Buenos
Aires province and southern areas of the province of Santa Fe (Acosta and Frutos, 1978).

Seed preparation and seeding rates

In most flax-growing areas of the world it is common practice to treat the seed before
planting with either a fungicide or micro-nutrient coating or a combination of treat-
ments. Readers are cautioned to consult local agricultural advisors for specific recom-
mendations for their conditions.
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Table 4.7 Recommended micro-nutrient content of seed coating mixes for fiber flaxseed in
Russia (per 100 kg of seed)

Boric acid 125-250 g
Ammonium molybdenite 200 g
Zinc sulfate 240-250 g
Russia

Fungicide treatment and coating seed with micro-nutrients are the main ways of increas-
ing yield potential. The chemical agents used in Russia depend on the seed-borne
disease and on the soid characteristics. Based on data generated by VNIIL, the applica-
tion of B, Zn and Mo as a seed treatment increases yield and quality of flax fiber (Sorokina,
1997). The recommended amount of these micro-nutrients for seed coating is shown
above (Table 4.7).

A high yield of flax products (seed and fiber) is achieved with a plant density at
maturity of 1,600—1,800 plants/m°. To achieve the optimal plant density a seeding
rate of 18-24 million viable seeds per ha is recommended. On heavy soils a higher
seeding rate will result in increased resistance to lodging. If the forecast is for a cold
wet spring, then the seedling rate should be increased by 10 percent to compensate
for the cool temperatures and the crusting effect of the rain.

North America

It is recommended that flaxseed be treated with a fungicide before planting. Suitable
fungicidal preparations include the following active ingredients: carbathiin, carbathiin-
thiram, maneb and mancozeb. These active ingredients can be formulated into dust,
suspension and wettable powders (Anonymous, 1996b).

India and China

As in other major flax-growing regions of the world it is recommended that flax
seed be treated with a fungicide before planting to protect against seed-borne
pathogens.

Crop management

Russia

The flax flea beetle (Longitarsus parvulus) is the most damaging insect that attacks
flax in Russia with most damage occurring at the seedling stage. The recommended
insecticide for control of this insect is Tigham. A broad spectrum of highly effective
herbicides (Shogun, Centurion, Targo, Nabu, Zeleck, Harmony, Bazogran, Lenok) are
available for weed control. The right choice of cultivar, good seedbed preparation and
the optimal rate of fertilizers are the basis for realization of the seed and fiber yield
potential of flax.
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North America

The principal insect pests of oilseed flax on the prairies are described in Chapter 6.
In western Canada, provincial agricultural departments issue current recommendations
for the chemical control of insects.

As the planting density is much lower in oilseed flax than in fiber flax, weed com-
petition, especially in the seedling stage of development, has much greater impact on
yield. This makes weed control an important element in the yield equation (Friesen,
1988; Friesen e /., 1990; Lutman, 1991). Weeds can be controlled by either cultural
practices such as cultivation or by chemical means or more usually by a combination
of both. In Canada and northern USA a range of herbicides are registered for use on
flax crops. Registered products fall into one of three categories: pre-emergent, post-
emergent and pre-harvest. The pre-emergent herbicides are applied before planting
or before flax emerges. Post-emergent herbicides are usually applied in the spring at
the seedling stage where they have the greatest beneficial impact on yield. Their use
may be restricted until after the seedling stage due to the permissible residue levels
in the mature grain. Pre-harvest herbicides can be used to reduce the level of weed
contamination in the harvested crop and to control weeds that may impact on the next
crop. Desiccants can be used to accelerate the drying of the crop which can facilitate
easier harvesting. Pre-harvest herbicides and desiccants may contain the same active
ingredient.

Harvesting of oilseed flax

In North America, two approaches to the harvesting of flaxseed are possible. Since most
of the cultivars are of the short straw type, if the crop is planted early then it is pos-
sible to straight combine the standing crop when 75 percent or more of the bolls have
turned brown. The resulting seed may have a higher than desirable moisture content
and require further drying to achieve a moisture content (< 10 percent) safe for long
term storage (Anonymous, 1990).

Under any conditions that are less than ideal, swathing before threshing with a com-
bine is the standard approach. Swathing allows late maturing crops to dry down to
acceptable moisture levels. Swathing may also result in cleaner seed, particularly if the
field is weedy. Since frost can cause significant damage to the maturing crop, desicca-
tion and swathing can be used to accelerate the maturation process.

Utilization or correct disposal of the straw from oilseed flax is an important aspect
of crop management. The short straw fiber from the oilseed cultivars grown in North
America is not suitable for manufacture of spun flax fiber used in traditional linen
fabrics. However, it is finding increasing application in non-woven materials and in
composite products. The short straw fiber has also been used for many years in the
production of specialty paper products. Some flax straw is also used to supplement
ruminant livestock feed. If a market is not available for the straw, two options are avail-
able. The traditional approach was to burn the straw; however, there are now increas-
ing restrictions on this practice on the prairies. The alternative is to chop the straw
as it exits the combine and spread the chopped straw evenly on the field to facilitate
rapid decomposition. If the amount of straw is too great for effective decomposition
to occur, then the straw must be baled, removed from the field and other options for
its disposal explored.
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5 Principal diseases of flax

Kbhalid Y. Rashid

Introduction

Flax diseases are mainly caused by fungal pathogens, and by a few viruses and a
phytoplasma. No serious diseases in flax are caused by bacteria or nematodes. Fungal
pathogens infect all types of flax (Linum wusitatissimum L.) including linseed (industrial
oilseed flax), solin flax (low linolenic acid/vegetable oil flax), and the fiber flax.
Differences in the reaction to specific pathogens or races of the same pathogen may
exist among varieties of each type of flax. The occurrence and severity, and the import-
ance of flax diseases, vary from one region to another in the flax-growing areas of the
world.

Historically, rust and fusarium wilt have been the limiting factors in flax produc-
tion in most of the flax-growing areas worldwide. Early in the twentieth century,
fusarium wilt was recognized as the major disease problem in flax, especially in North
America where susceptible varieties were grown. Rust has been another important and
widespread disease from Europe to America and China. New virulent races developed
over time and attacked commonly resistant varieties. Breeding for resistance to these
diseases became the main objective of all major flax-breeding programs in America,
Europe and Asia (Millikan, 1951; Singh ¢z a/., 1956; Kommedahl ¢z /., 1970). Other
diseases affecting flax were more regional and considered to be of minor importance
to this crop. The efforts for breeding for resistance against minor flax disease have been
limited in most flax-breeding programs.

This chapter describes the major diseases affecting flax worldwide with emphasis
on the North American flax crops in western Canada and the north-central United
States. The distribution and economic importance of each disease, diagnostic symp-
toms, causal organisms, physiological races and genetics of resistance, and control
measures are discussed. For further detailed information, the reader is referred to
descriptions and accounts of flax diseases from around the world that have been pub-
lished over the years (Muskett and Colhoun, 1947; Millikan, 1951; Hoes, 1975; Gill,
1987b; Turner, 1987; Fitt ez /., 1991d; Froud-Williams ez /., 1991; Paul ez «/., 1991;
Islam, 1992; Mercer et al., 1992; Fitt and Ferguson, 1993; Mercer ¢ al., 1994,
Anonymous, 1996).
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Fungal diseases
Rust

Distribution and economic importance

Rust is a common disease reported from all flax-growing regions of the world.
Potentially, rusts are the most explosive diseases affecting crops, and this is true of the
flax rust. Early infections and rapid disease development favored by weather conditions
may completely defoliate flax plants and cause major losses in yield and quality of both
seed and fiber (Flor, 1944; Hora et «/., 1962; Hoes and Dorrell, 1979; Acosta, 1986;
Shukla, 1992). In North America, the build-up of rust during the 1930s and con-
tinuing until the early 1950s resulted in severe epidemics and heavy losses in yield
(Flor, 1946; Vanterpool, 1949). The frequent development of new races (Flor, 1954;
1958) that attacked hitherto resistant varieties has been the major challenge for breed-
ing resistant cultivars. The latest outbreaks of flax rust in North America were in the
1960s and 1970s when a new group of races were identified, including races 300, 370,
and 371 (Hoes and Tyson, 1963; Zimmer and Hoes, 1974; Hoes and Zimmer, 1976).
Thirteen flax cultivars licensed in Canada had to be replaced in the 1970s because of
susceptibility to the new races of rust (Hoes, 1975; Anonymous, 1996). Presently, this
disease is under control in North America where all commercial flax cultivars are immune
to local races of rust (Rashid and Kenaschuk, 1992; 1994). Rust remains a constant
threat to flax production worldwide because of the ability of the fungus to produce
new races that can attack resistant cultivars. The reasonable levels of control of this
disease worldwide have been attributed to the availability of the sources of genetic
resistance to most flax-breeding programs all over the world and the wise deployment
of these genes in commercial flax cultivars.

Symptoms

The main characteristic symptoms of rust are the bright orange and powdery
pustules which are developed on leaves (Figure 5.1), on stems and bolls, and all aerial
plant parts (Figure 5.2). These pustules are usually circular on leaves and bolls but
elongated on the stems. Chlorotic or necrotic zones may appear around the pustules
depending on specific race—genotype interactions. Severe epidemics cause the leaves
to dry and wither resulting in heavy defoliation of the plants. Rust pustules produce
numerous urediospores which are detached and readily dispersed by wind over long
distances. As the plants mature, the orange pustules (uredia) turn black and form
the telia pustules which produce the overwintering hardy teliospores (Figure 5.3). The
black pustules are present on all infected plant parts but are more conspicuous on the
stems.

Causal agent

Melampsora lini (Ehrenb.) Desmaz. Flax rust is an autoecious rust and the fungus can
complete the four stages of its life cycle, namely pycnia, aecia, uredia, and telia, on
the flax plant, unlike many other rusts that require alternate hosts. The pycnia and
aecia are usually formed on cotyledons and lower leaves early in the season and are
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Figure 5.1 Rust pustules, uredia on a flax leaf.
Figure 5.2 Rust pustules on flax boll, leaf and stem. Some are turning into black telia.
Figure 5.3 Black telia of M. /ini on flax stems and leaves.

rarely noticed by field inspectors. Pycnia and aecia are the most important stages for
completing the sexual life cycle of the fungus and for the development of new races.
The third stage of the development of this fungus is the uredia. The uredial stage is
the most destructive stage to the crop since uredia produce cycles of urediospores that
can create new infections with each cycle throughout the growing season. At matu-
rity, the fourth stage produces the hardy overwintering teliospores which can survive
the adverse weather conditions.

Physiological races and host resistance

Physiological specialization is a common phenomenon among rust pathogens. This
phenomenon was observed and studied in flax rust early in the twentieth century (Hart,
1926; Flor, 1931). Interactions between flax genotypes and different rust races and the
phenotypic expression of these interactions in resistant or susceptible infection types
led to the identification of distinct races (Flor, 1954; 1955), and the development of
the gene-for-gene theory of pathogenesis (Flor, 1956; 1971). The gene-for-gene the-
ory and the flax/rust system have been the models for studying most of the plant pathogen
systems.

In North America, 239 races of M. /ini were identified (Flor, 1954) using a set of
29 single-gene flax genotypes (flax rust differential set). The number of races identified
was up to 400 by the 1970s, and an additional flax differential genotype was added
to the differential set (Hoes and Tyson, 1966; Hoes, 1975; Hoes and Zimmer, 1976).
Additional races have been identified in India, Australia and Europe (Misra, 1963; Misra
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and Lele, 1963; Saharan and Singh, 1978; Statler ez /., 1981). Further studies on races
and genes conditioning resistance to regional races of flax rust have been described
(Kerr, 1960; Misra, 1966; Saharan, 1991).

Studying the virulence in the rust M. /ini has been paralleled by studying the gen-
etics in the host L. usitatissimum. Flor (1947; 1954) identified 29 resistance genes which
constitute the differential set of cultivars used to differentiate the 239 races at that
time. Reviews of the genes and genetics of rust resistance in flax (Islam and Mayo,
1990; Islam and Shepherd, 1991) provided a list of 34 resistance genes grouped into
seven groups or loci, namely: 2 at the K locus, 14 at the L locus, 7 at the M locus, 3
at the N locus, 6 at the P locus, and 1 each at D and Q loci. Several genes for resis-
tance have since been identified (Zimmer and Statler, 1976; Hoes and Kenaschuk, 1986;
Jones, 1988; Rashid and Kenaschuk, 1996a). Rust resistance genes in flax are domi-
nant traits and are characterized by race-specific interaction. However, various studies
have demonstrated the effectiveness of field resistance or slow-rusting and partial resis-
tance in flax cultivars (Hoes and Kenaschuk, 1980; Parish and Statler, 1988; Rashid,
1991; Hoes and Kenaschuk, 1992; Rashid, 1997).

The rust M. /ini has been reported to infect 16 species of Linum (Henry, 1928; Arthur,
1962; Conners, 1967). The importance of the genetic stock in the wild relatives of
flax is yet to be explored for future use in flax breeding (Wicks and Hammond, 1978).
Studies on the virulence of M. /ini on the perennial Linum marginale in Australia indic-
ate that race-specific/host pathogen interactions occur in the wild population (Burdon
and Jarosz, 1992; Jarosz and Burdon, 1992; Burdon, 1994; Burdon and Thompson,
1995; Burdon er @/., 1999; Carlsson-Granér et al., 1999).

The recent advancement in the area of molecular biology has provided the tools
to study and understand the molecular basis of the gene-for-gene functions and inter-
actions (Ellis ez a/., 1997). The flax—flax rust system has been the model for studies
which have led to isolation, nucleotide sequencing, and the cloning of rust resistance
genes at the L and M loci of the flax genome (Anderson er #/., 1992; Ellis ¢t al., 1992,
Dickinson et al., 1993; Lawrence et z/., 1993; Lawrence et al., 1994; Ellis et al., 1995;
Lawrence et al., 1995; Anderson e al., 1997; Ayliffe ez /., 1999). This new area
of research led to the development of molecular markers to identify race-specific
rust resistance genes as a tool for developing a wide base of multigenic resistance
in flax cultivars (Burdon and Roberts, 1995; Hausner ez «/., 1999a; Hausner ¢t al.,

1999b).

Control

The most adequate and economical control recommendation is the use of resistant
cultivars. These are available worldwide and some are characterized by multigenic
resistance (Flor and Comstock, 1971; Flor and Comstock, 1972; Kenaschuk, 1974;
Zimmer, 1976; Rashid and Kenaschuk, 1992; Rashid and Kenaschuk, 1994). This
approach has been successful in North America where the use of highly resistant cul-
tivars have kept this disease under control for the last two decades (Rashid and Platford,
1990; Rashid er a/., 1998b; Rashid e /., 2000). The challenge remains to monitor
the development of new virulent races and their reaction on common cultivars. The
use of susceptible cultivars will not only create epidemics and serious yield loss, but
also provides the fungus with opportunities to produce new races that can attack resist-
ant cultivars.
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In areas where rust is a problem, destroying the plant debris and volunteer plants,
following a three-year crop rotation, and planting flax in a field distant from that of
the previous year are measures that can reduce the inoculum pressure, especially early
in the season, to avoid severe epidemics. In areas where rust is not well established,
avoid using seed contaminated with plant material carrying the black teliospores of
this fungus in order to prevent introducing the disease into the area. The use of fungi-
cides has been successful in reducing the severity of rust epidemics and maintaining
yield (Gill, 1987a), and can prove a useful measure provided the economic returns are
warranted.

Fusarium wilt

Distribution and economic importance

Flax wilt is one of the most widespread diseases affecting flax wherever it has been
grown on the same land for a lengthy period of time. Reports of yield losses due to
wilt are rare but severe epidemics can result in 80—100 percent yield reduction
(Kommedahl ¢ 2., 1970; Sharma and Mathur, 1971; Kroes ¢ «/., 1999). In North
America, flax wilt became a destructive disease by 1890 (Lugger, 1890). This disease
has been one of the limiting factors affecting the production of flax in “flax-sick fields”
in the United States and Canada (Kommedahl ¢ /., 1970) but has been less destruc-
tive to the flax crops in Canada. The development of resistant cultivars worldwide has
reduced the negative impact of this disease. In North America, all commercial flax
cultivars are characterized by resistance or moderate resistance to fusarium wilt
(Kenaschuk and Rashid, 1993; Kenaschuk ez #/., 1996). Resistance has also been reported
in European cultivars of oil and fiber flax (Kroes e /., 1998¢; Kroes er al., 1999), and
from China (Liu ez «/., 1993).

Symptoms

Flax wilt can occur at any time during the growing season, and affected plants may
be scattered through the field but they occur more commonly in patches. Early wilt
can kill the seedlings before or after emergence and up to the pre-flowering stage. Seed-
lings cease to grow, wilt at the top, turn brown, dry up and die (Figure 5.4). On older
seedlings, yellowing and browning usually start on upper leaves and the top parts of
the plants droop and die. Roots of dead plants turn ashy gray. The tops of wilted plants
often turn downward, and form a “shepherd’s crook” (Figure 5.5). Late wilt also affects
the plants from the top downwards with leaves turning yellow to brown, leaving the
top drooping (Figure 5.6). The stems become necrotic and brittle. Partial wilt can also
occur when seedlings are affected but the roots and the buds remain alive. Under cool
weather conditions, these buds can produce healthy shoots which remain healthy as
long as the cool weather prevails (Figure 5.7). Occasionally, unilateral wilt may
develop on plants when all branches on one side of the stem connected to the same
vascular elements become infected. Microscopical examination of the stems at the base
of infected plants reveals the presence of creamy white pustules (sporodochia) which
constitute the reproductive stage of this fungus with massive numbers of sickle-shaped
conidia.
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Figure 5.4 Symptoms of early wilt on flax seedlings.

Figure 5.5 Typical fusarium wilt “shepherd’s crook” on flax.

Figure 5.6 Symptoms of late wilt on flax plants.

Figure 5.7 Partial wilt, main stem infected, with a healthy branch.

Causal agent

Fusarium oxysporum Schlechtend.: Fr. f.sp. Lini (Bolley) Snyder and Hansen, is a highly
specialized pathogen that causes wilt on flax only. The fungus is primarily soil-borne,
and primary infections occur through the roots (Nair and Kommedahl, 1957; Turlier
et al., 1994; Kroes et al., 1998a; Kroes et al., 1998b). After the initial invasion of the
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roots, the fungus continues to grow inside the water-conducting tissue. This inter-
feres with water uptake, and the plants wilt rapidly under warm weather conditions.
The fungus produces three distinct kinds of spores; macroconidia with 1-5 septa and
25—-40 u long, microconidia 5-12 u long, and chlamydospores 5—10 u in diameter
(Kommedahl ez a/., 1970; Brayford, 1996). The fungus persists in the soil, mycelia
and spores survive for five to ten years in the debris of flax and other organic tissue.
Dissemination of this fungus can take place by wind, run-off soil, infected seed and
plant debris.

Physiological races and host resistance

The first report of pathogenic variability in E oxysporum lini was in 1926 (Broadfoot
and Stakman, 1926). This fungus comprises an indefinite number of biotypes with
differences in cultural characteristics and pathogenic types (Armstrong and Armstrong,
1968; Kommedahl ez /., 1970). Different pathogenic races have been reported from
different regions of the world: Argentina, United States, Canada, Australia, India, and
Japan (Borlaug, 1945; Millikan, 1945; Millikan, 1948; Houston and Knowles, 1949;
Tochinai and Takee, 1950; Sharma and Mathur, 1971; Kroes e /., 1999; Kroes et 4l.,
2002). High pathogenic variability has also been demonstrated in the local popula-
tion of this fungus in western Canada (Rashid and Kroes, 1999; Mpofu and Rashid,
2000a; 2000b).

Resistant cultivars have been successfully identified, developed and released
(Kommedahl e /., 1970; Ondrej, 1977; Kenaschuk and Rashid, 1993; Kenaschuk
et al., 1996). Despite several reports on the inheritance of resistance to fusarium wilt
and the identification of a few resistant genes (Tisdale, 1917; Burnham, 1932; Knowles
and Houston, 1955; Knowles ¢ 2/., 1956; Jeswani and Joshi, 1964; Kamthan er a/.,
1981; Goray er al., 1987), the genetics of resistance to this fungus remains as com-
plex as its race composition.

Control

The most important control measure is the use of resistant cultivars which are avail-
able in most flax-growing regions of the world, including North America, Europe,
and Asia. There are no reports of immunity to this pathogen and all recommended
cultivars are resistant or moderately resistant. Crop rotation of at least three years between
flax crops, destroying the crop residues, and the use of disease-free seed are recom-
mended in order to maintain low levels of inoculum in the soil. Seed treatments with
fungicides may prevent the introduction of this disease into new areas, and reduce the
incidence of early wilt in seedlings (Rashid and Kenaschuk, 1996b).

Pasmo

Distribution and economic importance

Pasmo disease, also known as spasm or septoriosis, is a foliar pathogen that infects
leaves, stems and bolls. It is widespread in North and South America (Garassini, 1935;
Sackston and Gordon, 1945; Rashid ez 2/., 1998b), in Europe (Colhoun and Muskett,
1943; Muskett and Colhoun, 1947; Martelli, 1961; Holmes, 1976), in Africa
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(Nattrass, 1943), and in Australiasia (Newhook, 1942; Millikan, 1951). Although early
infections start at the seedling stage, the severity of pasmo is not generally recognized
until after boll setting and the ripening stage. Contrary to the belief that flax is
most susceptible at the ripening stage, epidemics can occur early in the season when
favorable environmental conditions prevail. Pasmo can cause defoliation, premature
ripening and boll drop which result in reduced yield and poor quality of seed and
fiber (Millikan, 1951; Sackston and Carson, 1951; Frederiksen and Culbertson, 1962;
Rashid e /., 1998b). Commercial cultivars lack resistance to pasmo, although

minor differences among cultivars in susceptibility to this disease have been reported
(Millikan, 1951).

Symptoms

The early symptoms of this disease are brown lesions on cotyledons and leaves of seed-
lings where numerous dark colored pycnidia are formed (Figure 5.8). The disease moves
upward throughout the growing season to cover the stem, leaves, branches, and bolls
at maturity. Disease lesions on leaves coalesce causing rapid drying of leaves and severe
defoliation. On the stems, pasmo is characterized by brown lesions that expand and
encircle the stems to form bands of dark brown color which often alternate with the
green color of the stems giving the stems a mottled appearance (Figure 5.9). The infec-
tions weaken the infected stems and pedicels causing stem breakage and heavy boll-
drop by rain and wind. Infected tissues are occupied by tiny black pycnidia which are
the fruiting bodies of the fungus.

Causal agent

Pasmo is caused by the fungus Seproria linicola (Speg.) Garassini (teleomorph:
Mycosphaerella linorum Naumov). This fungus is seed-, soil-, and stubble-borne.
Numerous pycnidia are present on flax debris which, when exposed to humid condi-
tions, release spores causing the primary infections on the cotyledons, leaves and stems.
The lesions from the early infections form pycnidia which also release millions of spores
in a globular mass or in a tendril form. These spores are dispersed by splashing rain
and wind upward on the same plant and to adjacent plants. Pasmo is favored by high
moisture and warm temperatures, dense crop canopy and heavy lodging.

Control

Genetic resistance can provide the best control but in spite of several reports of resist-
ance to pasmo in flax (Convey, 1962; Loshakova and Korneeva, 1979; Loshakova, 1984),
no major differences have been observed among commercial cultivars of the different
flax types (K.Y. Rashid, unpublished). The control recommendations are to follow a
three-year crop rotation between flax crops to minimize the overwintering inoculum
on plant debris, seeding early to avoid the early infections and the warm weather
conditions favorable for disease development, use clean seed to avoid early seedling
infections and early start of epidemics, use recommended seeding rate and control weeds
to avoid thick crop canopy and microclimates favoring the disease development.
Fungicides can be used to control this disease provided economic returns are warranted
(Rashid and Kenaschuk, 1998b).
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Figure 5.8 Pasmo lesions on flax leaves.

Figure 5.9 Brown bands of pasmo on flax stems.

Figure 5.10 Powdery mildew on flax leaves.

Figure 5.11 Severe powdery mildew infections and defoliation on susceptible flax; resistant flax
remains green and healthy.

Alternaria blight

Distribution and economic importance

Flax diseases attributed to infection by Alternaria spp. have been reported from most
of the flax-growing regions of the world (Dey, 1933; Muskett and Colhoun, 1947; de
Tempe, 1963; Fitt ez @/, 1991d). It is commonly reported from India (Gill, 1987b),
and from wherever the crop is grown in Europe (Fitt and Vloutoglou, 1992). Disease
affects seedlings causing seedling blight, and also affects leaves and flowers. Yield losses
of up to 90 percent were reported from India (Chauhan and Srivastava, 1975), and up
to 35 percent in the United Kingdom (Mercer ¢ a/., 1989). In North America, this
disease has been observed occasionally but no major epidemics have been reported. This
disease reduces the quality and viability of seed harvested from diseased plants.
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Symptoms

The earliest symptoms of A. linicola are the seedling blight or brown rot from
seed-borne inoculum. Seedlings are stunted with dark red lesions developing on the
hypocotyls and cotyledons causing the total collapse of seedlings in one to two weeks.
The infected and dead seedlings become a rich source of inoculum which spreads and
infects healthy plants. Dark brown lesions appear on infected leaves, and usually
coalesce to cover the entire leaf which turns chlorotic and dies.

A. lini reported from India (Dey, 1933) infects all aerial parts of the flax plant but
is more severe on the flowers. Dark brown spots are common on the leaves, the calyx,
and the pedicels. Infected buds may produce shriveled seed or fail to produce any seed.
Under favorable conditions, these lesions develop and the fungus moves into the stem
and the whole plant may be killed. Infected seeds range from dark black to dark brown,
and some normal appearing seeds may have enough inoculum to cause seedling blight.

Causal agents

Alternaria linicola, A. alternata, and A. infectoria Simmons are reported to be the three
main species on flax (Fitt ez #/., 1991b; Fitt and Vloutoglou, 1992). Other species include
A. linicola Groves and Skolko, and A. /ini reported from India, which is favored by
26-33°C and humid conditions (Gill, 1987b). A. /inicola survives as thick-walled chlamy-
dospores in flax debris on and in the soil (Fitt ez @/., 1991Db; Fitt ¢t /., 1991c; Vloutoglou
et al., 1995). Conidia produced early in the season infect flax seedlings. The fungus can
also move from infected seed to seedling, causing seedling blight (Vloutoglou ¢z «/., 1995).

Control

The use of resistant cultivars when available is the most economical approach to dis-
ease control. Resistant genotypes were reported (Hossain, 1992) with specific dominant
genes (Singh and Chauhan, 1988) and recessive genes (Kalia ez /., 1965; Evans et al.,
1995; Evans ez al., 1997). Klose ¢t al., (1993) reported that resistance to A. /inicola in
flax is a polygenic trait. Crop rotation and destroying crop residue will reduce local
inoculum but might have little effect on disease level since inoculum moves in from
adjacent fields. Seed treatment with fungicides was reported to be effective in the pro-
duction of healthy seed in the UK (Turner, 1987). In India, well drained fields are rec-
ommended to avoid this disease due to the severe epidemics in poorly drained fields
(Gill, 1987b).

Powdery mildew

Distribution and economic importance

Powdery mildew is common on flax in Europe, Australia, Asia, and America. In North
America, powdery mildew has been reported only from Minnesota (Allison, 1934). In
western Canada, this disease was first reported in 1997 and has been noted to spread
widely in a short period of time (Rashid, 1998; Rashid er /., 1998a). Yield losses of
up to 38 percent have been reported in susceptible cultivars in India (Pandey and
Misra, 1992).

Copyright © 2003 Taylor & Francis



Symptroms

The common symptom of powdery mildew is the superficial whitish powdery colonies
of mycelial mass on the host surface. In flax the mycelia of powdery mildew appear
on leaves, stems, and sepals (Figure 5.10). A close examination of the colonies reveals
the abundance of mycelia and microscopic conidia which are borne singly or in chains
on short conidiophores. Small black spherical fruiting bodies (cleistothecia) can be seen
embedded in the mycelia on the surface of the host when the perfect state of the
fungus occurs. Severe infection of powdery mildew causes drying of leaves and heavy
defoliation (Figure 5.11).

Causal agents

Erysiphe polygoni DC from Japan (Homma, 1928), E. /ini, E. cichracearum DC from Siberia
(Badayeva, 1930) and Minnesota (Allison, 1934), Sphacelotheca lini from Russia
(Tvelkov, 1970), Leveillula taurica from India (Saharan and Saharan, 1994b), Oidium
lini Skoric in the UK, India (Saharan and Saharan, 1994a) and Canada. These fungi
survive the harsh conditions in dark colored cleistothecia (perfect state) which remain
dormant until favorable conditions prevail for the production of spores and the pri-
mary infections. In areas where the perfect state has not been found, the fungus prob-
ably survives as hyphae in susceptible tissues of perennial secondary hosts.

Physiological races

Although the indications from the reactions of flax cultivars in different flax-growing
areas under natural powdery mildew epidemics in Europe and North America point
to the presence of different races of powdery mildew (Beale, 1991; Saharan and
Saharan, 1992) (K.Y. Rashid, unpublished), there is no scientific confirmation for the
existence of races in powdery mildew.

Control

The use of resistant cultivars is the most economic method of controlling powdery
mildew. Dominant genes for resistance have been reported from India (Kaushal and
Shrivas, 1974; Badwal, 1975). Recent studies (K.Y. Rashid, unpublished) have
identified several resistance flax cultivars from Canada and Europe, and three domi-
nant genes for resistance. Early seeding and early maturing cultivars help the crop escape
the severe infections toward the end of the season. Powdery mildew can be easily con-
trolled by fungicides (Sharma and Khosla, 1979; Turner, 1987), provided economic
returns are warranted.

Verticillium blight

Distribution and economic importance

This disease has been reported from Europe (United Kingdom, Germany, The Nether-
lands) (de Tempe, 1963; Turner, 1987; Fitt er a/., 1991a). The disease has also been
reported from California (de Tempe, 1963). In Canada there are no reports of this
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disease on flax, although Verticillium dahliae has been observed on some flax accessions
tested under controlled conditions, probably originating from seed-borne inoculum
(K.Y. Rashid, unpublished). V. dahliae and V. albo-atrum are pathogenic on other crops,
including potatoes and sunflowers. This disease can cause severe epidemics under pro-
longed wet weather conditions as the crop approaches maturity (Fitt ez a/. 1991a).
The severity of this disease is compounded when the nematode Pratylenchus penetrans
is present in the soil (Coosemans, 1977).

Symptoms

Dark brown stems with purplish appearance starting from the base and extending upward
are the typical symptoms of this disease. All plant parts are affected and progressive
desiccation results in the death of the plants (Figure 5.12). Close examination of the
infected stems reveals the presence of dark black microsclerotia (Figure 5.13) (Fitt
et al., 1991a).

Causal agents

Verticillium dabliae Kleb. (Microsclerotia) and Verticillium albo-atrum. These two fungi
can survive in plant debris, in soil and can be disseminated by plant material, soil par-
ticles and by seed contamination. V. dabliae is distinguished from V. albo-atrum by the
formation of microsclerotia which can survive in the soil for a long period of time.

Control

Use of resistant cultivars when available. Follow a long term crop rotation, and avoid
any susceptible crops such as sunflowers and potatoes in the rotation. Practice strict
sanitation by using disease-free seed and destroy the plant debris after harvesting.

Sclerotinia stem rot

Distribution and economic importance

This disease has been reported to affect a few fields in England (de Tempe, 1963; Mitchell
¢t al., 1986). In Canada, sclerotinia infections were reported in irrigated flax in
Alberta (Mederick and Piening, 1982) and from heavily lodged flax in Manitoba and
Saskatchewan (Rashid, 2000). The severity of the disease depends on the severity of
lodging and the level of field infestation with the sclerotia of the fungus from the
previous crops. Differences in flax cultivars to sclerotinia stem rot have been reported
(Pope and Sweet, 1991).

Symptoms

Early symptoms are water-soaked lesions on stems which develop rapidly to girdle the
stem. The fungus causes bleaching and shredding of the stem (Figure 5.14). Mycelia
grow on the surface of the stem and cylindrical sclerotia are formed inside the stem
(Figure 5.15). When heavily lodged flax remains lodged, small sclerotia can also be
formed on the surface of the stem.

Copyright © 2003 Taylor & Francis



Figure 5.12 Verticillium blight, purplish stems and roots.

Figure 5.13 Black microsclerotia on infected stem.

Figure 5.14 Sclerotinia stem infection, bleached and shredded stem.

Figure 5.15 Sclerotinia stem infection, black cylindrical sclerotia inside the flax stem.
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Causal agent

Sclerotinia sclerotiorum (Lib) de Barry is a widespread fungus that infects several hun-
dred plant species worldwide. It overwinters as sclerotia which are compact masses of
mycelia that can survive adverse environmental conditions for three to five years in the
soil. Sclerotia germinate to produce either mycelia that can infect roots and stems of
certain crops such as sunflowers, or to form apothecial fruiting bodies which produce
spores that can infect foliar parts of several crops, including canola, beans and sun-
flowers. Apparently, stems of heavily lodged flax pick up the infection by direct con-
tact with the fungus from the soil.

Control

There is no evidence of any resistance to S. sclerotiorum in any host plant species affected
by this fungus. In order to minimize the risk of epidemics, it is recommended to use
cultivars with lodging resistance, use the proper seeding rates to avoid dense crop canopy
and heavy lodging, and avoid fields which are contaminated by sclerotinia from pre-
vious years’ susceptible crops.

Browning and stem break

Distribution and economic importance

Stem break and browning are phases of a disease caused by a seed- and soil-borne
fungus. This disease occurs in Europe, North America, Africa, and Asia. Under heavy
infestations in Europe, fiber flax can suffer a significant loss in yield and fiber quality
(Muskett and Colhoun, 1947). This disease is of minor importance in western Canada
in spite of some damage that has been reported in the parkland regions of Saskat-
chewan and Alberta in some years (Henry, 1934; Henry and Ellis, 1971). This fungus
also occurs on wild Linum spp. (Conners, 1967). The fungus can penetrate the bolls
as well as the seeds, or may produce spores on the seed surface. However, affected seeds
may remain viable.

Symptoms

Dark colored circular lesions are produced on cotyledons and lower stem parts origin-
ating from infected seeds during seedling emergence. These lesions develop slowly and
may result in seedling blight or stem break. Cankers on the stem base weaken the
plant, and the stem may break early at the seedling stage or later on during the season
depending on the severity of infection (Figure 5.16). Stem break is a distinguishing
sign of this disease. Plants may remain alive after stem-breakage, but produce few seeds
which will be lost at harvest.

The browning phase of this disease starts late after the flowering initiated by infec-
tions on the upper part of the plant. Lesions which are oval or elongated in shape,
dark brown in color, and surrounded by narrow purplish margins are common on the
branches, leaves and bolls. These lesions often coalesce giving the leaves and stem a
brownish appearance. Patches of heavily infected plants appear brown, giving the dis-
ease its name.
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Figure 5.16 Browning and stem break in flax.

Figure 5.17 Anthracnose burning effects on flax leaves, stems, and bolls.

Figure 5.18 Seedling blight, shrivelled and dead seedlings.

Figure 5.19 Aster yellows in flax, flowers converted into small yellowish green leaves.

Causal agent

Polyspora lini Laff., Syn. Awreobasidium lini (Laff.) Hermanides-Nijof (teleomorph:
Guignardia fulvida FR. Sanderson) (Hoes, 1991) can survive in seed coats or in plant
debris. The primary infections may start during seedling emergence, or from spores
produced on diseased stubble that are spread by wind and rain to infect emerging seedlings
(Muskett and Colhoun, 1947). The fungus can also survive and reproduce on secondary
hosts and weeds (MacNish, 1963). The fungus produces masses of unicellular spores
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freely on the surface of infected tissue. The development of the disease is favored by
warm and wet conditions in a thick crop canopy.

Physiological races

Differences in pathogenicity among isolates of P. /ini based on resistance and/or
levels of infection on a set of host differentials were reported (Henry, 1934; Colhoun,

1960).

Control

Use of disease-free seed produced by healthy plants is an important control measure.
Fungicidal seed treatment controls surface-borne inoculum, but is unlikely to be effect-
ive when the fungus has penetrated coat-deep into the seed (Muskett and Colhoun,
1947; Turner, 1987). Crop rotation of two years between flax crops would reduce spread
of infection from diseased stubble. Currently recommended varieties may differ in sus-
ceptibility to stem break and browning.

Scorch

Distribution and economic importance

This disease is present mainly in Europe with unconfirmed reports from other parts
of the world (Muskett and Colhoun, 1947; Wiersema, 1955). It occurs in patches of
various sizes in the first part of the growing season. The most severely affected plants
in the center of the patch will soon die, while the less affected plants at the periphery
of the patch may partially recover and produce some seed.

Symptoms

Infected plants are stunted with short inter-nodes and shriveled brown leaves. Yellow-
ing starts at the lower leaves and moves upward. Infected leaves rapidly turn brown
with dry tips. Top leaves grow close together and generally rapidly dry and wither.
Infected roots are glossy and brittle.

Causal agent

Pythium megalacanthum De Bary is a soil-borne fungus which infects the roots of young
plants. The presence of large echinulate oospores of the fungus in the root tissue is the
distinguishing characteristic of this disease. This is primarily a saprophytic fungus which
can survive in the soil for many years (Muskett and Colhoun, 1947; Wiersema, 1955).

Control

Late seeding may help in reducing the incidence since the wet and cold spring con-
ditions favor the disease development. Long term crop rotation may help reduce the
inoculum in the soil. Seed treatment may also protect the seedlings from early infec-
tions especially to cracked or damaged seed (Turner, 1987).
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Anthracnose

Distribution and economic importance

Anthracnose in flax has been reported from most flax-growing areas in the world. The
disease is primarily seed-borne but can be soil- or stubble-borne since the fungus can
overwinter in crop debris and soil. The disease is destructive to the crop, especially
when the seed source is contaminated by the fungus. It can spread rapidly under favor-

able conditions causing severe local epidemics and heavy losses in yield and quality of
both fiber and seed.

Symptoms

Seedling blight is the early symptom in seedlings infected from seed-borne inoculum.
Spores are abundantly produced on blighted seedlings and spread to adjacent plants.
Circular water-soaked lesions appear on the cotyledons and lower leaves early in the
growing season. These lesions turn to olive green and reddish brown before the leaves
dry out and die. Stem infections appear as cankers of various sizes which may girdle
the stem and cause shriveling and stem-breaking at the point of infection. Under favor-
able conditions of splashing rain and warm weather, the disease develops rapidly
through the crop canopy giving the plants a burning appearance and destroying the
crop (Figure 5.17). The flower color may change from white to blue in diseased plants
(Pospisil, 1971). Microscopic examination of lesions shows the presence of dark colored
hair-like protrusions (setae) imbedded in the spore-producing structures (acervuli) which
are typical characteristics of this fungus.

Causal agent

Colletorrichum lini (Westerdijk) Tochinai: Syn. C. /inicola Manns and Bolley. This
fungus is commonly seed-borne as mycelia in the outer seed coat. Primary infections
normally occur on seedlings from infected seed. Infected seedlings and aerial plant parts
produce abundant spores in acervuli with characteristic setae. These spores are spread
by rain and wind and cause subsequent infection cycles.

Physiological races

Several races have been identified based on virulence on flax genotypes (Zarzycka, 1973).
Zarzycka (1976) identified 11 races of C. /lini, two of which were predominant.
Recently, 25 races of C. /ini were identified using a set of flax genotypes (Kudriavtseva,

1998).

Control

Resistant varieties when available are the best control, along with the use of clean
seed to prevent the introduction of the disease into new areas. Seed treatment with
recommended fungicides can control the seed-borne phase of this disease. Adequate

crop rotation between flax crops may help in reducing the inoculum in soil and
stubble.
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Seedling blight

Distribution and economic importance

Seedling blight is commonly present in most flax-growing areas. Severe epidemics reduce
the stand and result in heavy yield losses. In spite of seed treatment, seedling blight
and root rot can develop, and cause reductions in yield. Yellow-seeded varieties are
more affected by blight and root rot than brown-seeded varieties due perhaps to the
thin seed coat (Vest and Comstock, 1968; Groth ez 4., 1970).

Symptoms

Blighted seedlings show red to brown lesions on the roots below the soil surface. These
symptoms develop down the roots and upward to the stem, and the seedlings turn
yellow, shrivel, wilt and die (Figure 5.18). Infected seedlings may occur singly or in
patches. These symptoms may appear similar to those caused by early symptoms of
Fusarium wilt.

Causal agent

Rbizoctonia solani Kuhn (teleomorph: Thanatephorus cucumeris (A.B. Frank) Donk) is the
principal agent and can be particularly destructive in soils that are loose, warm and
moist. It survives as a composite of strains (Anastomosis Groups (AG)) that differ in
host range and pathogenicity. Flax is affected by the same AGs which attack sugar
beets and leguminous crops.

Control

Use resistant varieties when available. The variety Linott is reported to be resistant to
Rbizoctonia blight (Anderson, 1973). The reactions of other varieties are not known.
Seedling blight and root rot can be controlled by a combination of farm practices, such
as firm seedbed preparation, use of certified seed free of cracks, treating the seed with
recommended fungicide (Rashid and Kenaschuk, 1998a), practicing a crop rotation of
at least three years between flax crops, and avoiding legumes and sugar beets in the
rotation.

Dieback

Distribution and economic importance

This disease has been reported from Saskatchewan, Canada (Vanterpool, 1947), with
minor significant importance at that time. Since then, little has been reported on this
disease from Canada or other flax-growing areas.

Symptoms

Lesions appear on stems and branches of early maturing flax plants. The upper part of
the plants die prematurely. Numerous pycnidia are formed on infected tissue.
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Causal agent

Selenophoma linicola Vanterpool overwinters on flax stubble. There is no evidence of a
seed-borne phase of this disease (Vanterpool, 1947).

Control

Follow an adequate crop rotation and proper sanitation to reduce the level of fungal
inoculum in the soil.

Damping-off

Distribution and economic importance

Damping-off is another common disease affecting flax worldwide (Millikan, 1951).
The severity of this disease is more common under cold soil temperatures and water-
logging which delay germination and emergence and prolong the seedling exposure
to infections.

Symptoms

Seedlings are killed before emergence or shortly after. Reddish brown spots may
develop on the cotyledons, stems and roots of affected seedlings. Less severely affected
seedlings produce secondary roots and partially recover. Microscopically, the presence
of the spherical oospores in the infected root tissue is characteristic of the Pyshium infec-
tion to the seedlings.

Causal agent

Pythium spp. are soil-borne pathogens which can survive on soil organic matter for a
long time.

Control

Seed treatment may help protect the seedlings during the early growing stage when
they are most susceptible to this disease. Avoiding early seeding when soils are wet
and cold will help the crop escape the disease.

Gray mould

Distribution and economic importance

Gray mould is a common disease affecting a wide host range of plants. It reduces the
yield and quality of seed harvested from diseased plants. This disease is capable of pro-
ducing local epidemics and major yield losses in flax fields with heavy lodging or under
stress from abiotic factors.
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Symptoms

The first sign of the disease is the damping-off of seedlings emerging from infected
seed with brownish spots on the base of the stem at the soil surface. Symptoms on
mature plants are light brown patches on the stem. These infected stem parts become
soft and decayed, resulting in the death of the upper part of the plant.

Causal agent

Botrytis cinerea Fr. can survive on decaying organic matter for a long time. It is seed-
borne in flax, and the seed-borne phase acts as a source of primary inoculum. This
fungus produces small, hard black sclerotia which can survive adverse weather
conditions.

Control

Seed treatment with fungicides protects the seedlings from early infections. Con-
trolling this disease at the mature stage of the plant growth may not be practical since
the fungus is widespread in nature and has an abundance of inoculum.

Basal stem blight/foot rot

Distribution and economic importance

This disease is common in most flax-growing areas in Europe (Muskett and Colhoun,
1947). The seedling phase of this disease is of less importance in comparison to dam-
age caused by this disease at the flowering stage. Occasionally severe epidemics occur,
resulting in a total loss of the crop. There are no described cultivars with resistance
to this disease but there are some indications that linseed flax cultivars are more resist-
ant than fiber flax cultivars (Muskett and Colhoun, 1947).

Symptoms

Elongated brown lesions appear on the stem just above ground level. Seedlings turn
yellow and die in a short period of time. Brownish and discolored areas are observed
on the base of the stems and top part of the roots. Plants turn yellow, wilt and die.
Microscopic examination of the dead tissue reveals the presence of numerous small
pycnidia which release masses of tiny unicellular spores in a yellowish tendril. Occa-
sionally, the upper parts of the stems are infected, become discolored and die, while
the bases of the stems remain healthy and normal (Muskett and Colhoun, 1947).

Causal agent

Phoma exigna Desmaz. var. linicola (Naumov and Vass.) Maas. (Syn. Ascochyta linicola
Naumov and Vass) (Maas, 1965; Boerema and Verhoeven, 1976). This pathogen is soil-
and stubble-borne, and the seed-borne phase can have serious consequences. Primary
infections start from mycelia in the seed coat and from spores present on the seed
or in the soil. The fungus produces large numbers of pycnidia on infected and dead
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tissue. These pycnidia release millions of spores which are capable of creating disease
epidemics under favorable weather conditions.

Control

There are some indications of resistance in some flax cultivars to this disease (Ondrej
and Rosenberg, 1975). Seed treatments failed to protect the crop from this disease,
while foliar applications of fungicides may be effective in reducing the disease (Turner,
1987; Decognet et al., 1994). Sanitation is an important approach to protect the crop
from this disease; use clean and disease-free seed, follow a crop rotation of at least three
years between flax crops, and destroy crop residue after harvest.

Viral and phytoplasma diseases
Aster yellows

Distribution and economic importance

Aster yellows is a minor disease in flax but has a wide host range, which includes
canola, sunflower, sugar beet, carrot and many other plant species, including several
weeds. The six-spotted leathopper (Macrosteles fascifrons Uhl.) is the insect vector that
transmits the phytoplasma (Frederiksen, 1964). In North America, the disease occurs
annually at low levels of infection. However, an epidemic in 1957 caused widespread
severe yield losses in flax and other crops (Conners, 1967). The phytoplasma overwinters
in perennial broad-leafed weeds and crops, but most infections are carried by leaf-
hoppers that migrate from the southern United States. The severity of the disease
depends on the stage at which plants become infected, the prevailing temperature,
and the number of insect vectors that carry the organism (Frederiksen, 1964).

Symptoms

Aster yellows’ symptoms include yellowing of the top part of the plant, conspicuous
malformation of the flowers and stunted growth. The infection is systemic. All flower
parts are converted into small, yellowish green leaves (Figure 5.19). Diseased flowers
are sterile and produce no seed.

Causal agent

This disease is caused by a phytoplasma which is transmitted by the six-spotted leaf-
hopper (Macrosteles fascifrons Uhl.).

Control

Early seeding may help to avoid the migrating leathoppers in mid- and late-season,
and to reduce the incidence and severity of aster yellows. Control of leathoppers by
pesticide application depends on the leathopper population carrying the inoculum.
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Crinkle

Distribution and economic importance

This virus is of minor importance in flax but it infects oats, barley and wheat
(Westdal, 1968). Traces of this disease have been observed in western Canada (Hoes,
1975; Rashid ez 4/., 2000).

Symptoms

The distinguishing symptoms of this virus infection are ennations on the axial leaf
surface, the puckering of leaves, stunted growth and reduced tillering. Flowers appear
normal in contrast to symptoms of aster yellows but seed production is usually
reduced.

Causal agent

Oat blue dwarf virus (OBDV) transmitted by the same leathopper that transmits aster
yellows.

Control

Conduct early seeding to avoid the migrating leathoppers in mid- and late-season. Control
of leathoppers by pesticide application depends on the leathopper population and the
presence of the virus.

Curly top

Distribution and economic importance

This disease is of minor importance in flax but the virus infects sugar beet. It was first
reported from California in 1944 (Muskett and Colhoun, 1947).

Symptoms

The distinguishing symptoms are irregular leaves grouped together at the growing point
with general chlorosis of the whole plant.

Causal agent

The beet curly top virus (BCTV) is transmitted by the leathopper (Exzertix tenellus Baker).

Control

Late seeded crops escape the disease due to early migration of the insect vector. Control
of the insect vector by pesticide application depends on insect population and the
presence of the virus.
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Non-parasitic disorders
Chlorosis

Distribution and economic importance

These disorders are associated with calcareous soils which are rich in lime but deficient
in trace elements such as zinc, manganese and iron (Flor, 1943). Such disorders are
most common with severe epidemics in fields with high soil moisture contents and
under cool conditions at the seedling stage. Chlorosis may also occur in flax on water-
logged soils. Flax cultivars can recover if the soil moisture conditions and temperature
return to normal, otherwise plants will start to die from the top down resulting in
yield losses depending on the severity of dieback.

Symptoms

Leaf chlorosis that starts from the top downward is the most common symptom
(Figure 5.20). If this condition persists for a few weeks, terminal buds start to die
and lateral-branch dieback of terminal buds will occur and development of lateral branches
are formed at the lower stem. Longer exposure to this condition will result in the death
of the whole plant and probably the whole field (Figure 5.21).

Control

Adequate fertility levels in the soil, including the trace elements, are essential for a
healthy crop. Late seeding will help the crop escape the high soil moisture conditions
and cool temperatures at the seedling stage, especially in areas where this problem pert-
sists year after year. Some flax cultivars are tolerant to chlorosis (Kenaschuk ez /., 1996)
and are recommended for areas where chlorosis is a problem.

Heat and frost canker

Distribution and economic importance

Flax is affected by these disorders wherever the crop is exposed to high temperature
conditions or freezing conditions at the seedling stage. Damage is usually most severe
in thin stands on light soils. Low spots are more conducive to frost canker. The
damage becomes severe if these conditions prevail for a longer period or if the extreme
temperatures recur for several days. In such situations, the damage is commonly incon-
spicuous, stands may be drastically reduced, and fields may have to be re-seeded to
ensure acceptable plant populations and reasonable yield.

Symptoms

Heat canker is formed when the surface layer of soil around the stem is over-heated. This
will kill the outer tissue of the stem. The affected region of the stem becomes constricted
at or near the soil line, and seedlings fall over and die (Figure 5.22). Frost cankers are
similar to heat cankers in appearance (Figure 5.23) but are caused by freezing temperatures
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Figure 5.20 Flax chlorosis: yellowing starts from the top of the plant and moves downward.
Figure 5.21 Severe chlorosis and poor stand can destroy the whole field.

Figure 5.22 Heat canker, stem girdling and breakage.

Figure 5.23 Frost canker, stem breakage at soil surface.

at the soil surface. The area below the constriction is usually thin and dry, while that
above it is swollen and appears rough and cracked. Less severely damaged seedlings
produce new shoots and may grow to maturity but will not produce normal yield.

Control

The damage from heat and frost cankers can be reduced by using recommended seed-
ing rates and following proper seeding practices to ensure good and vigorous stands.
Early seeding at a higher seeding rate in a north—south direction is recommended in
areas where these cankers are expected to occur.

Injury due to berbicides

Distribution and economic importance

Crop injury may occur at any time when herbicides are not applied according to
recommended procedures of application, including spray drifts from ground or aerial
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applications in adjacent fields. Herbicide injury may also result from residual her-
bicides in the field from previous years. The level of tolerance is usually low and the
damage is high, resulting in partial or complete death of affected crops and loss in
yield. The damage is compounded under extreme environmental conditions of high
humidity, low soil moisture, temperature extremes, or other conditions of stress.

Symptoms

Symptoms of damage vary depending on the herbicide causing the injury. Some of the
common symptoms are bending and twisting of stems, yellowing of leaves, delayed
maturity, temporary leaf yellowing, thin stand and delayed emergence in the case of
soil residues, and suppression of flax growth for a short period.

Control

Following the proper guidelines for the use and application of herbicide will reduce
incidence of direct injury, reduce spray drift, and minimize the residual impact in the
soil. The use of recommended rates at the correct stage of the crop under normal envir-
onmental conditions will also reduce the probability of causing crop injury.
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6 Principal insect pests of flax

lan L. Wise and Juliana J. Soroka

Introduction

Only a small number of the major cosmopolitan insect pests of crops attack flax, Linum
usitatissimum L., and these are considered to be minor in their economic impact on the
crop. Nevertheless, insect pests can cause serious yield losses wherever flax is grown.
Most of the main insect pests of flax are indigenous to specific regions, subcontinents,
or continents. Thus, each geographic area of the world has its own unique complex of
flax insect pests. No differences in insect diversity are known to occur between flax
grown for seed or fiber. Therefore, the relative importance of each insect pest depends
on its feeding site on the plant, the stage of the plant when fed on, and on the eco-
nomic value of fiber versus linseed oil.

Most insects feeding on flax are polyphagous, consuming plants in a variety of plant
families. Fewer than a dozen insect species are monophagous, restricted in their feed-
ing to flax and its close relatives. Major insect pests of flax, which include potato
aphids, cutworms, flea beetles, flax thrips and linseed midges, occur in both feeding
groups.

This chapter discusses the host range, biology, diagnostic methods, economic
impact, and control methods for each of the major insect pests of flax listed above.
It also provides a brief description of minor insect pests of flax, including climbing
cutworms, plant bugs, crane flies, grasshoppers, leaf rollers, stem borers, and leaf
miners.

Major insect pests of flax
Potato aphid, Macrosiphum euphorbiae (Thomas)

Pest distribution and host range

The potato aphid originated in North America and now has a worldwide distribution
(Blackman and Eastop, 1984). It can be found on many commercial vegetable and field
crops but until the 1990s was considered to be a serious pest of only tomatoes and
potatoes (Hodgson er /., 1974; Lange and Bronson, 1981; Walker ¢z 4/., 1984). Outbreaks
of the potato aphid on flax were first reported in western Canada in the 1980s (Lamb,
1989), and field studies have since shown that this aphid can cause serious yield losses
(Wise ¢t al., 1995). The potato aphid is now considered to be the most serious insect
pest of flax in western Canada.
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Biology and ecology

Potato aphids overwinter as eggs on woody perennials, particularly wild and domest-
icated roses (Shands er /., 1962). The first generation of wingless females arises from
eggs hatched in the spring. These females give birth to nymphs which develop into
both winged and wingless adults. In western Canada, the winged females migrate from
the winter hosts to summer hosts such as flax in late June to early July when the crop
is flowering and developing seeds (Wise ¢z a/., 1995). Wingless females develop on the
summer hosts and produce living young by parthenogenesis (Figure 6.1). Most of these
females are 3—4 mm long, have long legs, prominent cornicles or siphunculi on the
sides of their abdomens, and are entirely green, although a pink phase may occur. A
number of generations of wingless females develop on flax until early August, when
winged females and males appear in response to diminishing daylight (Lamb ez /.,
1997). These winged adults migrate back to the winter hosts, resulting in rapid drops
in aphid populations on the summer hosts. Adults on the winter host mate and females
produce eggs for overwintering.

Inspection and diagnostic methods

The easiest way to detect aphids in flax is to gently sample the upper portion of the
plant with an insect sweep net before the crop is flowering in late June or early July.
Yellow sticky traps, yellow colored cards covered with an adhesive to which flying insects
become stuck, or water pan traps, containers of water that drown insects, can also cap-
ture aphids, but are generally less effective at low populations than is sweeping. If
aphids are found, fields need to be more closely inspected by randomly collecting plants
when the crop reaches the full bloom or early green boll crop stages. To collect plants,
the stem should be severed at the base, and the plant placed separately in a plastic
bag. Aphids can readily be counted soon after sampling by lightly tapping the severed
plants on a white surface to dislodge the insects.

Economic impact

The potato aphid is the most serious insect pest of flax grown in the plains region of
western Canada and the northwestern United States. Adults and nymphs damage flax
by extracting plant fluids from the stems, leaves and developing bolls. Although the
potato aphid can vector plant diseases (Boyce and McKeen, 1967; Halbert er /., 1980),
it is not known to transmit any diseases of flax. Aphid feeding causes yield losses mainly
by lessening the plant’s ability to set healthy seed. The weight of individual seeds is
only slightly reduced and oil content and quality is not affected by the aphids. Plants
under drought stress may be prematurely desiccated by high aphid densities. Yield
losses of 20 percent or more in oilseed flax may occur when aphid densities exceed 50
or more per plant (Wise ez #/., 1995). Aphid densities generally do not get high enough
to kill plants because of the impact of natural enemies on aphid populations.

Control methods

The most effective method to control potato aphids in flax is with a single insecti-
cide application at full bloom or at the early green boll stage (Wise ez a/., 1995).

Copyright © 2003 Taylor & Francis



Table 6.1 Upper and lower cumulative potato aphid counts at full bloom and early green
pod crop stages of oilseed flax (from Wise and Lamb, 1995)

Number of Sampling at full bloom Sampling at early green pod
plants

Lower Upper Lower Upper
20 96 224
25 44 106 129 271
30 56 124 163 317
35 69 141 197 363
40 81 159 231 409
45 94 176
50 107 193

Treatments applied at these crop stages provide season-long control because there is
insufficient time left for aphid populations to recover. To determine if an insecticide
treatment is needed, a minimum of 25 plants at full bloom and 20 plants at early
green boll should be collected randomly in the field to provide an accurate estimate
of aphid densities (Wise and Lamb, 1995). If aphid populations exceed the cumula-
tive aphid total listed in the sequential decision plan table for each crop stage
(Table 6.1), control measures need to be applied within 48 hours. Aphid densities below
the lower limit should not be sprayed, while those between the upper and lower
limits should continue to be sampled until a decision on whether or not to spray can
be made (Wise and Lamb, 1995). The upper and lower counts in the table take into
account population variances at an economic threshold of three aphids/plant at full
bloom or eight aphids/plant at early green boll crop stages (Wise and Lamb, 1995).

The potato aphid is highly susceptible to attack by fungi in the Order Entomo-
phthorales (Shands ez a/., 1962), especially in years of high rainfall and humidity in
late June and July. In years when aphids are attacked by fungal diseases, populations
are often decimated before they reach economic thresholds, but high populations can
also be drastically reduced by the pathogen. Aphid populations sampled at full bloom
that have many diseased insects should be sampled again at the early green boll stage
to determine the effect of the disease on aphid densities.

A number of predators such as ladybird beetles, lacewings, hoverfly larvae and par-
asitic wasps attack the potato aphid, but they are largely ineffective in controlling aphid
populations during years of high levels of adult emigration and rapid colonization on
flax. Potato aphid populations are known to be suppressed by predators and parasitoids
during years of slow colonization of some crops (Walker ez /., 1984), but this has yet
to be proven in flax.

Cutworms

Pest distribution and host range

The larvae of many cutworm species (Lepidoptera: Noctuidae) attack flax crops in nearly
all areas of the world where flax is grown. Localized outbreaks generally are composed
of only one species, but several species often occur in a flax-growing area. The pale
western cutworm, Agrotis orthogonia Morrison, and the red-backed cutworm, Ewxoa
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ochrogaster (Guenée), are the most common in North America (Parker ez 2/., 1921; King,
1926; Philip, 1977), and several other species, primarily within the genera Exxoa, Feltia,
Laphygma, and Agrotis, are found in Europe (Filipyev, 1929), South America (Wille
and Garcfa Rada, 1942), India (Isaac, 1936; Narayanan, 1962; Malik ez 2/., 1998), and
China (Chen, 1985; Chen et al., 1990; Chen, 1992; Anonymous, 1998). All species
are highly polyphagous and can feed on most cereal, oilseed, and legume crops as well
as on many different weed species. The presence of flax flowers and those of most other
dicotyledonous crops can exacerbate outbreaks of cutworms by providing food for oviposit-
ing females (King and Atkinson, 1926).

Biology and ecology

The adults of all pestiferous cutworms are moths that have dark gray or brown
forewings, often with mottled patterns of dark and light spots, and lightly colored
hind wings. The moths vary in size but most have a wing span of 25-40 mm. Adults
generally emerge in late summer to mate and lay eggs. Fields with loose soil and small
hills or knolls are selected for oviposition or egg laying. Eggs are laid singly or in
small clusters at or just below the soil surface or on the underside of host plant leaves.
In some parts of India, female greasy cutworm (Agrotis ypsilon Rottemberg. (= black
cutworm A. 7psilon Hufnagel) moths prefer to lay their eggs on wet or muddy soil just
after flood waters have receded (Narayanan, 1962). Most species overwinter as eggs and
hatch the following spring; however, species such as the early cutworm E. tristicula
Morrison overwinter as immature larvae and commence feeding in early spring.

Young larvae begin feeding early in the growing season, usually on weeds before
the flax seedlings emerge. Larvae stay in the soil during the day and feed during the
evening near the soil surface until they become full grown in about three to five weeks.
The larvae of most species are greenish or reddish brown with a brown head capsule,
and reach lengths of up to 40 mm. When disturbed, the larvae curl up into a typical
C configuration. At maturity, larvae form pupation cells or small chambers at 5 to
7 cm depths in the soil and pupate there.

Inspection and diagnostic methods

The first signs of cutworm outbreaks are the sudden presence of severed or partially
severed plants in localized areas on the soil surface. In fields with small hills or knolls,
plant damage typically first appears as bare spots or partially severed plants in the high-
est areas of the field. Plant damage usually progresses within seed rows and is con-
centrated near the perimeter of the outbreak areas. Areas damaged by cutworms should
be inspected early in the morning to determine the severity of the damage before
severed or damaged plants desiccate and become dispersed by the wind. Plants that
are partially severed usually become more visible later in the day, particularly if con-
ditions are hot and windy.

Larval densities in the soil can be estimated by sifting the top five cm of soil near
the margin of the damaged area, using a hand trowel and a #5 to #8 mesh sieve.
The larvae can reach 20 to 35 mm in length by the time that damage to flax becomes
visible. Sampling can be done at any time during the day, but is easiest later in the
day when the soil surface is dry. This sampling method should capture all larvae in
the sampled area. A second method (Ayre, 1990), in which only loose soil around plants
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exhibiting cutworm damage is inspected, is about 75 percent effective in collecting
larvae. This method is useful when equipment mentioned earlier is not at hand. While
the first method enables a ready conversion of larval densities to a per m” total, the
second method requires a measuring of row spacing by length of row inspected to deter-
mine larval density.

Economic impact

Cutworms damage flax plants by totally or partially severing the stems of the seed-
lings at the soil surface. Damaged plants are either completely destroyed or are severely
weakened and made susceptible to further damage by wind or disease. Plant injury
usually occurs too late in the season to reseed, and results in partial or complete yield
loss in the affected areas. The black cutworm A. ypsilon Rott. (= ipsilon Hufn.) typic-
ally causes 10 to 30 percent damage to flax in northern China (Anonymous, 1998). A
population of 12 redbacked cutworm (Ewuxoa ochrigaster (Guenée)) larvae per m’ can
cause a 10 percent reduction in flaxseed yields (Anonymous, 1996). Ayre (1990) in
Manitoba, Canada, found a density of 32 redbacked cutworm larvae per m” destroyed
all flax plants that had been seeded at a rate of 45 kg/ha in rows 20 cm apart. Since
the cutworm species infesting flax have similar feeding habits, they are considered as
one pest when determining their potential for economic damage to the crop.

Control methods

The most effective control for cutworm infestations is the application of an insecticide to
the base of plants in the damaged areas. Treatments late in the afternoon or early evening
will control larvae which come to the soil surface to feed. The insecticide should be
applied as soon as damaged plants and larvae are detected, using high water volumes
(100 1/ha or more) to improve coverage and penetration of the insecticide into the soil.

Cultural methods such as leaving a protective crust on fallowed fields near the end
of the growing season will reduce the attractiveness of these fields as oviposition sites.
Cultivation of fallow fields harboring cutworm pupae will bury them or expose them
to predators. Also, fallowed fields kept weed free early in the season will prevent the
fields from being a source of future infestations. Delaying seeding will effectively pre-
vent feeding injury by some early cutworm species, but is not effective against the
MOoSt COMMON CUtworm species.

Many species of birds can help to reduce cutworm feeding injury by predation on
larvae and pupae. Early season cultivation can encourage predation by bringing these
stages to the soil surface. In India, damage to flax by the black cutworm A. ipsilon was
reduced by about 70 percent from predation by the pond heron (Malik, 1998).

Flea beetles

Pest distribution and host range

The large flax flea beetle Aphthona euphorbiae (Schrank) and the flax flea beetle Long-
itarsus parvulus (Paykull) are serious pests of flax cultivars grown for fiber and seed in the
British Isles (Rhynehart, 1922; Ferguson ez 2/., 1997) and throughout mainland Europe
(Grandori, 1946; Fritzsche and Lehmann, 1975; Lewartowski and Piekarczyk, 1978;
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Cate, 1984; Sultana, 1984; Beaudoin, 1989; Voicu ez /., 1997), Russia (Yaroslavtzev,
1931), and Turkey (Lodos er al., 1984). The two species are usually found together
(Jourdheuil, 1960), except in the southern areas of Russia where the flax flea beetle is
largely absent (Popov, 1941). In areas where the species are sympatric, their relative
abundance can vary considerably from year to year because of marked differences in
their ecological preferences. As many as 15 other species of flea beetles in five genera
(Yaroslavtzev, 1931), including Phyllotreta wundulata (Kutschera), Psylliodes affinis
Paykull, Ps. chrysocephala L., and Aphthona abdominalis (Duftschmid) (Lakhmanov, 1970)
have been found on flax, but their damage is either very localized or not significant.

Cultivated flax is a favored host of L. parvulus (Popov and Firsova, 1936) and
A. euphorbiae (Kurdiumov, 1917), but clovers, cereal crops, beets, and numerous
weeds are also fed upon. Beetles of both species feed on the pollen of many flowering
plants, especially those in the Cruciferae, Compositae, and Umbelliferae families
(Pluzhnichenko, 1963).

Biology and ecology

The adults of the large flax flea beetle A euphorbiae are metallic green in color and 1.5—
2.0 mm in length. The flax flea beetle L. parvulus, also known as the springing black
beetle, is 1.0~1.2 mm long and has long first tarsal segments on its hind legs (Figure
6.2). The adults of both species begin to emerge from winter hibernacula when air
temperatures average 9—12°C (Popov and Firsova, 1936) and temperatures in the top
2 cm of soil reach 11°C (Fritzsche, 1958). Emergence is hastened if the soil is dry in
spring (Popov and Firsova, 1936). Adults commence feeding as spring temperatures
near the soil surface reach 15-20°C (Fritzsche and Hoffmann, 1959; Jourdheuil,
1960). Their numbers and peak flight activity occur in May at the time seedlings of
spring-sown cultivars begin to emerge from the soil and air temperatures exceed 20°C
(Fritzsche, 1958). Adults feed on the cotyledons, vegetative buds and stems of newly
emerged seedlings. Females lay eggs in soil surface cracks on or near the lateral roots
of the plants in June to early July. The larvae of both species emerge within about
three weeks. They feed on the lateral roots and tunnel into the tap roots of young
plants, or feed on the root cortex and lateral roots of older plants (Popov and Firsova,
1936; Jourdheiul, 1963). New generation beetles emerge from August to early
September, although summer adults of L. parvulus have been found as early as mid-
July in Ireland (Lafferty er 2/., 1922). Adults feed on the leaves, stems and seed cap-
sules of flax until the plants mature and on other food sources before seeking dry sites
in wooded or grassy areas, in crevices of walls, or other protected places in late September
and October to overwinter.

The large flax flea beetle thrives within a wider temperature and humidity range
than the flax flea beetle. Although it prefers warm, moist conditions, the large flax flea
beetle can withstand hot, dry weather that could be fatal to pre-adult stages of the
flax flea beetle (Popov, 1941). Conversely, the flax flea beetle prefers cool, moist con-
ditions and is often the dominant species in cool, wet summers.

Derection, inspection and diagnostic methods

Insect sweep nets, yellow pan traps and sticky traps are effective means of detecting
the migration of overwintered flea beetles into a field. The traps should be placed at
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Figure 6.1 Potato aphid, Macrosiphum euphorbiae (Thomas), wingless adult and nymphs on
a flax leaf. The aphid is the most serious pest of oilseed flax in western Canada.
(Photo courtesy of Agriculture and Agri-Food Canada, Cereal Research Center,
Winnipeg, Canada).

Figure 6.2 Flax flea beetle, Aphthona euphorbiae (Schrank) adult. The beetle is common on
flax throughout most of Europe. (Photo courtesy of Dr. T. Rozhmina,
The Flax Research Institute (VNIIL), Torzhok, Russia).

Figure 6.3 Linseed blossom midge or bud fly, Dasyneura lini Barnes, adult female. The
midge is one of the most destructive insects on flax in India. (Photo from Richharia,
1962).

Figure 6.4 Flax bollworm, Heliothis ononis (Denis and Schiffermiiller) larva on a flax boll.
The bollworm, a climbing cutworm, is usually held in check by natural forces,
but on occasion has reached damaging levels in western Canada. (Photo cout-
tesy of R. Underwood, Agriculture and Agri-Food Canada, Saskatoon Research
Center, Saskatoon, Canada).
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the edges of fields immediately after seeding, and checked weekly until the end of May
or once the crop is past the seedling stage. Sampling with a sweep net is most effect-
ive when the crop emerges from the soil; sweep sampling provides a quicker sample
method and catches greater numbers of beetles than pan or sticky traps.

The initial symptom of flea beetle damage is a reduced or lack of seedling emer-
gence, particularly along field borders. Feeding by the adults can kill the seedlings before
the plants emerge from the soil. Upon close inspection, the adults can readily be seen
on the seedlings, especially during hot sunny days. The leaves and cotyledons on
damaged plants may be notched on the edges and have a “shot hole” appearance where
the upper and lower surfaces of the plant tissue have been consumed. In addition, stems
may be fed upon, causing heavily damaged plants to wilt or die on sunny days, or to
become stunted and develop an increased number of basal tillers. Damage to older plants
by new generation beetles appears as semicircular notches on leaf margins and sepals
or as lesions to the stem. In flax grown for fiber, the lesions may indicate severe injury
to the fiber cells and a lowering of fiber production.

Economic impact

Flea beetles are a serious insect pest of flax in many parts of Europe. In 1994 wide-
spread feeding damage by flea beetles to linseed seedlings was reported for the first
time in the United Kingdom (Haydock and Pooley, 1997); flea beetles have since become
the most serious pest of flax in England (Ferguson et a/., 1997). The economic impact
of flea beetles is influenced by the differences in yield components of linseed cultivars
grown for seed versus flax cultivators grown for fiber. Feeding by the overwintered adults
on seedlings can result in complete crop losses (Carpenter, 1920), particularly when
mild winters favor a high overwintering survival of beetles and conditions are un-
suitable for rapid seedling growth. Plants with severe damage to the cotyledons
(> 75 percent of surface area) and to the first true leaves are shorter and produce less
and lower quality fiber and less seed than plants defoliated even more severely later in
their growth (Sokolov and Bezrukova, 1939). Later attack can slow down vegetation
growth (Sultana, 1984). Although Fritzsche (1958) reported plant losses of 30 percent
due to larval feeding, larvae are not considered to cause significant damage to the crop.
Adults that emerge in the summer are not known to cause significant damage to oilseed
flax but their feeding on upper and middle stems of fiber flax, the most important
parts in the production of fiber, can cause fiber cells to become corky and decrease the
value of the crop (Durnovo, 1935).

Control methods

The use of seed dressing insecticides is the most common means of preventing flea
beetle injury to the emerging seedlings (Gheorghe and Doucet, 1987; Gheorge
et al., 1990; Horak, 1991; Trotus er al., 1994), particularly to seedlings that may be
attacked before they are fully emerged. Foliar treatments will also protect young seedlings
(Oakley er al., 1996; Haydock and Pooley, 1997) if applied when flea beetles invade
fields after seedlings have emerged. A sampling method to estimate flea beetle densit-
ies and an economic threshold to determine the need to apply a foliar insecticide have
not been developed.
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To date, no genetic resistance to flax flea beetles has been found. Trichomes or hairs
on the leaf surfaces of some wild flax species may offer potential deterrence to feeding
by flea beetles (Rozhmina, 1999, personal communication).

Generally, cultural control methods have been less effective than the use of insecti-
cides in areas of high flea beetle populations. However, in areas of lower infestations,
cultural practices such as good seedbed preparation, the use of faster establishing
cultivars, and very early (late April) seeding (Rhynehart, 1922) can allow the seed-
lings to outgrow flea beetle damage. The effectiveness of these measures depends
on weather, chiefly rainfall, that encourages rapid growth of the seedlings (Durnovo,
1927), and on the relative abundance of the two main beetle species. Early sown crops
that develop under cool conditions are less susceptible to damage in areas where the
large flax flea beetle dominates, while later sowings are more effective where the flax
flea beetle is more common (Popov, 1941). Historical reports showed that fields with
increased seeding rates or narrower row spacings are often less attacked (Kurdiumov,
1917).

Changes in seeding dates may enable both seedlings and ripening flax to escape feed-
ing damage. In regions with relatively mild winters, spring seedlings from autumn-
sown plants are usually large enough to withstand flea beetle attack. The effectiveness
of fall planting also depends on the timing of seedling emergence relative to the autumn
flight of the new generation adults. Early spring sowings in colder regions can help
to reduce the damage by new generation adults late in the season to flax grown for
fiber.

Early in the growing season adult flea beetles are susceptible to parasitism by
braconid wasps, attack from entomopathic nematodes, and infection by fungi, Entono-
phthora spp. (Jourdheiul and Chansigaud, 1961). In warm, humid weather the fungi
spread rapidly throughout the flea beetle population and may affect up to 90 percent
of the beetles (Fritzsche and Hoffmann, 1959). The effectiveness of these organisms in
controlling flea beetle populations is generally low because considerable egg-laying occurs
before adult mortality.

Flax thrips

Pest distribution and host range

The adult and larvae of Thrips linarius Ladureau {syn. Thrips lini Ladureau}l and
T. angusticeps (Uzel) can seriously damage flax grown in western Europe (Bonnemaison
and Bournier, 1964; Czencz, 1985; Brudea and Gheorghe, 1989) and Russia (Uvarov
and Glazunov, 1916). T. /inarius feeds primarily on flax (Czencz, 1985) and is com-
monly known as flax thrips. T. angusticeps, known as flax thrips, cabbage thrips, or field
thrips, prefers flax but is common on many crops, particularly peas (Doeksen, 1938),
beets, onions, radish, wheat and barley (Franssen, 1955; Franssen and Mantel, 1961).
Over 20 other species of thrips have been found on flax (Franssen and Mantel, 1961;
Walters and Lane, 1991; Abrol and Kotwal, 1996), including Aeolothrips fasciatus L.,
which preys on the larvae of T. /inarius (Ermolaev, 1940). However, no more than
three or four species breed on flax (Morison, 1943), and most species, except for the
two Thrips spp. listed above and the ubiquitous onion thrips T. tabaci Lindeman
(Bonnemaison and Bournier, 1958), are relatively rare and are not known to cause notice-
able crop damage.
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Biology and ecology

Thrips are very small insects, 0.5 to 2.0 mm long, with narrow bodies and pro-
minent legs and antennae. All adults of T. /inarius and the summer generation of
T. angusticeps have four long narrow wings that are fringed with long hairs, and are
strong fliers, whereas the adults of the overwintering generation of T. angusticeps
have short wings and are flightless. The eggs laid by fertilized females produce
mostly female offspring. Males develop parthenogenetically from unfertilized eggs
(Zawirska, 1963). Except for their smaller size and lack of wings, larvae are similar in
appearance to adults. Both larval and adult stages of thrips actively move about on the
host when disturbed and are most active on calm, clear days. Distribution of thrips
tends to be general across a field, with little congregation at the edge (Walters and
Lane, 1991).

In most areas of Europe, T. linarius is univoltine, having only one complete genera-
tion per year, while T. angusticeps produces two generations: the short-winged colorless
females of the overwintering generation lay eggs which develop into the long-winged
summer adults (Franssen and Huisman, 1958). However, thrips voltinism appears to
be plastic: in Finland only one generation of T. angusticeps, which is entirely short winged,
is produced (Hukkinen and Syrjanen, 1940), while T. /inarius is thought to have a par-
tial second generation in Romania (Brudea, 1990) and at least two generations in Poland
(Zawirska, 1960).

Adults of both thrips species overwinter in the soil at depths of 20 cm or more
and emerge in the spring when soils begin to warm (Ermolaev, 1940; Franssen and
Huisman, 1958) and daytime temperatures average 8 to 10°C (Gheorghe, 1987), or
remain to hibernate another year in the soil (Franssen and Mantel, 1961). Males of
T. linarius are few in number and usually remain on weeds at the overwintering site,
while females move to flax after mating. The short-winged adults of T. angusticeps often
emerge well before flax is seeded, and seek out other plants on which to feed and lay
eggs. The larvae remain on these plants until they become long-winged adults. Then
the adults of both sexes either remain or move to flax where they feed on young leaves
or growing points at the top of the plant. Females of both species lay eggs in June
and July near the growing points on young plants or on the inside of flower buds on
more mature plants. Larvae feed for about four weeks and then form a small cell in
the soil at depths of 10-25 cm to pass their prepupal and pupal stages (Ermolaev, 1940).
The young adults remain in the soil and move to greater depths with the onset of cold
weather.

Derection, inspection and diagnostic methods

The movement of flying thrips into flax can readily be detected with water or sticky
traps. Water traps should be about 6 cm deep and have a surface area of 250-500 cm”
(Lewis, 1973). The traps should be filled to within 2 ¢cm of the rim and a drop of
detergent added to break the surface tension of the water. The traps are best used at
ground level and should be placed around the perimeter of the field. Sticky traps with
flat surfaces can be positioned vertically or horizontally at various heights in the field.
Cylindrical traps have been found to be even more efficient than flat traps because they
reduce air turbulence around the trap (Gregory, 1951). All traps for thrips should be
white as opposed to yellow for flea beetles.
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Detecting the non-flying overwintering generation of T. angusticeps is more difficult.
Young seedlings should be inspected for signs of feeding damage, often manifested as
silver spots on the stalks or wilting growing tips. Older plants infested by larvae or
adults initially develop a yellowish gray color with dark spotted leaves and have
terminals that stand up instead of hanging to one side. Thrips can be sampled in older
plants by beating the plants against a white surface or by sweeping a damp board through
the top of the crop (Ferguson and Fitt, 1991).

Economic impact

Thrips are the most serious insect pest of flax in many flax-growing areas of Europe.
Flax seedlings or young plants sown in or near fields infested by thrips the previous
year can be severely damaged or killed by the first generation of T. angusticeps.
Seedlings whose growth is retarded by cool, dry weather are particularly susceptible
(Franssen and Huisman, 1958; Czencz, 1985; Beaudoin, 1989). Feeding by larvae and
adults of T. linarius and second generation T. angusticeps on the growing points and
young leaves of older plants either kills the growing points or causes abnormal cell
division which distorts growth. This can result in profuse branching on the main shoot
or the production of flowering tillers which could delay crop maturation and make
harvesting difficult. Feeding by thrips can cause flax foliage to assume a red, spotted
appearance. Heavily infested plants are often short, which can reduce the length of
their fiber but usually does not affect its quality.

Thrips® transfer of pollen from flower to flower on flax plants is the main and often
sole cause of self-sterility in fiber flax, leading to reduced seed yields (Rataj, 1974).
Enzymes excreted during feeding and the extraction of sap from buds and flowers
can cause flowers and leaves at the top of the plant to wither. The damaged flowers
often drop prematurely or produce drastically reduced numbers of seeds. Capsules on
infested plants frequently burst open before ripening, causing a reduction in their weight
and in number of seeds.

Control methods

Thrips are very susceptible to drowning by heavy rains when they are burrowing into
the soil to overwinter, when they emerge in the spring, or if they are dislodged from
plants by rains in the summer. Cool and rainy summers suppress thrips reproduction
and can result in over ten-fold differences in overwintering populations from year to
year (Franssen and Mantel, 1961; Bonnemaison and Bournier, 1964).

Cultural practices such as sowing flax early in the growing season can reduce thrips
injury, particularly where T. /inarius is common. Conversely, cultivating fields early
in the spring to control weeds and delaying seeding until after adults have begun to
emerge from the soil can increase mortality of young adults through starvation and,
subsequently, reduce the buildup of the summer adult populations of T. angusticeps.
Autumn and winter cultivation that redistributes the thrips to both shallower and deeper
soil depths can increase the overwintering mortality of thrips in the soil.

Damage to flax by the overwintering generation of T. angusticeps also can be prevented
by sowing flax in fields not sown with a susceptible crop the previous year. Flax should
not be grown after peas, mustard, or cole crops, but by following a rotation that includes
cereal crops, red clover or potatoes (Franssen and Huisman, 1958).
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Foliar application of insecticides, especially those with systemic activity, can effect-
ively prevent feeding injury by thrips. Application timing should coincide with the
most susceptible stage of the thrips and before significant feeding damage has occurred.
In most flax fields insecticides should be applied in early June or at the onset of flower-
ing when larvae begin to hatch or are early instars (Brudea and Gheorghe, 1989). However,
timing may be complicated by rapid population increases caused by airborne immig-
ration of adults which may necessitate earlier applications in May. For example, applica-
tion of an insecticide when the flax is about 2.5 ¢cm high followed by a second treatment
about two weeks later may be needed in fields being attacked by overwintering
populations of T. angusticeps and their offspring (Franssen and Kerssen, 1962).

Linseed blossom midge or bud fly

Pest distribution and host range

The linseed blossom midge or linseed bud fly, Dasyneura lini Barnes (Diptera:
Cecidomyiidae), is found in all flax-growing regions of the Indian subcontinent, and
seriously limits flax production in central and northern India. It also attacks pigeon
pea, Cajanus cajan Millsp. (Pruthi and Bhatia, 1937), and sesame, Sesamum orientale L.
(Narayanan, 1962), but has not been found on any noncrop hosts. One other midge,
D. sampaina Tav., produces galls on the terminal leaf buds of flax in Europe and Algeria,
but it is of no consequence as a pest (Barnes, 1949).

Biology and ecology

The adult midges are small (1-1.5 mm long), narrow-bodied orange flies that have
long legs and hairs on the back edge of the wings (Figure 6.3). The adults emerge
early in the morning during late December or early January and can be seen hovering
from plant to plant in calm weather (Pruthi, 1936). During the day females lay their
eggs singly or in clusters of three to five within the calyx of young flower buds (Pruthi
and Bhatia, 1937). A single female can lay up to 100 eggs (Narayanan, 1962). Eggs
hatch in one to two days, depending on temperature, and larvae enter the buds and
feed on the internal parts of the flower (Prasad, 1967). Typically two to four larvae
develop in infested buds, although as many as ten may be found. The light orange-
colored larvae feed for about seven days, causing greatest damage in the second and
third instar stages. They drop from the flower as orange-red fourth instar larvae (about
2.3 mm long), and immediately begin to pupate 5—7 cm below the soil surface (Prasad,
1967). Three generations of the fly are often completed from January to mid-March
(Pruthi and Bhatia, 1937). Infestation levels can remain high throughout this period
and are maximized by mean temperatures of 16—20°C and relative humidity of 60—
75 percent (Malik ez «/., 1998). Rainfall in January and March has little effect on midge
populations (Shrivastava er /., 1994). After the flax crop matures, most larvae in the
soil or under debris form a silken cover and enter a period of quiescence.

Economic impact

The linseed bud fly is the major limiting factor in the production of flax for seed in
India (Jakhmola and Yadev, 1983). Yield losses by the midge can be expected in most
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areas each year, and in the central and northern plains of India losses in some years
make the growing of flax uneconomical. During years of severe bud infestation, yield
losses by the bud fly can exceed over 90 percent (Malik er #/., 1996¢). Damage to the
crop is caused by the larvae feeding on buds which prevents the flower from opening
or producing seed.

Detection, inspection and diagnostic methods

In India, flax should be inspected for the presence of the midge once plants start to
develop buds. The adult females are most active during the brightest time of the day.
Their small size, tendency to hover near the tops of plants, and relatively slow flight
speed distinguish them from other flies. The adults are attracted to light, making
their collection with light traps in the evening simple. The larvae or maggots can be
found readily by gently breaking open the immature capsules soon after initial bud
development.

Control methods

Because midge larvae need to begin feeding on buds immediately after they hatch,
early seeding, no later than the first week of November for most flax cultivars, or the
growing of early flowering cultivars can reduce the severity of damage by the fly (Jakhmola
et al., 1973; Pal et al., 1978). Early maturing plants not only are less susceptible to
attack by first-generation larvae but are also more likely to escape damage by the later
generations. However, the effectiveness of either method at reducing bud fly infesta-
tion should be weighed against their yield disadvantages. For example, crops sown in
late October or early November often provide higher yields despite higher levels of
midge damage than crops sown earlier (Singh ¢z /., 1991; Malik ez a/., 1996b). While
no flax cultivars have been found to be completely resistant to the midge (Jakhmola
and Yadev, 1983; Kumar et a/., 1992), attributes of many varieties allow growers
to furcher reduce larval infestation through varietal selection. Flax varieties with such
phenotypic traits as short flowering periods, thin buds and thin sepals are less sus-
ceptible to the midge (Sood and Pathak, 1990; Malik er 2/., 1991; Mishra e al., 1996),
as are varieties with higher polyphenol contents (Malik ez #/., 1996d). Supplementing
earlier seeding dates and varietal selection with higher amounts of phosphorus (Singh
et al., 1991), and irrigating the crop at both branching and capsule formation can
also help to reduce bud fly infestation (Malik ez /., 1996¢). Increasing the amount of
nitrogen fertilizer will increase bud fly infestation, but usually not to the extent of
preventing higher yields (Malik ez @/., 1996¢).

After bud formation, a foliar insecticide treatment should be applied as soon as adult
flies are noticed. Treatments should not be delayed because this allows newly hatched
larvae to enter the buds, making their control with most contact insecticides more
difficult. Two or three insecticide applications at biweekly intervals can effectively con-
trol later generations of the midge (Jakhmola, 1974; Singh and Pandey, 1980). In most
years insecticides should be used only in areas where bud fly infestation is likely to
exceed 7 percent, in order for growers to realize an economic return (Malik er /., 1996a).
To maximize yields, insecticides should not be used as the only means of control but
should be combined with a variety that has low susceptibility to the midge and that
is most suited to the area (Sood and Pathak, 1986).
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Eight species of parasitoids of larval bud fly have been recorded (Narayanan, 1962),
and play a role in fly population reduction. Application of pesticide treatments late in
the season should be avoided because of potential damaging effects on parasites such
as the chalcid wasp Systasis dasyneurae Mani. The larva of this wasp parasitizes midge
larvae in the buds, attaching to the midge and extracting body fluids from its host.
Each wasp larva can destroy three to four midge larvae (Pruthi, 1937). Levels of pat-
asitism of late instar midge larvae can exceed 50 percent (Ahmad and Mani, 1939).

Minor pests of oilseed flax

Foliar caterpillars (climbing cutworms)

A second group of noctuid moth larvae or caterpillars, known as climbing cutworms,
occasionally attacks flax, often causing extensive damage in a short period. Climbing
cutworms differ from the cutworms discussed previously in that the larvae feed almost
exclusively above ground and attack all parts of the plant. The adults are mainly dark-
colored, stout-bodied moths with mottled forewings and wing spans of up to 40 mm.
The females are prolific egg producers, laying hundreds of eggs over a period of about
two weeks. Damage to flax capsules is generally done by later instar caterpillars after
they have fed on flowers, buds or leaves.

The most serious of the climbing cutworms in flax is the flax caterpillar Rachiplusia
nu (Guenée). It is frequently found in many of the flax-growing areas of Brazil and
Argentina (Griot, 1944; da Silva, 1987), and can produce as many as five generations
per year. Larvae are mostly green with longitudinal dorsal markings, and can reach a
length of 4 cm. They walk in a typical inchworm manner by arching their back upwards
to bring the posterior part of their abdomen forward. Larval populations are highest
in October, when seeds in the capsules are developing, and can cause extensive defoli-
ation. Insecticides should be sprayed at this time if densities exceed ten larvae greater
than 1.5 cm per 20 net sweeps (da Silva, 1987). The flax caterpillar also feeds on lucerne
(Medicago spp.), which can serve as an alternative host until flax becomes suitable for
oviposition in the spring.

The larvae of the semi-looper Plusia orichalcea F., which is widely distributed in India,
feed on a variety of fruit and vegetable crops, of which linseed is one (Narayanan, 1962).

In North America the army cutworm, Euxoa auxiliaris (Grote), and the bertha army-
worm, Mamestra configurata Walker (King, 1928), in Europe and Russia the flax worm
or silver Y moth, Awutographa gamma L. (Boldirev, 1923; Ruszkowski, 1928), and in
northern China the cabbage armyworm Barathra brassicae L. (Li, 1980; Chen e al., 1990;
Anonymous, 1998) are noctuids that feed sporadically on flax after moth populations
have increased in previous years. The army cutworm and bertha armyworm are uni-
voltine, having one generation a year, while the flax worm and cabbage armyworm
have at least two generations, of which the second is of greatest concern in flax. These
species overwinter either as a partially developed larva or as a pupa. Larvae of the army
cutworm and the flax worm become active in early spring and feed on various weeds.
The late instar larvae of the army cutworm and of the flax worm are highly migratory
and can move into flax after they have destroyed nearby food plants. This generally
concentrates damage on young plants along the edges of fields. Army cutworm
populations greater than ten larvae per m” should be treated with an insecticide
(Anonymous, 1996). Larvae of the bertha armyworm hatch from eggs laid on the stem
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and leaves in July. Yield losses occur when the late instar larvae feed on the flowers
and immature capsules.

The larvae of a pyralid moth, the beet webworm Loxostege sticticalis L., occasionally
damage flax in localized areas of western Canada (Strickland and Criddle, 1920), Russia
(Esterberg, 1932; Berezhkov, 1936), and northern China (Lei, 1981). Early instar larvae
are dark green, becoming black near maturity, with two white lines along the length
of their backs. Two and sometimes a partial third generation of the beet webworm
develop each year, but only the second generation is of concern to flax producers. Larvae
of the second generation feed on leaves, flowers, and stems of flax in July to August,
often consuming many different dicotyledonous weeds before beginning to feed on
flax. The larvae are highly migratory and may travel over one kilometer in search of
new food sources after they have destroyed the local food supply (Esterberg, 1932).
The webworm overwinters in the soil as a late instar larva or pupa. Outbreaks and
mass movement of webworm larvae generally occur in years when weed growth is reduced
by hot, dry summer weather.

Flax is not a preferred host for any of these caterpillar species, and it usually is attacked
only after other plant hosts in the flax or nearby fields have been consumed. Common
broadleaf weeds such as the goosefoot Chenopodium album L. either act as an attractant
for ovipositing females such as the bertha armyworm (King, 1928), are a favored food
source for early instars, such as the flax worm and the beet webworm (Esterberg, 1932),
or enable the larvae to reach a stage capable of attacking flax (Merzheeskaya, 1963).
Controlling weeds in flax largely eliminates problems with these insect pests, except
during years when larval populations may move into flax from nearby infested fields.
In Canada flax has recently become more susceptible to damage because of the rapid
expansion of canola or rapeseed — a preferred food source of the bertha armyworm (Bailey,
1976). Cultivation of weeds soon after the soil has warmed in spring is an important
means of cutworm control; such cultivation acts to reduce army cutworm larval pop-
ulations by removing their food supply and starving them before they are large
enough to migrate into nearby flax fields.

Outbreaks of these polyphagous pests on flax are usually confined to very damag-
ing but small infestations (Kanervo, 1947; Merzheeskaya, 1963; Mason e a/., 1998).
Populations of all climbing cutworm species are held in check by parasites and dis-
eases, and both the bertha armyworm and the flax worm are highly susceptible to nuclear
polyhedrosis viruses during outbreaks (Vago and Cayrol, 1955; Erlandson, 1990).

Bollworms

Bollworms differ from other climbing cutworms in that young larvae feed on buds
and flowers for a short time before they enter a capsule and feed until its contents
are exhausted. Larvae then exit the capsule and either feed on foliage or enter another
capsule.

Most bollworm species that attack flax are generalist feeders such as Helicoverpa armigera
Hiibner (May, 1949; Chiarelli de Gahan and Touron, 1954; Goyal and Rathore, 1998),
Heliothis virescens (E.), Heliothis geloropoeon (Dyar) (Velasco de Stacul er @/, 1969) and
Helicoverpa punctigera Wallengren (Kirkpatrick, 1961). Flax is not the preferred host
for any of these species, and the flowers and capsules are damaged by their larvae only
during years when flowering flax plants attract a large number of ovipositing adults
during their migration from other hosts. The moths can be identified in the field by
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their peculiar habit of flying low and rapidly for a short distance and then alighting
after being disturbed. The females produce large numbers of eggs which are laid singly
on bud terminals or flowers. The larvae hatch in three to four days and feed for about
three weeks (Rossiter, 1969). Larval densities of 3/m row of crop can reduce yields by
30 percent (Passlow ¢ /., 1960). To reduce feeding injury greatly, seeding should be
timed so as to avoid having plants in flower during peak moth flights. Fields should
be inspected at flowering for the presence of adult moths. An insecticide treatment
applied ten days after peak flowering will minimize feeding damage and prevent rein-
festation by late emerging larvae (Passlow ez a/., 1960). Predation and parasitism should
be encouraged. In India, preying on the larvae of H. armigera by the black drongo bird
reduced flax capsule damage by more than 50 percent (Malik, 1998). Damage may
have been further reduced by the placement of bird perches near or in flax fields.

Two bollworm species, Heliothis dipsacea L. in Russia and the Ukraine (Shchegolev,
1928; Paramonov, 1953), and the flax bollworm H. ononis in western Canada (Twinn,
1944; Twinn, 1945; Putnam, 1975) (Figure 6.4), also have other host plants but pre-
fer flax over other crops. The moths move to flax and lay their eggs in open flowers.
Young larvae eat the developing seeds within the flax boll, while older larvae leave the
boll in which they emerged and feed on the seeds in surrounding bolls. Both species
are very sporadic pests in flax as populations are usually kept low by parasites and
diseases, but populations are capable of quickly increasing within a year and causing
serious yield losses.

Plant bugs

The larvae and adults of a number of polyphagous plant bugs (Heteroptera: Miridae),
principally Calocoris norvegicus (Gmelin), Lygocoris pabulinus L., and the European tar-
nished plant bug, Lygus rugulipennis Poppius, in Europe (Cate, 1984; Ferguson and Fitt,
1991) and the tarnished plant bug, Lygus lineolaris L., in North America (Wise and
Lamb, 2000), extract fluids from the stems, leaves and vegetative and flower buds of
flax from June to August. All species may migrate to flax after completing at least one
generation on an alternate host. The Lygus spp. overwinter as adults while C. norvegicus
and L. pabulinus overwinter as eggs on woody plants.

Plant bug adults move into flax from headlands as flower buds develop. Females
lay eggs in the stems and leaves of the plants soon thereafter, and larvae emerge in
July and feed through to mid-August. New generation adults begin to appear in late
July to mid-August, and remain on flax for a short period before leaving to seek
other food sources. Usually only one generation of mirids is found on flax each year
(Wise and Lamb, 2000). However, two generations have been observed in areas where
L. rugulipennis is common (Ferguson et /., 1997).

Flax plant injury by mirids is most severe before the development of the cap-
sules when nymphal populations typically are at their peak. Feeding can cause large
swellings where the epidermis has been punctured, which render the plant liable to
Borrytis infection (Pethybridge ¢ a/., 1921), and cause buds to become necrotic and
abscise and flowers to abort (Walters and Lane, 1991). Severely damaged plants may
develop multiple branching, malformed growing points and have arrested development
(McKay and Loughnane, 1946; Cate, 1984) — symptoms very similar to thrips dam-
age. However, unlike thrips, which tend to be distributed evenly throughout a field,
plant bugs tend to be clumped or aggregated in their distribution (Ferguson er /.,
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1997), and are often in greater numbers close to field edges and hedgerows. Thus, flax
grown near woody areas or fields with known alternate hosts such as alfalfa should be
sampled with a sweep net during the bud and flowering crop stages. Yield losses by
mirids are confined mostly to the boundaries of fields and, thus, control measures should
be concentrated on field margins (Ferguson and Fitt, 1991). The value of using insec-
ticides to control mirids awaits further study (Wise, 1992; Wise and Lamb, 2000).
Under good growing conditions, oilseed flax appears to be tolerant of feeding damage
by plant bugs, but whether tolerance extends to flax crops grown under less favorable
conditions is uncertain (Wise and Lamb, 2000).

Say’s stink bug Chlorochroa sayi Stdl in North America (Munro and Butcher, 1940;
Gardiner, 1946), Piezodorus hybneri F. in India (Joseph, 1953; Gill, 1987), and the south-
ern green stink bug, Nezara viridula L. (Heteroptera: Pentatomidae) in many countries
often become very abundant on several crops before attacking flax. Feeding by nymphs
and adults during flowering and seed set can reduce seed quality and production. Stink
bug populations can be readily measured at flowering with a sweep net, and generally
become a concern only in locations where flax is sown near other susceptible crops.
Attack by parasitoids such as the tachinid fly Trichopoda giacomellii (Bolach.) Guimeres
on the pentatomid N. viridula can significantly reduce pest populations (la Porta, 1990).

Crane flies or tipulids

Periodic outbreaks of several species of crane flies (Tipula oleracea L., T. paludosa
Meigen) (Diptera: Tipulidae), especially during years of high rainfall, can cause severe
damage to flax in northern Europe and western Russia (Silantyev, 1930; Rawlinson
and Dover, 1986). Adult females lay eggs from July to September with larvae
emerging 10-15 days later (Silantyev, 1930). The larvae or “leatherjackets,” so called
because of their tough cuticle, are cylindrical maggots up to 4 cm long. They develop
in the soil until July of the next year, and may attack and destroy flax seedlings by
severing the stems and dragging the young plants below the ground. Larval densities
of about 50 per m” can reduce seedling populations by over one-half (Rawlinson and
Dover, 1986). Damage to flax is most severe in fields that had perennial grasses or
cereals the previous year or when larvae move en masse from clover or meadows into
flax (Yakushev, 1930). The sowing of resistant crops before flax, the construction of
trap ditches (25 cm), and the preservation of avian habitat to increase predation by
birds can help to reduce damage to flax. Treatment thresholds of one larva per 20 cm
row length for cereals generally are applicable for flax. Spraying the soil surface with
an insecticide at dusk soon after seedling emergence will control larvae in the field
(Beaudoin, 1989).

Grasshoppers

A number of grasshopper species in the prairie regions of North America, Russia and
Argentina attack flax late in the growing season. These species typically are highly
migratory and feed on flax only after other food sources become scarce. The two-striped
grasshopper Melanoplus bivittatus (Say) in the northern great plains of North America
(Shotwell, 1941), Trigonophymus arrogans Stdl (Schiuma, 1938) in Argentina, and
Chorthippus spp. in eastern Russia (Kopaneva ez a/., 1983) are the most common species
that periodically damage flax by feeding on flowers and buds or by cutting off the
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capsules. Flax is best protected by controlling young grasshoppers in surrounding crops
or rangeland before they begin to migrate. If grasshoppers do start to clip bolls from
the stems late in the season, the crop should be harvested as quickly as possible (McLeod,

1997).

Leaf rollers

The leaf-rolling tortricids or leaf tiers Cuephasia pasinana (Hiibner), C. pumicana
(Zeller), C. asseclana (Denis and Schiffermiiller), C. incertana (Treitschke), C. interjectana
(Haworth), and Cochylis epilineata Dup. in Europe (Banita and Peteanu, 1982; Cate,
1984; Beaudoin, 1989; Ferguson ez /., 1997), C. longana (Haworth) in North America
(Edwards ez al., 1934; Rosenstiel ez al., 1944), and Eulia loxonephes Meyr. in Argentina
(Chiarelli de Gahan, 1945) occasionally cause damage to the growing tips of shoots of
young plants (Fritzsche, 1959) and to terminal buds, flowers, and capsules later in the
season. Damage to the terminal growing points can cause lower shoots to develop, and
reduce the length of the fiber. Most of these species have at least two generations per
year, both of which may attack flax or a number of other host plants. The larvae of all
species are highly visible in flax because of their habit of spinning terminal shoots together.

Control measures are rarely needed against these pests, except for the flax tortrix
C. pumicana in the western Ukraine. Here feeding by this pest, mainly by second genera-
tion larvae, is known to reduce seed production by 10-15 percent, and occasionally
up to 50 percent on medium or late sown crops (Fomenko, 1965b). Seeding in late
winter or very early spring when the ground is thawing (Fomenko, 1965a), followed
by harvesting the crop at yellow ripeness, and then quickly drying and threshing the
crop will reduce feeding damage. In flax, larvae of this species emerge over a long period,
which can make the timing of insecticide treatments both difficult and uneconomical
because of the possible need to make more than one application. For other species,
particularly C. longana, crop rotations that include a cereal crop instead of legumes
before flax will greatly reduce feeding injury (Fritzsche, 1959). The braconid wasp Dacnusa
areolaris (Nees) is reported to parasitize C. interjectana (Anonymous, 1982), and other
parasitoids may act as biocontrol agents of these moths.

Stem borers

Larvae of the flax weevil Ceuthorrrynchus sareptanus Schultze in Siberia and the long-
horned beetle Phytoecia coerulea (Scop.) in Hungary are known to attack flax (Semenov
and Nikiforov, 1937; Dolinka, 1958). The distribution of the weevil in Siberia closely
follows that of the wild perennial flax Linum perenne, its primary host (Lukyanovich,
1937). Both insect species damage flax by boring into the stem, destroying the fiber
and causing plants to either break off or become deformed. Plants severely attacked
by the flax weevil can be stunted to less than 20 percent of their normal height (Semenov
and Pankova, 1938).

The flax weevil is the more serious pest, with infestations in fields sown repeatedly
to flax exceeding 90 percent (Semenov and Nikiforov, 1937). The weevil overwinters
in the soil as an adult, emerges in May to June, and feeds on the leaves of early develop-
ing flax or on perennial grasses such as quack or couch grass (Agropyron repens (L.) Beauv.).
Eggs are laid in the stems of flax over a period of two months from the seedling to
early flowering crop stages. The larvae mine the stems for about three weeks, usually
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upward, during June and July before dropping to the soil to pupate (Semenov and
Nikiforov, 1937; Semenov and Pankova, 1938). Newly developed adults appear in August,
feed on any available flax plants, and then enter the soil to overwinter.

Autumn tillage of flax fields, crop rotation to avoid planting flax in the same field
for more than one year, and early sowing can reduce damage by the weevil (Semenov
and Nikiforov, 1937). Insecticide treatments are most effective if applied to control
the young adult weevils on flax plants in August. This will not reduce damage to flax
in the year of application, but should do so in subsequent years.

Leaf miners

Larvae of the leaf-mining flies Phyromyza horticola (Gourea) and P. atricornis (Meigen)
(Diptera: Agromyzidae) are polyphagous pests of linseed in India, mining up to
25 percent of leaves and adversely affecting linseed production (Kumar e a/., 1992).
P. atricornis is also recorded as a pest of flax in Russia (Filipyev, 1929). The larvae of
leaf miners feed between the upper and lower surfaces of host leaves, creating serpen-
tine mines or tunnels; under heavy feeding, the tunnels may coalesce to form blotches.
In Egypt, numbers of P. atricornis on flax reach a maximum in February and March;
rates of leaf miner infestations are lower on flax cultivars planted in early compared to
late November (El-Sheikh, 1990). Varietal resistance has been investigated as a means
of reducing leaf miner damage to flax (El-Sheikh, 1990; Kumar ¢# /., 1992), and flax
strains with moderate resistance to the pest have been found (Kumar ¢z /., 1992).
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7 The contribution of O-linolenic
acid in flaxseed to human health

Stephen C. Cunnane

Introduction

o-linolenate (ALA, 18:3m3) is one of several ®3 polyunsaturated fatty acids which
cannot be synthesized de 7ovo in mammals. ALA was demonstrated to be dietarily essen-
tial in rats 70 years ago but its metabolism and function in humans are still poorly
understood. As a result of its long, enigmatic and controversial history, the potential
health attributes of ALA in humans are often overlooked. This review aims to provide
an update on ALA metabolism, function and relevance to human health with refer-
ence to flaxseed as a source of dietary ALA. There are several previously published reviews
on ALA intake, metabolism and health attributes, that provide additional background
(Tinoco, 1982; Cunnane, 1991; Cunnane, 1995; Gerster, 1998).

As in many animal studies, human studies have shown that ALA is potentially import-
ant as a source of ®3 polyunsaturates, especially in vegetarians and those preferring
not to eat fish. The efficacy of its conversion to eicosapentaenoate (EPA; 20:503) and
docosahexaenoate (DHA; 22:6m3) is an ongoing controversy. Another controversy
relates to whether ALA has health attributes without being converted to EPA or DHA.
Research with traditional high-ALA flaxseed and flaxseed oil suggests that ALA may
have an important but, as yet, ill-defined protective role against degenerative Western
diseases, particularly cancer and coronary heart disease. This role may be independent
of its conversion to EPA and DHA.

Extensive animal studies had previously left little doubt, but it was controversial
until the 1980s as to whether human infants could develop adequately without dietary
ALA. Indeed, a dietary source of ®3 polyunsaturates is clearly necessary for optimal
post-natal development. ALA alone may be sufficient in healthy term infants but its
conversion to DHA in infants seems inadequate to meet the needs of development in
premature infants. This is yet another controversial area because the gross pathology
of ALA deficiency is subtle and takes a long time to develop.

Animal models of nutrient metabolism do not necessarily relate well to effects in
humans but they are necessary to investigate new or specific metabolites in individual
organs. Work using ALA tagged with a tracer isotope has recently shown that ALA
catabolism and carbon recycling into de novo lipogenesis is much more extensive than
previously understood. In fact, B-oxidation and carbon recycling appear to play a quant-
itatively significant role in ALA metabolism, especially in brain lipid accumulation
during early postnatal development. These recent observations have contributed to a
growing body of evidence in mammalian neonates showing that ALA is not a depend-
able precursor to DHA, therefore indicating the conditional essentiality of pre-formed
dietary DHA in neonates.
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History

ALA was reported by Burr and Burr (1930) to be dietarily essential for the rat. As the
technology of fatty acid analysis improved, the ability to measure individual long-chain
polyunsaturates derived from ALA also improved and the sequential metabolic link
between these fatty acids emerged in the 1960—70s. Since the time of Burr and Burr’s
studies (1930), it was understood that ALA and the 03 polyunsaturates were biochemically
and metabolically distinct from linoleate (18:2w6, LA), arachidonate (20:4m6, AA) and
the other 06 polyunsaturates. Nevertheless, claims that ALA was not essential in mam-
mals persisted but were vigorously rebutted for lack of adequate precision in tissue
measurements (Crawford and Sinclair, 1972). Curiously, and despite their independent
effects and metabolism, studies of LA and ALA deficiency have remained to this day
a combined entity — “essential fatty acid” deficiency — but not for any good scientific
reason.

It was recognized in the 1970s that deficiency of ®3 polyunsaturates could be induced
using dietary oils rich in LA, i.e. corn, sunflower or safflower oils. This led to the
classic animal studies in rats and monkeys that firmly established the link between
ALA intake and DHA accumulation in tissues, and the neurological and visual deficits
during deficiency of ®3 polyunsaturates (Sinclair and Crawford, 1972; Lamptey and
Walker, 1976; Bourre er al., 1984; Neuringer ¢t «/., 1984; Bourre ¢t a/., 1989).

Flax or flaxseed oil, instead of “linseed” oil, is now the more common way of describ-
ing the edible version of this oil rich in ALA. In the 1960s there were occasional reports
of beneficial effects of flaxseed oil. However, these early studies became controversial
(Owren er al., 1964) and some of the claimed effects on platelet aggregation were later
withdrawn. More sustained interest in the nutritional attributes of ALA in humans
arose after the cardiovascular benefits of fish and fish oils became evident in the 1970s
and 1980s. Several small comparative studies of changes in blood fatty acid profiles
after supplementation with flaxseed or fish oil were performed (Dyerberg er a/., 1980;
Renaud and Nordgy, 1983). Controversy again emerged with conflicting interpreta-
tions over whether these studies indicated that humans “effectively” converted ALA
to EPA and DHA or whether it was misleading to recommend ALA intake if it was
so poorly converted to the more active longer chain ®3 polyunsaturates (Johnston, 1986).
This controversy about whether a diet can be healthy with only ALA as a source of
3 polyunsaturates continues today.

Controversy also dogged the claims for cases of human ALA deficiency (Holman
et al., 1982; Bjerve et al., 1987; Bjerve et al., 1988) and it is likely that these human
cases were complicated by additional nutrient deficiencies, especially LA deficiency
(Koletzko and Cunnane, 1988). Human research on the potential health benefits of
flaxseed began in earnest in the late 1980s with the realization that flaxseed offered
several additional components besides ALA that were potentially beneficial and pos-
sibly synergistic, including the lignans and soluble fiber mucilage (Cunnane and
Thompson, 1995).

Metabolism of ALA

ALA is widely regarded as the “parent” ®3 polyunsaturated fatty acid in the mam-
malian diet, i.e. it is the only ®3 polyunsaturated that cannot be synthesized de novo
by mammals and from which the longer chain ®3 polyunsaturates are derived. In actual
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fact, however, mammals including humans can synthesize ALA by chain elongation of
its 16-carbon homologue, hexadecatrienoate (16:3m3) which exists in several edible,
leafy green plants in the human diet (Cunnane e #/., 1995b; Periera ef a/., 2001). Indeed,
if 14:303 existed in the human diet, it, too, would be an efficient precursor to ALA
(Sprecher, 1968). In reality, unless fish is consumed in large amounts, ALA is the
dominant ®3 polyunsaturated fatty acid in the human diet and is present in the same
edible plants as hexadecatrienoate. Nevertheless, dietary hexadecatrienoate could con-
tribute as much as 3—4 percent of ALA in the body (Cunnane ez #/., 1995b).

The pathway of desaturation and chain elongation of ALA to DHA is well known,
including the relatively recent discovery of a peroxisomal step involving chain shorten-
ing of 24:6m3 to obtain DHA (Figure 7.1). The competitive interaction between the
®6 and ®3 polyunsaturates is an important attribute of their metabolism, (a) at most
steps in desaturation/chain elongation, (b) for acylation into membrane lipids, and
() for cyclooxygenases leading to eicosanoid (prostaglandin) synthesis. In microsomal
desaturase preparations, ALA displays greater affinity for the enzyme than does LA but
there is usually more LA in the diet and in tissue lipids, thereby offsetting the sub-
strate preference at the enzyme level.

Hexadecatrienoate Dietary ALA
. ALA .
Accumulation|— (18:30-3) —| Excretion

T~

Desaturation, Chain
Elongation, [-oxidation
Retroconversion to

20-,22-C ®3 PUFA 7\,

CO2 Cholesterol, Fatty
Acid Synthesis

Figure 7.1 Pathways of o-linolenate (ALA) input and metabolism. Hexadecatrienoate
(16:303) is present in the human diet and can be chain elongated to ALA.
Whole body balance studies show that ALA oxidation is the predominant path-
way of its utilization. Tracer studies show that considerable B-oxidized ALA is
recycled into cholesterol and fatty acids synthesized de novo.
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These interactions probably play an important role in the physiological effects
of ALA and the influence of other dietary polyunsaturates, especially LA, on ALA
requirement but will not be discussed in detail here since they have been reviewed
elsewhere (Cunnane, 1991; Cunnane, 1995; Gerster, 1998). This competitive inter-
action between LA and ALA means that differences in the dietary ratio of LA to ALA
may also contribute to the lack of agreement over the sufficiency of ALA for infant
nutrition, and the effects of ALA on platelet aggregation and serum lipids in adults.
This competition probably contributes to the way in which the comparatively high
levels of dietary LA in Westernized societies exacerbate the risk of deficiency of ®3
polyunsaturates (Lands, 2001).

Other important attributes of ALA metabolism are sometimes overlooked, thereby
oversimplifying ALA metabolism within the pathway to DHA synthesis. These over-
looked attributes include the (a) age- and species-dependent differences in the rate of
desaturation, (b) largely unknown whole body capacity to synthesize DHA, (c) sub-
strate inhibition by ALA itself, (d) stimulation of desaturation by precursor deficiency,
(e) dependence of the desaturation/chain elongation pathway on co-factor nutrients,
and (f) interconvertibility of ®3 polyunsaturates between 14 and 24 carbons long.

Age- and species-dependent differences

Desaturation-chain elongation varies with age and between species. Young, growing
rats appear to have the most efficient desaturation-chain elongation compared to all other
mammals studied (Ackman and Cunnane, 1992). As a result, extrapolation from the
numerous studies done in young rats to other species including humans, or even to
older rats, has given rise to a widespread but misleading assumption about the ease with
which DHA can be synthesized in humans. As a result of this fairly narrow focus on
desaturation/chain elongation, other roles of ALA and other pathways of its metabolism,
especially B-oxidation and carbon recycling, have tended to be overlooked, despite many
year's knowledge of these prominent pathways (see B-oxidation and carbon recycling, p. 160).

Capacity to synthesize DHA

Although human infants and adults can synthesize DHA from ALA, in fact, DHA
changes very little in human plasma or cellular lipids, even after relatively high amounts
of ALA supplementation (Bryan er @/., 2001) (Figures 7.2 and 7.3) (see detailed review
in Cunnane, 1995). Recent tracer studies suggest that the minimal change in blood
DHA in humans supplemented with ALA is due to conversion of ALA not exceeding
0.2 percent (Palowsky er a/., 2001). Percent conversion does not tell us what capa-
city we have to synthesize DHA, only that a certain capacity exists and that it could
presumably go up or down under various conditions.

The capacity to synthesize DHA and limitations on that capacity are not well under-
stood in any species, especially humans. Indeed, this information is not easy to obtain
for any metabolic pathway or product. Several strategies have been taken to get sur-
rogate information. For example, a preparation of liver microsomes can be shown to
desaturate ALA at a certain rate. Alternatively, the fatty acid profile of plasma lipids
can be shown to have higher EPA or DHA after ALA supplementation. However, the
microsomal assay is done under standardized, isolated, iz vitro conditions that are
suitable for characterizing the enzyme’s properties, and the change in fatty acid profile
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Figure 7.2 o-linolenate (ALA), eicosapentaenoate (EPA), ®3 docosapentaenoate (DPA) and
docosahexaenoate (DHA) levels in human plasma lipids before (stippled bars)
and after (gray bars) dietary supplementation with ALA (9-21 g/d) for 4-6 weeks.
(Data are compiled from Beitz ez /., 1981; Kestin e al., 1990; Cunnane ez al., 1993a,
Kelley ez al., 1993; Mantzioris et /., 1994; Cunnane ez a/., 1995a; Layne et /., 1996.)
Plasma lipid classes: TL — total lipids, PL — phospholipids, TG — triglycerides,
CE — cholesteryl esters.

is a composite of many pathways and rates of enzyme activity. Neither of these para-
meters has direct relevance to determining the ability of the liver, let alone the whole
body, to make DHA. Nevertheless, these two examples characterize the problem of
estimating the capacity to synthesize DHA and hence the necessity or lack thereof to
provide dietary DHA. That ability is the sum of desaturation and chain-elongation
in many organs, as well as rates of esterification of all the w3 polyunsaturates, and
B-oxidation affecting all the ®3 polyunsaturates.

Knowing the whole body capacity to make DHA or the whole body utilization of
ALA (percent conversion to DHA, storage as ALA, or B-oxidation) tells us whether
ALA intake is meeting requirements for DHA accumulation. Whole body analysis tells
us whether certain diets, metabolic states or ratios of ALA to LA compromise ALA
utilization (including DHA synthesis) and, therefore, raise ALA requirement. Whole
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Figure 7.3 o-linolenate (ALA), eicosapentaenoate (EPA), ®3 docosapentaenoate (DPA) and
DHA levels in human platelet lipids before (stippled bars) and after (gray bars) dietary
supplementation with ALA (9-21 g/d) for 2—6 weeks. (Data are compiled from Sanders
and Roshanai, 1983; Adam e /., 1986; Chan ¢t 2/., 1993; Kelley e al., 1993; Ferrier
et al., 1995; Freese and Mutanen, 1997.) Platelet lipid classes: TL — total lipids,
PL — phospholipids.

body measurements done in animals offer a means of validating the results of tracer
studies done in animals, thereby permitting greater confidence in tracer studies done
in humans (see Whole body fatty acid balance analysis, p. 157).

Substrate inhibition

When present in excess, ALA and LA inhibit their own desaturation-chain elongation.
This is apparent using both iz vitro microsomal desaturation assays (Ackman and Cunnane,
1992) and in fatty acid profiles of human plasma after supplementation with large
amounts of ALA which does not effectively raise plasma or platelet DHA (Cunnane,
1995) (Figures 7.2 and 7.3), and in recent tracer studies using C-ALA (Vermunt
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et al., 2000). Hence, there is no assurance that increasing ALA intake will increase
tissue levels of EPA or DHA; in fact, some studies show that DHA remains unchanged
or even decreases after ALA supplementation (Figures 7.2 and 7.3).

In human infants not consuming DHA or AA, the tendency in the 1980s was to
raise the precursors in milk formula (first LA but more recently ALA) to “force” desat-
uration. However, if the results seen in adults in whom high intakes of ALA do not
increase serum or blood cell DHA are applicable in infants, this strategy does not seem
well-conceived. Indeed, recent data suggest that higher ALA intakes without DHA
actually impair weight gain in healthy term infants (Jensen ez a/., 1997).

Desaturase stimulation by ALA deficiency

Deficiency of ALA (or LA) increases hepatic microsomal desaturase activity and has
often been used experimentally to maximize enzyme activity in vitro (Sprecher, 1968).
It is important to remember, however, that this approach risks misrepresenting true
desaturase activities iz vivo because such experimental dietary deficiency conditions rarely
exist outside the laboratory. This is another potential reason why the capacity to syn-
thesize EPA and DHA from ALA could be mistakenly overestimated.

Cofactor nutrients

Desaturation of ALA or other polyunsaturates depends on electron transport from NADH
via iron-containing cytochromes and activity of the final desaturase enzyme itself which
also contains iron (Okayasu ¢ «/., 1981). Iron deficiency is therefore one potential
limitation on desaturation of ALA that is entirely independent of age, species, or dietary
ALA concentration (Cunnane et @/., 1987). Several other nutrients are also cofactors in
desaturation, notably zinc and vitamin By.

Zinc deficiency lowers DHA concentration more effectively than dietary deficiency
of ®3 polyunsaturates, an effect that appears to occur through interruption of
electron transport from NADH (Cunnane ¢ #/., 1993b; Yang and Cunnane, 1994;
Cunnane and Yang, 1995). Zinc deficiency also impairs food intake and usually leads
to impaired weight gain and negative energy balance. Although uncommon as a solit-
ary nutrient deficiency, there are many secondary causes of zinc deficiency, including
alcoholism, and disorders of malabsorption. Thus, in addition to impairing ALA
desaturation, dietary zinc deficiency and under-nutrition increase B-oxidation of ALA,
thereby magnifying the problem of depending on ALA to synthesize DHA (Table 7.1).

Table 7.1 Example of increased B-oxidation of o-linolenate and linoleate with under
nutrition induced by maternal zinc deficiency (Zn D) during pregnancy'

Non-pregnant Pregnant
a-linolenate Control 11x1 4+2
Zn D 99 £ 11% 49 + 26%
Linoleate Control 67 %1 41 £ 12
Zn D 80 £ 5% 359 £ 187%
Notes

* P < 0.05 compared to respective contol.
" Dara are expressed as mg/g body weight gained (Cunnane et 2/. 1993b).
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In infants, the main implication of the susceptibility of desaturation/chain elonga-
tion to insufficient amounts of the various cofactor nutrients is that, regardless of the
maturity of the pathway and the potential to synthesize sufficient DHA, ALA con-
version to DHA is simply not assured. Hence, pre-formed DHA in milk (breast or
formula) bypasses these risks. In adults, malabsorption of these nutrients and diseases
such as alcoholism similarly impair desaturation and chain elongation and reduce ALA
conversion to DHA (Cunnane, 1995).

Interconvertibility

The shortest ®3 PUFA that can be desaturated and chain elongated is 14:3®03 and, in
principle, it can be converted to DHA. Retroconversion by two carbon chain short-
ening is needed to make DHA from 24:603 and also converts some DHA to EPA
and even back to ALA. Hence, this interconvertibility within the ®3 PUFA family
suggests that by starting with any ®3 PUFA between 14 and 24 carbons long, any
other ®3 PUFA can be made — at least the enzymes to achieve this are present. This
interconvertibility makes relying on tissue or plasma ®3 PUFA profiles a rather
unreliable means of determining adequacy of intakes of individual w3 PUFA.

Whole body fatty acid balance analysis

Whole body fatty acid balance analysis is a simple, direct method of determining ALA
utilization and the capacity to synthesize DHA in experimental animals (Cunnane and
Anderson, 1997). It can also be used to study LA metabolism but only works for LA
and ALA because of the inability to synthesize these two fatty acids when the diet
provides no other PUFA. This method involves measuring food and, hence, ALA intake
for a designated study period, typically at least 20 days, and determining the differ-
ence in fatty acid content (mg/whole body) between animals killed at the beginning
and end of the balance period (Table 7.2). In growing animals, there is a clearly
measurable accumulation of fatty acids, which is relatively simple to determine by

Table 7.2 Application of the whole body fatty acid balance method to determining the
utilization of a-linolenate in young growing rats'

o-linolenate Long chain
@3 polyunsaturates

Intake (mg) 6,731 0
Excretion (mg) 149 31
(% of intake) 2.2 —
Body Content (mg) Start 592 96
Finish 1,330 191
Accumulation (mg) 738 95
(% of intake) 10.9 1.4
Disappearance” (mg) 5,700 19°
(% of intake) 84.9 —
Notes

! From Cunnane and Anderson (1997).
? Difference after subtracting Excretion and Accumulation from Intake.
° Estimated as 20% of accumulation.
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quantitative lipid extraction and fatty acid analysis. Accumulation of ALA itself and
of newly synthesized longer chain ®3 polyunsaturates can then be easily calculated and
compared to the intake of ALA. The difference between the ALA consumed and that
recovered in feces or in whole body ALA itself or longer chain ®3 polyunsaturates
represents the ALA that was B-oxidized.

B-oxidation of o-linolenate

The whole body fatty acid balance method has shown that about 80 percent of dietary
ALA is normally B-oxidized and less than 2 percent of ALA intake is converted to DHA
by the young, rapidly growing rat consuming adequate but not excessive ALA (Table
7.2) (Cunnane and Anderson, 1997). Slightly different results are obtained depending
on dietary total fat and ALA provided (Poumes-Balliaut ez /., 2001). Since the same
methodology shows that about 65 percent of the DHA is also oxidized (Poumes-Balliaut
et al., 2001), estimates of ALA conversion to DHA done by balance methodology
of changes in fatty acid profiles (Bryan ez /., 2001) need to be corrected for a loss by
B-oxidation of more than half the DHA produced.

When looking at the parallel example of LA metabolism, the conversion of LA to
AA calculated using the whole body fatty acid balanced method is in agreement with
data on conversion of ’C-LA to ?C-AA in rats (Cunnane et a/., 1999b). Whole body
fatty acid balance studies highlight the vulnerability of ALA accumulation and desat-
uration/chain elongation to even transient nutritional deficit (Chen and Cunnane, 1993;
Chen ez 4/., 1995; Cunnane and Yang, 1995).

This technique provides a clear approach to understanding dietary controls and
limitations on whole body capacity to synthesize DHA from ALA. In addition to pro-
viding the whole body perspective on DHA synthesis, this method allows determina-
tion of those tissues which, in a net sense, retain or produce more DHA. This is
done by analyzing the change in fatty acid content of key organs individually. The
implication is that one can determine organs that are net “producers” and those that
are net “consumers” of DHA. The liver is well-known as a “producer” while the brain
is probably a net “consumer” of DHA. Capacities and requirements of most other organs
to produce and use DHA are mostly unknown. The neonatal gut may be able to con-
tribute significantly to DHA synthesis (Menard ez a/., 1998).

Useful as it is for estimating the capacity to synthesize DHA and the actual util-
ization of ALA in animal studies, direct whole body fatty acid balance can’t be done
in living humans. However, we are developing minimally invasive methods involving
fat biopsies combined with magnetic resonance imaging to estimate whole body con-
tent of polyunsaturates in living humans and the degree to which the whole body con-
tent of these fatty acids changes with energy deficit (Cunnane ¢t /., 2001).

Accumulation of docosahexaenoate in infants

Estimates of the capacity to synthesize DHA in infants can also be derived from a com-
bination of autopsy data on organ weights and tissue fatty acid profiles. This approach
has recently shown that DHA accumulates in a term infant between birth and 6 months
of age at about 10 mg/d (Table 7.3) (Cunnane er /., 2000). To achieve this accumu-
lation, about 20 mg/d would be required owing to obligate losses via B-oxidation
(Poumes-Balliaut ¢z /., 2001) and carbon recycling (Sheaff-Greiner ez a/., 1996) of DHA
itself. A DHA requirement of 20 mg/d is easily met by the DHA content of most

Copyright © 2003 Taylor & Francis



Table 7.3 Accumulation of docosahexaenoate (DHA) in breast-fed (B) and formula-fed (F)
infants over the first 6 months of life'

Term 6 months Accumulation (mgld)

Brain B 720 1,625 5.0

F 1,170 2.5
Body Fat B 1,050 1,200 0.8

F 0 -5.8
Whole Body B 3,800 5,685 10.3

F 2,870 =5.1
Note

' From Cunnane et 2/. (2000). Because of obligatory losses to B-oxidation and carbon recycling (see text
for details), requirement for DHA exceeds accumulation by about two-fold or 20 mg/d. Breast milk
provides about a three-fold excess of DHA. Formulas not containing DHA provide about 400 mg/d
as o-linolenate. Thus, a 5% conversion is required to obtain 20 mg/d as DHA and this seems unlikely
from available data in animals.
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Figure 7.4 Docosahexaenoate levels in the brain of infants consuming breast milk (left,
darker bar) or a milk formula providing only O-linolenate (right, lighter bar).

breast milk. However, to synthesize this amount of DHA from ALA would require a
conversion rate of about 5 percent (20 mg/d from an ALA intake averaging 400 mg/d).
No data from humans or animals support a capacity to make this amount of DHA in
human infants. The lower accumulation of DHA in the brain when only ALA is given
supports the need to supply pre-formed DHA (Figure 7.4).
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The point is that new approaches are needed to determine the capacity to synthes-
ize DHA in humans and this requires creative and minimally-invasive ways of access-
ing the fatty acid content and composition of the body. Direct or indirect whole body
fatty acid balance analysis offers one such approach.

B-oxidation and carbon recycling

All fatty acids undergo a greater or lesser degree of B-oxidation in the body and ALA
is no exception. In fact, a variety of methods in rats and humans show that ALA
is one of the most easily B-oxidized long chain fatty acids in the Western diet
(Figure 7.5). There are two main implications of this: (a) under normal conditions, -
oxidation is probably by far the dominant pathway of ALA metabolism in mammals,
and (b) B-oxidation gives rise to substantial “carbon recycling” of the ALA skeleton
into de novo lipid synthesis.
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Figure 7.5 In vitro (top) and in vivo (bottom) comparisons of the B-oxidation of long chain
fatty acids (PA — palmitate, SA — stearate, OA — oleate, LA — linoleate, ALA
— o-linolenate). The top panel shows CPT, (carnitine palmitoyl transferase)
measured in rat liver (Gavino and Gavino, 1991). The bottom panel shows the
percent of the "“C-labeled fatty acid that is expired as '“CO, within 24 h (Leyton
et al., 1987).
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Table 7.4 Comparison of the incorporation of carbon from o-linolenate into brain
docosahexaenoate (DHA) compared to brain de novo lipogenesis (DNL) in suckling rats'

Time point (h) DHA DNL DHA/DNL (%)
3 0.02 0.73 2.7
6 0.03 1.38 2.2
12 0.06 2.63 2.3
24 0.11 251 4.4
48 0.40 3.04 13.2
192 0.44 8.03 5.5
Note

' Data are shown in mg "“C/brain after an oral dose of *C-ci-linolenate. The data for de novo lipogenesis
are derived from values obtained for cholesterol and palmitate only (from Menard ez «/. 1998).

Not only the whole body capacity to synthesize DHA but also whole body ALA
B-oxidation can be accurately determined by doing whole body fatty acid balance
analysis after feeding laboratory animals a diet devoid of ®3 polyunsaturates, except
for ALA. This simple but unique method provides very useful information on the util-
ization or “disposal” of ALA, i.e. its loss from the body pool of ®3 PUFA. Although
the whole body fatty acid balance method clearly indicates the “disappearance” or appar-
ent B-oxidation of ALA (or LA), it cannot distinguish between carbon from ALA that
is completely B-oxidized to CO, or carbon that is retained in newly-synthesized com-
pounds, especially lipids.

Using "“C-ALA, studies done more than 20 years ago qualitatively indicated the
potential for carbon recycling of ALA into lipids synthesized de novo (Dhopeshwarker
and Sunramanian, 1975; Sinclair, 1975). This earlier work has been largely overlooked
until our own whole body fatty acid balance data indicated the large proportion of
ALA that is normally B-oxidized. This led us to guantitatively assess carbon recycling
from ALA in suckling rat pups (Table 7.4) (Cunnane er 2/., 1994; Menard e al., 1998).
The results of this work demonstrated that carbon recycling in the suckling rat con-
sumed about 30-fold more of a physiological dose of *C-ALA than its conversion to
DHA. Low levels of DHA partially reduce carbon recycling of ALA but do not elim-
inate it (Willard ez «/., 2001).

A different model using specific LA deficiency was used to address this issue but
ALA deficiency would work equally well. The rationale was that if carbon recycling
still occurred while rats were deficient in dietary and body stores of LA (or ALA) over
several weeks, recycling could not reasonably be attributed to overflow due to an excess
availability of body stores of LA or longer chain ®6 polyunsaturates. Hence, the min-
imal or “obligatory” amount of carbon recycling from linoleate could be determined.
LA-deficient rats were shown to recycle about 20 percent of a tracer dose of “C-LA
into sterols and fatty acids synthesized de novo, compared to about 30 percent in con-
trols (Cunnane et /., 1998; Belza er al., 1999).

Thus, B-oxidation and carbon recycling consume a quantitatively significant pro-
portion of LA intake and, by inference, of ALA intake. Carbon recycling of ALA is
as quantitatively important as desaturation and chain elongation to DHA, or perhaps
more so. Its biological importance in ALA metabolism, however, is unclear. One
possibility is that ALA is redundant if DHA is in the diet. This may be the case
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during breast feeding and in populations consuming seafood. Hence, rather than
being “essential,” ALA would become dispensable. As a readily B-oxidized fatty acid,
ALA would therefore become available and be used for fatty acid and cholesterol
synthesis. Cholesterol is extremely important for normal embryonic development and
brain cholesterol must be synthesized 7z situ. Hence, ALA may contribute to normal
brain development as a reserve for DHA synthesis but also for brain lipid synthesis

(Cunnane et «/., 1999b).

Food sources and intake of ALA

The leaves of green plants contain up to 80 percent of their total fatty acids as ALA.
However, the total lipid content of plants is generally very low, so the net yield of
ALA from green plants even for vegetarians is also low (Tinoco, 1982; Periera ¢t /.,
2001). Hexadecatrienoate (16:3m03) is also present in edible green leafy plants and can
be converted to ALA (Cunnane, 1995; Periera ez a/., 2001). ALA is present in com-
mercial plant/vegetable oils (sunflower, safflower, corn, and olive) in very low amounts,
but traditional flaxseed (50-60 percent ALA), soybean (about 7 percent ALA), and low
erucic acid rapeseed (canola, 10 percent ALA) are notable exceptions that have been
successfully commercialized. Wild purslane is an edible plant very rich in ALA. As
long as canola and soybean oils remain non-hydrogenated, they continue to be good
dietary sources of ALA. Hence, food products made with non-hydrogenated canola or
soybean oil, including salad oils and dressings, margarines, and baked products, are
important sources of dietary ALA (Table 7.5).

Table 7.5 Average daily intake of a-linolenic acid

Food % intake ALA
Margarine 16'
Fats, oils, dressings, mayonnaise 15°
Meat (chicken, beef, pork, lamb) 12°
Vegetables 8!
Milk 7°
Cheese, yogurt, milk products 6’
Butter 6!
Breads (white, dark) 5°
Cookies 5
Shortening 4
Potatoes 44
Sauces 34
Fish and seafood 3°
Fruit 3!
Other 3’
z 100
Notes

! Mean of Hu ¢t 2/ (1999) and Voskuil ez /. (1996).

2 Mean of Lewis e al. (1995) and Hu ¢z /. (1999).

> Mean of Lewis ¢ a/. (1995) and Voskuil ez a/. (1996).

* Voskuil e al. (1996).

> Accounts for foods with low levels of o-linolenic acid (e.g. leafy green vegetables, certain fruits and
eggs), Hu ez al. (1999).
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Legumes, pulses, starches, fruit and vegetables may have up to 30 percent of their
fatty acids as ALA but all are relatively low in fat. Among foods of animal origin,
ALA concentration is highest in fat tissue (1-4 percent) so its availability from meat
is directly proportional to fattiness of meat cuts (Romans ¢ 2/., 1995). Therefore, in
meats from domesticated animals, the lower the visible fat content, the lower the over-
all ALA content. Food sources and estimated ALA intake from common foods are listed
in Table 7.5. The average dietary intake of ALA in North America has been estimated
from food disappearance data to be 1-2 g/day or 0.5 percent of energy intake (Hunter,
1990; Kris-Etherton er /., 2000; Sanders, 2000). Fatty acid intake data from diet ques-
tionnaires used in the Health Professionals Follow-Up Study gave a similar estimate
of mean ALA intake as 1.05 g/day with a 95 percent confidence interval of 0.58—1.35
g/day (Giovannucci ez a/., 1993; Hu ¢t al., 1999). Many factors influence ALA intake
with vegetarians obtaining more ALA from green vegetables while non-vegetarians obtain
a significant amount of ALA from processed meat and dairy products.

Dietary ALA always raises the spectre of lipid peroxidation which is a major reason
why processed foods tend to be as low as possible in ALA. A consequence of the per-
oxidation process is isomerization of ALA from its all ¢cis form to one of several rrans-
isomers that are possible. The frans-isomers of LA appear to be somewhat more easily
B-oxidized which would help with their removal from the body, but this does not occur
with trans-isomers of ALA (Bretillon ez 2/., 2001). Since trans-isomers of ALA are pre-
sent in the diet and can, in large amounts, raise blood cholesterol (Vermunt ez #/., 2001),
continued caution about including ALA without adequate antioxidants in processed
foods is warranted. Nevertheless, it is encouraging to see that various induces of lipid
peroxidation in human plasma can remain within normal limits on diets enriched in
ALA (Cunnane ¢t al., 1995a; Sodergren ez al., 2001), again indicating the value of appro-
priate antioxidant intake.

ALA requirement and deficiency

Studies in female rats provided the first estimate of ALA requirement in mammals.
This value, 0.5 percent of energy intake, has remained the dominant value for ALA
requirement and has been used for several species, including humans (Holman, 1971).
Suggestions have also been made to set an absolute requirement (mg/d) as opposed to
a relative one (Bjerve er a/., 1987). Nevertheless, the requirement for ALA in humans
is still widely thought to be 0.5 percent of energy intake. In North America, ALA
intake approximates 0.5 percent of energy or about 1 g/d. If this intake estimate is
correct, it means that half the population is consuming less than the required intake.
Contrary to recent assertions (Conner, 1999), there are nor “ample food sources” of ALA
in the North American diet because, on a population basis, these ALA sources clearly
do not provide sufficient ALA for at least half the population. In addition, those foods
that are good sources of ALA tend also to be rich in LA. Given the protective effects
of consuming > 1 g/d of ALA for risk of cardiovascular disease and cancer (Dolecek,
1992; Guallar ez al., 1999; Hu et al., 1999), increasing ALA intake in the population
to 1.5 or even 2 g/d should be a public health policy goal. This position has recently
been supported by a workshop (de Deckere e 2/., 1998).

ALA deficiency symptoms seen in young rapidly growing laboratory animals have
not frequently been observed in humans. In fact, only two case reports claiming specific
ALA deficiency are in the literature (Holman e 2/., 1982; Bjerve er al., 1988). These
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two cases had few, if any, overlapping symptoms. They, and other reports of ALA deficiency
in elderly hospitalized patients (Bjerve ez al., 1987), generated commentaries disput-
ing their classification as cases of specific ALA deficiency (Koletzko, 1987; Koletzko
and Cunnane, 1988). One of the issues was whether LA deficiency was also present as
suggested by abnormal values for @6 polyunsaturates in serum.

Since these well-known studies were conducted, it has remained difficult to repro-
ducibly demonstrate the exact symptoms of ALA deficiency, especially in humans. This
difficulty continues to exist for several reasons: (a) different LA-rich dietary oils exacer-
bate ALA deficiency to a greater or lesser extent, (b) only low amounts of ALA are
required and can be synthesized by retroconversion from the larger body pool of DHA,
and (c) so long as there is some DHA in tissues, ALA deficiency symptoms may remain
absent or muted.

Many animal studies in the past three decades have established that when all other
®3 polyunsaturates are absent from the diet, the deficiency of ALA results in reduced
levels of EPA, DPA, and DHA in all tissues investigated. In tissues that contain
high amounts of DHA, particularly the brain and retina, the depletion of DHA has
reproducible deleterious consequences in several non-human species, including primates,
especially during early development. In some cases, the depletion of DHA can be
prevented/reversed by dietary ALA but this seems to be unlikely in human infants
(Farquharson er a/., 1992; Makrides ez al., 1994).

Function of ALA and ®3 polyunsaturates

Clearly, when EPA and DHA are absent from the diet, ALA becomes the limiting source
of these fatty acids, and when all three are deficient in the diet, depletion of EPA and
DHA is inevitable. The depletion of tissue levels of ®3 polyunsaturates depends
on fat tissue stores and these stores can be reduced most easily by fasting or semi-
starvation or by markedly increased LA intake.

EPA and DHA have specific metabolic and/or structural roles but the question remains
as to whether ALA has a function of its own. EPA is an effective competitor of AA
both for esterification into membrane phospholipids and for the cyclooxygenase used
during eicosanoid synthesis. Eicosanoids derived from EPA may competitively block
or inhibit those produced from AA. DHA has irreplaceable effects in complex excit-
able membranes of neurons and photoreceptors (Dratz and Deese, 1986; Salem ez /.,
1996; Crawford ef al., 1999). ALA has recently been shown to inhibit cyclooxygenase-2
(Ringborn ¢t al., 2001), to inhibit leukotriene production (Okamoto ¢t «/., 2000), and
to be a precursor to plant isoprostanes (Imbusch and Mueller, 2000). Some of these
effects of ALA appear to be important in the leaves of green plants, most of which
concentrate ALA, but they may also be useful to human health as well.

Whether ALA has any specific biological functions that only it performs is
unknown at the moment. Its levels in membrane phospholipids are too low to per-
form the functions typically associated with a membrane fatty acid. Nevertheless, higher
ALA intake is associated with a greater reduction in risk of breast cancer metastasis
(Bougnoux er /., 1994) than the longer chain ®3 polyunsaturates. Higher levels of
ALA in adipose tissue are associated with lower risk of heart attack but this is not
observed for DHA (Guallar ez /., 1999). Hence, it is important to continue to search
for and verify new functions and new routes of metabolism of ALA that might account
for its potentially unique properties.
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Early human development

Important developments in understanding the role of ALA in human health have come
from studies in human infants and from animal models of early infant development.
Breast milk accumulates fat (and ALA) more as a function of maternal stores rather
than directly from the diet (Koletzko ez 2/., 2001). Prior to 1980, the fat in most milk
formulas contained little or no ALA because the oils used were rich in LA and low in
ALA, e.g. corn or sunflower (Cuthbertson, 1999). Studies of infant body composition
and development then began to show that plasma and brain DHA accumulation, brain
development, and IQ were potentially vulnerable to the lack of ALA (Clandinin e /.,
1980; Carlson er al., 1987; Farquharson er a/., 1992; Leaf er al., 1992; Lucas et al.,
1992; Martinez, 1992; Makrides et z/., 1995; Crawford ez «l., 1999).

These studies also began to question whether ALA alone was sufficient to meet
the DHA needs of infants; i.e. differences in “bioequivalence” between ALA and DHA
started to become obvious (Crawford, 1993; Woods et «/., 1996). Tracer studies also
show that pre-formed DHA accumulates seven-fold more rapidly in the neonatal
monkey brain than DHA synthesized endogenously from ALA (Su ez «/., 1999). DHA
is transferred across the human term placenta about three-fold more easily than
ALA (Haggarty et al., 1997). These studies suggest that DHA is preferred over ALA
for fetal and neonatal development, a preference that should be reflected in milk
formulas.

Despite efforts to minimize confounding variables, it would have been difficult to
argue on the strength of the few human studies done in the 1980s that ALA was essen-
tial for normal infant development. Rather, extensive animal studies at the same time
(Bourre er al., 1984; Neuringer e al., 1984; Bourre et al., 1989; Foote et al., 1990;
Arbuckle et /., 1991) demonstrated that the deficits seen earlier in ALA deficient rats
(Lamptey and Walker, 1976) would probably occur and have similar harmful effects
in human infants. These and earlier studies also indicated that excess intake of LA was
able to contribute to ALA deficiency in human infants. This led to acceptance of the
essentiality of ALA for infant development and a gradual reduction in the LA:ALA
ratio in milk formulas.

The issue for intake of polyunsaturated fatty acids from infant milk formulas has
therefore shifted from neglect of the necessity for ALA to whether ALA is sufficient
without longer chain ®3 polyunsaturates. Initial attempts to address this issue by includ-
ing EPA were not successful because the negative impact of its competition with
AA was not fully appreciated. Thus, EPA-supplemented infant formulas led, in some
cases, to comparatively smaller head circumference than in infants not receiving EPA
(Carlson et al., 1993; Carlson er al., 1996). This resulted in concern that longer chain
® 3 polyunsaturates were potentially harmful for infant development, a contentious
issue that has not disappeared despite the abandonment of the supplementation of milk
formulas with EPA.

Positive correlations between infant body growth and AA (Koletzko and Braun, 1991;
Crawford, 1993; Xiang er a/., 1999) suggested that if longer chain ®3 polyunsaturates
were to be included in infant formulas, AA should also be present. During the 1990s,
infant formulas providing a dietary source of AA and DHA instead of EPA were
developed and approved for marketing in many countries but have only just been approved
for use in North America. The apparent risk of EPA supplementation without AA
has not appeared when formulas with AA and DHA are given. Furthermore, these

Copyright © 2003 Taylor & Francis



supplemented formulas appear in many (short-term) studies to be superior to those
not providing DHA and AA (Agostoni ¢t al., 1995; Makrides ez a/., 1995; Birch
et al., 1998; Willatts ez al., 1998).

Some studies show no difference in growth or indices of visual development in
term infants not receiving DHA or AA compared to breast-fed infants (Auestad ez a/.,
1997; Lucas et al., 1999). It has therefore been claimed that, with sufficient ALA and
an LA:ALA ratio under 10:1, growth and development of formula-fed infants is equi-
valent to breast-fed infants. A recent study disputes this by showing that a formula
with an LA:ALA ratio of 4.8:1 and ALA at 3.2 percent of fatty acids resulted in infants
being 0.7 kg lighter at 4 months than infants receiving a formula with an LA:ALA
ratio of 44:1 (Jensen ¢t al., 1997). One key issue in these studies comparing formulas
to breast milk is the level of DHA in breast milk. Data from the USA show that DHA
is frequently <0.2 percent of breast milk fatty acids, a value much lower than in many
other countries (Hamosh and Salem, 1998). Hence, the breast milk control group may
be receiving insufficient DHA itself and would therefore be an inappropriate control
group.

Unambiguous studies of nutrient effects on infant development are difficult and
expensive to conduct and need to be long-term to convincingly show significant
developmental differences. They also need good controls with a sufficiently high DHA
intake to distinguish potentially important differences in neurodevelopment. Many
studies can be criticized for shortcomings in these areas (Wainwright and Ward,
1997; Morley, 1998; Carlson and Neuringer, 1999). Overcoming these shortcomings
requires both scientific skill in study design and commitment of sufficient funds to
conduct such studies. Whether this will be possible in the near future is unclear. In
the meantime, many countries are marketing the DHA- and AA-supplemented for-
mulas. A large 18-month trial evaluating AA- and DHA-supplemented formulas con-
sumed by term infants refutes the safety fears that have been raised (Life Sciences Research
Office Report, 1998).

Two definitive trials clarifying the role of DHA and AA in long-term “functional”
measures of infant development have recently been reported and strongly suggest that
the healthy term but not pre-term infant can grow and develop normally on formu-
las lacking arachidonate and DHA (Auestad ¢r a/., 2001; O’Conner ez «/., 2001). However,
two other reports still show that provision of only ALA in milk formulas given to zerm
infants leads to inadequate brain DHA accumulation in comparison to breast-fed infants
(Figure 7.4). This suboptimal level of brain DHA accumulation occurs despite a demon-
strated ability to synthesize DHA from ALA in term and pre-term infants (Carnielli
et al., 1996; Salem et al., 1996; Sauerwald er al., 1997) and the presence of about 1,000
mg of DHA in body fat at term (Cunnane e #/., 2000) (Table 7.3). These are import-
ant observations that strongly support the need for inclusion of DHA in milk formu-
las so as to guarantee brain DHA accumulation.

Human disease

The most promising research on ALA in human disease relates to the two major
killers in Westernized societies — cardiovascular disease and cancer. Other interesting
but less well-established progress concerning the potential preventative or therapeutic
role of ALA in human diseases will be discussed under “Other new developments”

(see p. 169).
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Cardiovascular disease

Factors contributing to an elevated risk of heart attack are elevated serum cholesterol,
obesity, hypertension, increased platelet aggregability and heart rhythm instability. In
each case, there is controversy over whether supplemental dietary ALA is beneficial or
ineffective in changing these risks. Some studies show that thrombosis tendency, platelet
aggregation, and heart rhythm stability are responsive to ALA supplementation in the
form of flaxseed oil (Renaud and Nordgy, 1983; Budowski e «/., 1984; Nordstrom
et al., 1995; Kang and Leaf, 1996; Freese and Mutanen, 1997) but others show no
effect of ALA on these parameters despite significant changes in plasma ALA and EPA
after ALA supplementation (Chan ez a/., 1993; Kelley ez a/., 1993; Allman-Farinelli
et al., 1999; Li et al., 1999). Plasma ALA levels do not appear to correlate with heart
rate stability (Christensen ez /., 2000).

Free ALA, EPA or DHA bound to albumin and infused intravenously all prevent
sudden cardiac death in dogs undergoing coronary artery occlusion (Billman ez /., 1999).
Similarly, ALA also prevents neuronal damage in an animal model of transient global
ischemia (Lauritzen ef /., 2000). Both of these effects may relate to a vasodilatory effect
of ALA (Sarabi ez a/., 2001).

ALA may also have beneficial effects in hypertension (Berry and Hirsch, 1986; Salonen
et al., 1988; Singer et al., 1990) but this is also disputed (Bursztyn, 1987). Most studies
show that supplemental ALA does not have a significant effect on serum cholesterol
levels (Sanders and Roshanai, 1983; Kestin ¢f /., 1990; Mantzioris ¢t /., 1994; Pang
et al., 1998) but some have reported that it does reduce serum cholesterol (Chan ez /.,
1991). Higher adipose levels of ALA are associated with lower serum cholesterol (de
Vries ez al., 1991). Central adiposity has been reported to be negatively associated with
the content of ®3 polyunsaturates in adipose biopsies (Garaulet ez a/., 2001).

Virtually all epidemiological studies suggest that ALA intake in the upper quintile
of the American average intake (> 1 g/d) has a significant risk-lowering effect for heart
disease in middle age (Figure 7.6) (Dolecek, 1992; Hu ez a/., 1999; Djousse ¢t /., 2001)
but this appears not to be the case in the elderly (Qomen ¢t /., 2001). Similar pro-
tective results were obtained in comparing quintiles of adipose tissue ALA to the risk
of myocardial infarction (Guallar ez /., 1999). Collectively, these studies suggest ALA
is one of the most “cardioprotective” nutrients available in the human diet. Clinical
intervention trials support these observations, though blood pressure, platelet aggreg-
ability and serum cholesterol were unchanged in this study (de Lorgeril ¢z /., 1994).
Hence, there seems to be unanimous and unambiguous support for a moderately high
intake of ALA to reduce the risk of heart attack but the mechanism of this effect is
far from clear. The heart rhythm-stabilizing effects are intriguing and may be import-
ant. Whether the apparent benefits of ALA depend on even a small amount of con-
version to EPA and DHA is also unclear.

In addition to ALA, milled flaxseed contains soluble fiber which consistently
lowers LDL cholesterol in humans with normal or moderately elevated serum lipids
(Bierenbaum et /., 1993; Cunnane ¢t /., 1993a; Cunnane et /., 1995a; Jenkins ez al.,
1999). Components in flaxseed other than ALA may actually be more important in
reducing the risk of atherosclerosis, particularly in experimental animals (Prasad ez a/.,
1998). Whereas extracted flaxseed oil may protect against some of the major risks for
heart attack (platelet aggregation and heart rhythm instability), milled flaxseed protects
against the same risks but also helps in the reduction of serum LDL cholesterol. It
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Figure 7.6 The relative risk of death from four major causes compared to a-linolenate intake
(Quintile 1 — 0.42 en %, Quintile 2 — 0.54 en %, Quintile 3 — 0.63 en %, Quintile
4 —0.73 en %, Quintile 5 — 0.98 en %). (From Dolecek, 1992).

also contains antioxidants to protect the ALA and other constituents like lignans and
soluble fiber that probably act synergistically with ALA (Cunnane, 1995).

Given the apparent cardiovascular risk-reducing attributes of higher ALA intake and
the marginally adequate intake of ALA in Westernized societies, it seems prudent to
recommend increased ALA intake (de Deckere ez /., 1998; Harper and Jacobson, 2001)

Cancer

Cancer is the other major killer in Westernized societies. Studies in animals and
epidemiological studies commonly show that higher intakes of w3 polyunsaturates
lower the risk of cancer (Dolecek, 1992; Johnston, 1995). Lower plasma levels of ALA
have been found in patients with colorectal cancer (Baro er /., 1998). Elevated ALA
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and, to a lesser extent, DHA levels in breast tissue are associated with significantly
lower risk of breast cancer metastasis (Bougnoux ¢f #/., 1994; Klein er /., 2000). Several
unsubstantiated mechanisms of this effect have been suggested, including reduction
of the synthesis of “2 series” eicosanoids derived from AA.

Typically for ALA, however, the inverse relation between ALA intake and cancer
risk just described is not a consistent finding. Indeed, increased breast and prostatic
cancer risk have been observed as intake of ALA increases (Giovannucci et «/., 1993;
Vatten et al., 1993; De Stefani et /., 1998; De Stefani ez «/., 2000; Michaud et 4/.,
2001; Newcomer et /., 2001). It is unclear why these opposite findings with respect
to cancer risk occur but the consumption of red meat and processed meat may have
an influence. Processed meat contributes significantly to ALA intake in omnivores
(Hu er al., 1999) and also increases prostatic cancer risk (Giovannucci ez a/., 1993).
Intake of neither vegetables (relatively high in ALA) nor fish (high in EPA and DHA)
increases cancer risk. Thus, it seems intuitively unlikely that ALA per se is respons-
ible for the increased cancer risk almost exclusively in the prostate; rather, it seems
reasonable that it is fat from meat that is the predominant risk factor and that ALA
is simply a marker of higher intake of fat from meat. One of the recent reports demon-
strates that the risk of prostate cancer was partially attenuated when variation in ALA
intake was corrected for (Michaud ez a/., 2001), supporting the possibility that ALA
is a marker but not a causative factor for prostate cancer risk. It follows that higher
ALA intake in vegetarians would not be associated with increased cancer risk but this
remains to be established.

It is not yet clear whether different ®3 polyunsaturates (ALA versus EPA or DHA)
have different benefits for cancer risk reduction or how these fatty acids achieve this
effect. As in the reduction of heart attack risk, milled flaxseed may be more beneficial
for cancer risk reduction than flaxseed oil alone. This additional benefit of whole flaxseed
comes in part from the soluble fiber (mucilage) in flaxseed, which, like other dietary
soluble fiber sources, reduces serum lipids independently of ALA (Prasad ez «/., 1998),
and also colon cancer risk. In addition, lignans in flaxseed have been shown to reduce
experimental tumor growth in laboratory animals (Thompson, 1995). Whether ALA
acts independently or synergistically with these other components is unknown at the
moment.

Other new developments

Adiposity and fatty acid synthesis

®3 polyunsaturated fatty acids have been associated with reduction in adiposity in sev-
eral animal models, and recently, in a human epidemiological study relating dietary
fatty acids to central obesity (Garaulet er /., 2001). This may partly be a function
of more rapid B-oxidation of ®3 polyunsaturates compared to monounsaturates or
saturates (Figure 7.5). However, recent studies suggest other complimentary effects on
the balance between fatty acid B-oxidation and synthesis. Raised intake of ALA in rats
down-regulates genes controlling adipocyte differentiation and adipose tissue growth,
including peroxisome proliferator-activated receptor o, adipocyte P2, and adipsin, when
the diet contains ALA-rich perilla oil compared to safflower oil (mainly LA), olive oil
(mainly oleate) or beef tallow (mainly saturates) (Okuno ¢t a/., 1997). Hepatic fatty
acid synthase is decreased and carnitine palmitoyl transferase is increased by ®3
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polyunsaturates compared to LA which may also contribute to minimizing adiposity
(Ikeda er al., 1998; Kumamoto and Ide, 1998). Given the increasing prevalence of
obesity, especially in adolescents, a beneficial role of ALA in controlling adiposity and
fatty acid B-oxidation warrants further investigation in humans.

Arthritis and immune function

®3 polyunsaturates attenuate eicosanoid synthesis from AA. Although EPA and DHA
are thought to be more effective than ALA in this respect (Kelley ¢z a/., 1991; Whelan
et al., 1991), ALA clearly inhibits eicosanoid and leukotriene synthesis (Okamoto et
al., 2000; Ringborn er a/., 2001), effects which are likely to contribute to a beneficial
effect on the risk of atopy in children (Duchen ez /., 2000). Fish oils and fish con-
sumption have achieved some success in the treatment of autoimmune diseases such
as arthritis in part because of their eicosanoid-suppressing effects (Whelan ez 2/., 1991;
Kremer, 1996; Shapiro ¢ al., 1996). ALA-rich oils have also been tested in rheumatoid
arthritis but, so far, without success (Nordstrom ez #/., 1995). Probiotic bacteria in the
gut help control the risk of inflammatory conditions of the gut. One such bacterium,
Lactobacillus casei Shirota, binds more easily to intestinal Caco-2 cells in culture in the
presence of ALA (Kankaanpaa ¢ a/., 2001), suggesting the ALA may contribute to
healthier gut microflora.

Increasing the food sources of ALA

ALA clearly has potential to modify the risk of both cancer and heart disease. It also
appears that, as with fish, about half the population is consuming less than the
recommended amount of ALA. Hence, there are good reasons to consume more ALA
but Western diets commonly provide either insufficient amounts of ALA or too much
LA (Lands, 2001), or both.

Flaxseed and flaxseed oil are excellent, concentrated sources of ALA but, despite
growing interest in the health food marketplace, flaxseed is still not widely consumed
in North America. The stability of ALA in products baked with flaxseed is now reas-
onably well-established (Chen er 2/., 1994). Plasma vitamin E levels are not decreased
nor are measures of peroxidation significantly increased by consumption of up to
50 g/d traditional flaxseed provided in muffins (Cunnane e /., 1995b; Sodergren
et al., 2001).

Canola and soybean oils are moderately good sources of ALA but they are widely
hydrogenated, negating their value. Processed meats have moderately high amounts of
ALA but are contraindicated due to their content of saturated fatty acids. Hence, other,
novel food sources of ALA have been developed and successfully marketed, including
baked products, ®3-polyunsaturated fatty acid-enriched eggs (Ferrier et al., 1995;
Sim and Qi, 1995) and pork (Romans ez /., 1995). Because of their popularity in the
food supply, eggs and pork are viable means of moderately raising ALA intake of large
numbers of people.

Conclusion

The majority of evidence points to ALA as an important nutrient for the reduction of
the risk of the major killer diseases in Westernized societies — cancer and cardiovascular

Copyright © 2003 Taylor & Francis



disease. Much of the evidence is still controversial and it is unclear how ALA achieves
the observed benefits because so little of it seems to be converted to the equally or
more beneficial EPA and DHA. Increased ALA intake may also be beneficial for the
chronic, non-killer diseases like those involving increased inflammation. ALA is neces-
sary but, by itself, is barely sufficient for normal infant development. The intake of
ALA is inadequate in about half the North American population, especially because
of the low consumption of fish, non-hydrogenated oils and vegetables.

If the health benefits of ALA are to be realized, its intake will need to increase. This
will require alternative dietary sources, including ALA-enriched eggs and pork, which
have been developed on a small scale, to become much more widely available. The
uncertainty of how to interpret the apparently increased risk of prostate cancer when
ALA intake is high casts a shadow over these recommendations but it is my view
that this correlation is an artifact of ALA being relatively high in processed meat and
animal fat compared to other foods. New developments in understanding the meta-
bolism of ALA point to B-oxidation and carbon recycling as quantitatively significant
routes in its metabolism.
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8 The role of flaxseed lignans in
hormone-dependent and
independent cancer

Sharon E. Rickard-Bon and Lilian U. Thompson

Introduction

Over the last 20 years, there has been a growing interest in the role of phytoestrogens
— plant-derived compounds with estrogenic activity — in health and disease. The major
classes of phytoestrogens examined are the isoflavones, coumestans, and lignans found
at high levels in soybean, clover, and flaxseed, respectively (Rickard and Thompson,
1997). Lignans, the focus of this chapter, are diphenolic compounds that generally
have a 2,3-dibenzylbutane skeleton (Ayers and Loike, 1990). They are believed to be
by-products of the pathway for lignin synthesis (Setchell, 1995), and many have ex-
hibited antibacterial, antifungal, and antimitotic activity (Ayers and Loike, 1990).
These activities suggest that plant lignans are phytoalexins produced under stress which
may play a role in the plant host-defense systems (Adlercreutz, 1998).

Much of the heightened interest in lignans came about with the discovery of mam-
malian lignans in the urine of humans, monkeys and rats (Setchell ez /., 1980a, 1980b;
Stitch er al., 1980; Setchell ¢z a/., 1981a). Mammalian lignans differ from plant lignans
in that the hydroxy substituents on the aromatic rings are in the meta position and
not in the para position. The major mammalian lignans were identified as enterolac-
tone (EL, MW = 298 g/mol) and enterodiol (ED, MW = 302 g/mol) by Setchell and
colleagues in the early 1980s (Setchell ez /., 1981c¢). At first, EL and ED were believed
to be of ovarian origin. This belief arose due to their cyclical pattern of urinary excre-
tion during the menstrual cycle and increased urinary excretion during early pregnancy
(Setchell ez al., 1980a, 1980b, 1981a). However, it has now become apparent that ED
and EL are formed by colonic bacterial action (Axelson and Setchell, 1981; Setchell
et al., 1981Db; Borriello ez @/., 1985) on plant precursors present in the diet (Axelson
et al., 1982; Coert et al., 1982; Thompson et /., 1991). As shown in Figure 8.1, ED
seems to be formed directly from the plant lignan secoisolariciresinol (SECO, MW =
362), whereas the plant lignan precursor for EL is matairesinol (MAT, MW = 358)
(Borriello ¢z al., 1985). Enterolactone can also be formed by oxidation of ED. Both ED
and EL undergo enterohepatic circulation and are excreted in the urine as glucuronide
or sulphate conjugates (Axelson and Setchell, 1980; Adlercreutz ez /., 1995). Urinary
lignan excretion has been used as an indicator of colonic lignan production and hence
dietary lignan intake.

Flaxseed is the richest known source of ED and EL and is unique among plants in
that the predominant plant lignan is the diglycoside of SECO (SDG, MW = 686) as
opposed to MAT (Axelson et al., 1982; Thompson et /., 1991). Using extraction with
enzymatic hydrolysis, the SDG content of full-fat flaxseed was determined to be
1.5 mg/g (0.8 mg SECO/g) (Obermeyer ¢t al., 1995), 2 mg/g (1 mg SECO/g) (Rickard
et al., 1996), or 3.8 mg/g (2 mg SECO/g) (Haggans er a/., 1999). In contrast, an SDG
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Figure 8.1 Conversion of the plant lignans secoisolariciresinol diglycoside (SDG) and
matairesinol (MAT) found in flaxseed to the mammalian lignans enterodiol (ED)
and enterolactone (EL) by colonic bacteria.

level of 7.0 mg/g (3.7 mg SECO/g) Mazur et al., 1996; Westcott and Muir, 1996)
has been determined in full-fat flaxseed using extraction with chemical hydrolysis.
Although results involving enzymatic hydrolysis appear to be lower, they may be more
representative of what may be available physiologically. The MAT content of full-fat
flaxseed is estimated to be 11 pg/g Mazur ez al., 1996).

In addition to being rich in mammalian lignans, flaxseed is one of the richest
edible plant sources of omega-3 fatty acids with an o-linolenic acid (ALA) content of
about 57 percent. Both lignans and ALA have exhibited anticarcinogenic effects in vitro
(Hirano ez al., 1990; Mousavi and Adlercreutz, 1992; Grammatikos ¢ 2/., 1994; Chajes
et al., 1995; Wang and Kurzer, 1998).

The idea that flaxseed could have chemopreventive properties evolved from a small
study where urinary lignan excretion, an indicator of dietary lignan intake, was found
to be lower in women with breast cancer (Adlercreutz ez «/., 1982). This observation
then led to a series of experiments conducted 7z vitro, in animals, and in humans to
gain a better understanding of the role of flaxseed and its lignans on different types
of cancer. These studies (summarized in Table 8.1) will be reviewed in this chapter
and the hormonal and non-hormonal mechanisms of lignans (summarized in Table 8.2)
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Table 8.1 Studies examining the effect of flaxseed and its lignans on carcinogenesis*

Reference

Subjectslexperimental design

Results

Breast cancer: 7z vitro studies
Welshons et al., 1987

Wang and Kurzer, 1997

Wang and Kurzer, 1998
Mousavi and

Adlercreutz, 1992
Sathyamoorthy e /., 1994
Hirano et al., 1990

Chen and
Thompson, 1999

Breast cancer: animal studies
Tou and
Thompson, 1999

Serraino and
Thompson, 1991

Serraino and
Thompson, 1992a
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MCF-7 and T47D human breast cancer cells

MCEF-7 and MDA-MB-231 human breast cancer
cells

MCF-7 human breast cancer cells
MCEF-7 human breast cancer cells
MCF-7 human breast cancer cells
ZR-75-1 breast cancer cells

MDA-MB-435 and MDA-MB-231 human breast
cancer cells

Female, Sprague-Dawley rats; 5% or 10%
flaxseed, 1.82% flaxseed oil, or 1.5 mg SDG/d
during pregnancy and lactation

Female Sprague-Dawley rats; 5% and 10% full-fat
and defatted flaxseed from 21-50 days of age

Female Sprague-Dawley rats; DMBA (5 mg/rat);
5% flaxseed exposure during initiation (21-50 days
of age) and/or promotion stages of carcinogenesis
(1-21 weeks post-DMBA)

DNA synthesis with 1-10 uM EL
DNA synthesis with 100 uM EL
DNA synthesis in MCF-7 cells with 10-50 uM EL
DNA synthesis in MCF-7 cells with > 50 uM EL
DNA synthesis in MDA-MB-231 cells with
> 100 uM EL
T DNA synthesis with 10 uM EL in presence of
0.01 nM estradiol
cell proliferation with 0.5-10 uM EL
cell proliferation with > 10 uM EL
cell proliferation with 1 uM EL
ED had no effect
cell proliferation with ED, EL, and various
mammalian lignan derivatives at 30-33 pM
{ cell invasion at 1-5 uM ED or EL
4 cell adhesion to ECM with ED (5 uM) or EL (1 uM)
invasion and adhesion with tamoxifen enhanced with
ED and EL

! number of mammary gland terminal end buds with
flaxseed and SDG

2 mammary epithelial cell proliferation and nuclear
aberration in terminal end buds and alveolar buds
with full-fat flaxseed

tumor incidence and number of tumors/group with
flaxseed at initiation stage

tumor size and tendency for T cumor multiplicity
with flaxseed during promotion stage

tumor multiplicity with flaxseed feeding throughout
experimental period



Table 8.1 (Cont’d)

Reference

Subjects/experimental design

Results

Thompson et /., 1996a

Thompson e al., 1996b

Rickard et al., 1999

Breast cancer: clinical studies
Adlercreutz er al., 1982

Adlercreutz et al., 1986

Ingram et al., 1997

Colon cancer: 7n vitro studies
Sung et al., 1998

Colon cancer: animal studies
Serraino and
Thompson, 1992b
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Female Sprague-Dawley rats; DMBA (5 mg/rat);
2.5% or 5% flaxseed, 1.82% flaxseed oil, and

1.5 mg SDG/d at late promotion/early progression
stage of carcinogenesis (13—-20 weeks post DMBA)
Female Sprague-Dawley rats; DMBA (5 mg/rat);
1.5 mg SDG/d at the promotion stage of
carcinogenesis (1-20 weeks post-DMBA)

Female Sprague-Dawley rats; MNU (50 mg/kg
BW); 2.5% and 5% flaxseed and equivalent doses
of SDG (0.7 mg/d = LSDG and 1.4 mg/d =
HSDG) at promotion stage of carcinogenesis
(1-22 weeks post-MNU)

Observational study; postmenopausal women;
omnivores, vegetarians, and breast cancer patients
Observational study; premenopausal women;
omnivores, lactovegetarian, and macrobiotics
Case-control study; pre- and post-menopausal
women

LS174T, T84, Caco-2, and HCT-15 human colon
cancer cells

Male Sprague-Dawley rats; AOM (15 mg/kg
BW); 5% or 10% full-fat and defatted flaxseed for
4 weeks

1 established tumor volume with flaxseed, flaxseed oil,
and SDG
new tumor volume, average number of new
tumors/group, and new tumor incidence with SDG
! number of tumors/group and tumor multiplicity with
SDG

trend to 4 tumor volume with 5% flaxseed
tumor multiplicity with HSDG but T cumor
multiplicity with LSDG
tumor invasiveness and grade with flaxseed or SDG

2 urinary EL in breast cancer patients compared to
other two groups
urinary ED and EL in lactovegetarians and
macrobiotics
OR = 0.36 for breast cancer risk in highest quartile of
urinary EL excretion

{ cell proliferation with 100 uM of ED or EL

! number of aberrant crypts and aberrant crypt foci
with full-fat or defatted flaxseed
cell proliferation in all groups except 5% defatted
flaxseed



Jenab and
Thompson, 1996

Other cancers: 7z vitro studies
Hirano et al., 1994

Other cancers: animal studies
Yan et al., 1998

Other cancers: animal studies

Liet al., 1999

Landstrom et /., 1998

Tou et al., 1998

Other cancers: clinical studies
Morton et al., 1997

Male Sprague-Dawley rats; AOM (15 mg/kg
BW); 2.5% or 5% full-fat and defatted flaxseed
and 1.5 mg SDG/d for 100 days

HL-60 human promyelocytic leukemia cells

Male C57BL/6 mice, transplantable mouse
melanoma cell line B16BL6; flaxseed
supplementation (2.5%, 5%, or 10%)

Male C57BL/6 mice, transplantable mouse
melanoma cell line B16BL6; SDG
supplementation equivalent to 2.5%, 5%,
or 10% flaxseed (73, 147, and 293 umol/kg
diet, respectively)

Rats, transplantable Dunning R3327 PAP human

prostate cancer cells; 33% rye bran and
endosperm diets

Male Sprague-Dawley rats; 5% or 10% flaxseed,
1.82% flaxseed oil, and 1.5 mg SDG/d

Observational study; British, Chinese, and
Portuguese men

1 aberrant crypt multiplicity with full-fat or defatted
flaxseed

! number of aberrant crypts and aberrant crypt
multiplicity with SDG

4 cell proliferation with 0.03-3 uM MAT

1 number and cross-sectional area of tumors that
metastasized to the lung

1 number and cross-sectional area of tumors that
metastasized to the lung

delayed tumor development

T cell proliferation in prostate with 10% flaxseed
cell proliferation in prostate with 5% flaxseed

T prostatic fluid EL levels in Portuguese men with
intermediate prostate cancer risk

Note

* Abbreviations: AOM = azoxymethane, DMBA = dimethylbenz(a)anthracene, ED = enterodiol, EL = enterolactone, ECM = extracellular matrix, OR = odds ratio,
MAT = matairesinol, MNU = N-methyl-N-nitrosourea, and SDG = secoisolariciresinol diglycoside.
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Table 8.2 Hormonal and non-hormonal activities of plant and mammalian lignans*

Reference

Biological effect

Effective concentration or level tested

Sathyamoorthy ez al.,
1994

Welshons et al., 1987
Welshons et al., 1987
Adlercreutz et al., 1993a
Adlercreutz et al., 1993a

Wang er al., 1994

Garreau et al., 1991
Adlercreutz et al., 1992a
Ganfer and Spiteller,
1995

Martin et al., 1995
Shultz et /., 1991

Phipps ez al., 1993

Hutchins et a/l., 1999
Tou et al., 1999

Rickard and Thompson,
unpublished
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Stimulation of pS2 mRNA expression in MCF-7 breast cancer
cells in vitro

Stimulation of the progesterone receptor in MCF-7 breast
cancer cells and immature rat uterine cells 7z vitro

Stimulation of prolactin synthesis in normal pituitary cells
in vitro
Inhibition of aromatase in placental microsomes in vitro

Decreased estrone production via aromatase inhibition in JEG-3
human choriocarcinoma cells in vitro
Inhibition of aromatase in preadipocytes in vitro

Inhibition of estrone and estradiol binding to rat
alpha-fetoprotein (data for estradiol not given) in vitro
Stimulation of SHBG synthesis in HepG2 human liver cancer
cells 7n vitro

Reduction in binding activity of dihydrotestosterone to SHBG
in vitro

Inhibition of estradiol and testosterone binding to SHBG

n vitro

No significant changes in plasma testosterone, free testosterone,
or SHBG in males

No significant changes in plasma estradiol, estrone, DHEAS,
SHBG, testosterone, or progesterone in premenopausal women;
lengthened luteal phase of the menstrual cycle; increased luteal
phase progesterone to estradiol ratio

Decreased serum estradiol in postmenopausal women

Increased serum estradiol levels in female rat offspring;
increased serum testosterone and estradiol in male rat offspring
Decreased serum estradiol in female rats

1 uM EL

EL, EC,, = 10 uM (MCF-7), 1-100 uM
(uterine cells)

ED, ECs, = 100 uM

EL, EC,, = 100 uM

ED, EC,, > 100 uM

EL, IC,, = 14 uM

didemethoxymatairesinol, ICs, = 6 UM

1-100 uM EL

EL, IC;, = 74 uM
3’-demethoxy-30-demethylmatairesinol,

IC,, = 84 uM
didemethoxymatairesinol, IC;, = 60 UM
ED or EL, 0.5-50 uM

0.5-10 uM EL
40% inhibition at 100 uM SECO

EL, IC,, = 10 UM for estradiol displacement
EL, IC,, = 40 uM for testosterone displacement

13.5 g flaxseed/day

10 g flaxseed/day

5 or 10 g flaxseed/day
Lifetime exposure to 10% flaxseed

After weaning: 1.5 or 3.0 mg SDG/day; 5% or
10% flaxseed



Haggans et al., 1999

Evans ez al., 1995

Evans et al., 1995

Jenab and Thompson,
1996
Jenab e al., 1999

Orcheson et al., 1998

Tou et al., 1998;
Tou et al., 1999

Tou et al., 1998;
Tou et al., 1999

Waters and Knowler,
1982
Adlercreutz et al., 1992a

Kitts et al., 1999
Prasad, 1997
Yuan et al., 1999

Increased urinary excretion of 2-hydroxy estradiol, 2-
hydroxyestrone, and the 2/160-hydroxyestrone ratio
Reduction of So-reductase activity in genital skin fibroblasts
and prostate tissue homogenates

Reduction in 17-beta-hydroxysteroid dehydrogenase activity in
genital skin fibroblasts

Stimulation of specific and/or total activity of cecal
beta-glucuronidase in AOM-treated male rats

Stimulation of specific and total activity of cecal
B-glucuronidase activity in non-carcinogen treated female rats
Increased estrous cycle length and trend for higher number of
irregular cycling/acyclic rats in persistant diestrus

Increased ovarian and/or uterine weight, early onset of puberty,
increased estrous cycle length, and increased persistent estrus in
female rat offspring; decreased sex gland and prostate weight in
male rat offspring

Decreased ovarian weight, delayed puberty onset, and increased
persistent diestrus in female rat offspring

Depression of the stimulation of uterine RNA synthesis by
estradiol

Binding to the nuclear type II estrogen receptor (bioflavonoid
receptor) in rat uterine cells

Hydroxy radical scavenging activity; inhibition of DNA scission
Hydroxy radical scavenging activity

Reduction in hepatic glutathione reductase activity

10 g flaxseed/day

At 100 uM, ED = 22% decrease and EL = 74%
decrease (fibroblasts)

IC, for EL in prostate = 14 uM (70-80%
inhibition at 40 UM, type I isozyme)

At 100 uM, ED = 79% decrease and EL = 98%
decrease

2.5% defatted flaxseed and 5% defatted or
full-fat flaxseed

5% and 10% flaxseed, 1.5 and 3.0 mg SDG/day

5% flaxseed (cycle length)

1.5 mg or 3.0 mg SDG/d, 10% flaxseed
(irregular cycling/acyclic rats)

Lifetime exposure or exposure during pregnancy
and lactation to 10% flaxseed

Lifetime exposure to 5% flaxseed or exposure
during pregnancy and lactation to 5% flaxseed
or 1.5 mg SDG/day

0.3, 3.0, or 30 ug EL/rat

10-100 uM MAT or EL

100 uM ED

10-100 uM ED, EL, and SDG
SDG at 36-2912 uM

10% flaxseed and 3 mg SDG/day

Fotsis et al., 1993 Inhibition of bovine and human vascular endothelial cell 10-100 uM EL
proliferation
Note
* Abbreviations: DHEAS = dehydroepiandrosterone sulphate, ED = enterodiol, EL = enterolactone, EC,, = concentration that was 50% effective,

ECM = extracellular matrix, ICy, = concentration at which 50% inhibition was observed, MAT = matairesinol, SDG = secoisolariciresinol diglycoside,
SECO = secoisolariciresinol, and SHBG = sex hormone binding globulin.
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discussed. Although the focus of the discussion will be on the lignan component of
flaxseed, the effects of its oil will also be included where appropriate.

Breast cancer

In vitro studies

The mammalian lignans have been shown to have stimulatory as well as inhibitory
effects on indices of cell growth in breast cancer cells 7n vitro, depending on the con-
centrations used. Using DNA synthesis as a marker of cell growth, EL (1-10 uM) was
found to be stimulatory in the estrogen-dependent breast cancer cell lines MCF-7
and T47D (Welshons er a/., 1987; Wang and Kurzer, 1997, 1998), but higher levels
(> 50 uM) were inhibitory (Welshons ¢z 2/., 1987; Wang and Kurzer, 1997). In terms
of cell proliferation, 0.5 to 10 UM EL was found to stimulate MCF-7 cells (Mousavi and
Adlercreutz, 1992; Sathyamoorthy e /., 1994), whereas concentrations above 10 uM
were inhibitory (Mousavi and Adlercreutz, 1992). At a concentration of 10 pg/mL (approx-
imately 30-33 uM), ED, EL, and various mammalian lignan derivatives were shown
to inhibit cell proliferation of the estrogen-dependent cell line ZR-75-1 by 18-68 per-
cent (Hirano e a/., 1990). Interestingly, Hirano and colleagues (1990) found that although
the ED derivative called hattalin (2,3-dibenzylbutane-1,4-diol) inhibited cell proli-
feration, DNA synthesis was unaffected.

The stimulatory or inhibitory effects of the mammalian lignans may also be
dependent on the presence of a stronger estrogen or antiestrogen. The stimulatory effects
of the mammalian lignans were found to be 10°~10° times weaker than the endogen-
ous steroidal estrogen estradiol (Welshons ez a/., 1987; Sathyamoorthy ez a/., 1994).
Mousavi and Adlercreutz (1992) observed that the combination of 1 nM estradiol and
1 uM EL, both having the same stimulatory effect on MCF-7 cell proliferation, resulted
in a reduction in cell growth back to the levels in control cells. They suggested that
in the presence of a stronger estrogen, the mammalian lignans inhibit rather than
stimulate breast cancer cell growth. In contrast, a recent study by Wang and Kurzer
(1998) showed that 10 uM EL stimulated DNA synthesis in MCF-7 cells despite
the presence of 0.01 nM estradiol; other concentrations of EL (0.5-5 uM) or estradiol
(0.1-1.0 nM) had no effect. This increased DNA synthesis by EL was inhibited by
tamoxifen, the antiestrogenic drug used to treat breast cancer. Welshons ¢z /. (1987)
had observed the inhibitory effect of tamoxifen on the induction of DNA synthesis by
mammalian lignans over a decade earlier, but in the absence of estrogen. EL has been
shown to inhibit DNA synthesis in the estrogen-independent breast cancer cell line
MDA-MB-231 but only at very high concentrations (> 100 pM) (Wang and Kurzer,
1997). Because plasma concentrations of ED and EL have been found to be up to
0.3 UM in vegetarians (Adlercreutz ez a/., 1993b) and to range from 100 nM to 1.7 uM
after 25 g/day flaxseed supplementation (Morton ez /., 1994; Nesbitt et al., 1999),
the in virro study results suggest that mammalian lignans would be stimulatory at the
concentrations to which breast cancer cells are exposed iz vivo. Although it is possible
that lignans may accumulate at higher concentrations in breast tissue, a recent study
in rats suggested that this was not the case (Rickard and Thompson, 1998).

In addition to effects on cell growth, mammalian lignans have been examined for
their potential to inhibit the invasion and adhesion of metastatic breast cancer cells.
Using Matrigel, an extract of the basement membrane, Chen and Thompson (1999)
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observed that ED and EL inhibited the invasion of the estrogen-independent cell lines
MDA-MB-435 and MDA-MB-231 at concentrations as low as 1 UM and 0.5 UM, respect-
ively. Both lignans also inhibited adhesion of the breast cancer cells to the extracellu-
lar matrix, but EL was more potent (1 uM) than ED (5 uM) (Chen and Thompson,
1999). The reduction in invasion and adhesion by tamoxifen was enhanced by the addi-
tion of ED and EL (Chen and Thompson, 1999), suggesting that mammalian lignans
may have a synergistic effect with certain breast cancer drugs in inhibiting metastasis.

Animal studies

Because flaxseed is the richest known plant source of precursors to ED and EL, flaxseed
has been used to assess the role of mammalian lignans in reducing breast cancer risk
using rodents as a model. In contrast to the studies done 7z vitro, mammalian
lignan exposure 77 vivo has been shown to be protective at the initiation (before
carcinogen), promotion (after carcinogen), and progression (visible tumors) stages of
carcinogenesis at relatively low levels.

In the rat mammary gland, the hypothesized target of carcinogens is the terminal
end bud (TEB) because of its high proliferative index (Russo and Russo, 1996). The
higher number of TEBs at the time of carcinogen exposure (usually at 50 days of age),
the greater the number of malignant tumors found during adulthood (Russo and Russo,
1996). In our laboratory, flaxseed feeding at the 5 percent level (5%F) to rat dams dur-
ing pregnancy and lactation resulted in atrophy of TEBs in their female offspring at
postnatal day 50 (Tou and Thompson, 1999). A similar effect on TEB number was
observed when pure SDG, but not flax oil, was fed at levels found in the S%F diet,
suggesting that lignans were the component of flaxseed responsible for the observed
effect. In contrast, 10 percent flaxseed (10%F) feeding during the same period reduced
TEB number by stimulating differentiation of TEBs to alveolar buds (ABs) (Tou and
Thompson, 1999). Thus, flaxseed feeding during pregnancy and lactation may reduce
breast cancer risk in the offspring as indicated by lower TEB number, but the mechan-
ism by which the TEBs are reduced is dependent on the flaxseed dose.

In addition to reducing the number of TEBs in the rat mammary gland, flaxseed
feeding for four weeks from 21 days of age to 50 days of age at the 5 or 10 percent
levels was found to significantly reduce mammary epithelial cell proliferation and nuclear
aberration (Serraino and Thompson, 1991). Nuclear aberrations, which were induced
by an intragastric dose of 100 mg DMBA/kg body weight in corn oil, have been
correlated with carcinogen exposure and may indicate susceptibility of cells to carcinogens
(Sharley and Bruce, 1986). Mammary epithelial cell proliferation was assessed using
mitotic index (number of epithelial cells arrested in metaphase per 100 cells) and label-
ing index (number of tritium-labeled epithelial cells per 100 cells). The S%F diet resulted
in significantly lower mitotic index in the TEBs, lower labeling index in the TEBs
and ABs, and lower number of nuclear aberrations in the TEBs. When 10%F was fed,
the mitotic index was reduced in the TEBs and the number of nuclear aberrations decreased
in the ABs (Serraino and Thompson, 1991). Lignan excretion was inversely related to
nuclear aberration (r = 0.940, p < 0.025), and nuclear aberrations were positively cor-
related to the labeling and mitotic indices determined in the mammary gland tissue
(Serraino and Thompson, 1991). Feeding defatted flaxseed at the same level as the full-
fat flaxseed was less effective in reducing cell proliferation and nuclear aberration, sug-
gesting that the oil component of flaxseed may also be playing a role.
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Results from mammary tumorigenesis studies with flaxseed suggested that the effect
on different tumor parameters (incidence, number, and size) was dependent on the
timing of flaxseed feeding in relation to carcinogen. Rats given S%F for four weeks
prior to DMBA administration and then switched to high fat (20% corn oil) basal diet
for 21 weeks had a 21 percent lower tumor incidence and the lowest number of tumors
per group throughout the experimental period (42 percent lower by the end of
treatment) compared to control (Serraino and Thompson, 1992a). When the feeding
regimen was reversed (high fat diet for four weeks, followed by DMBA, and then 5S%F
for 21 weeks), the rats had the smallest tumors (67 percent smaller than control), but
there was a non-significant tendency for higher number of tumors per tumor-bearing
rat (tumor multiplicity) (Serraino and Thompson, 1992a). In contrast, rats fed S%F
from four weeks before DMBA to 21 weeks after DMBA had the lowest tumor mul-
tiplicity, which was significant compared to the group fed 5%F after DMBA but not
compared to S%F before DMBA or control (Serraino and Thompson, 1992a). Tumor
size in the group fed flaxseed throughout the experimental period was intermediate
between the other two groups. Even when flaxseed feeding (at the 2.5 and 5 percent
levels) was started 13 weeks after DMBA treatment and continued for seven weeks,
significant reductions in established tumor (present at start of treatment) volume
by nearly 75 percent were observed with no effect on established tumor number
(Thompson et al., 1996a). Thus, flaxseed diet introduced during the initiation stage
had a larger effect on tumor incidence and multiplicity, whereas giving the flaxseed
diet during the promotion or progression stages of carcinogenesis affected tumor size
to a greater extent.

However, because of the different constituents present in flaxseed, it could not be
concluded that the protective effects seen with flaxseed were due to its lignan content
alone. As mentioned in the introduction, flax oil is a rich source of the omega-3 fatty
acid ALA, which has exhibited anticarcinogenic activity 7z vitro (Grammatikos ez al.,
1994; Chajes ¢t al., 1995). In addition, feeding mice a 10 percent flax oil diet was
found to reduce the growth of mouse mammary tumor cells injected into BALB/c mice
(Fritsche and Johnston, 1990). Feeding 5%F to rats, which contains only 1.82 percent
flax oil, was sufficient to significantly increase the ALA content of the mammary gland
and tumors (Serraino ¢ /., 1992; Thompson ¢t /., 1996a; Rickard er al., 1999).

To determine the role of lignans alone on mammary tumorigenesis, the major
flaxseed lignan precursor SDG was isolated using a modified form of the method
developed by Klosterman and his colleagues (Klosterman and Smith, 1954; Bakke and
Klosterman, 1956). Two separate studies were then conducted to determine the effect
of SDG at the early promotion stage (Thompson et /., 1996b) and at the late promo-
tion/early progression stages of carcinogenesis (Thompson ez /., 1996a). In the first
study, rats fed 1.5 mg SDG/d (equivalent to the amount consumed in a S%F diet)
starting one week after DMBA until 20 weeks after DMBA had 46 percent fewer tumors
per group and 37 percent less tumor multiplicity (Thompson ez /., 1996b). No effect
on tumor volume was observed. In the second study, a daily gavage of 1.5 mg SDG
started 13 weeks after DMBA treatment and continued for seven weeks reduced
established tumor (present at start of treatment) volume by 54 percent, the new tumor
(appearing during treatment) volume by 75 percent, the average new tumor number
per group by 50 percent, and the new tumor incidence by 27 percent (Thompson
et al., 1996a). Feeding 5%F or the level of oil equivalent to the S%F diet (1.82%)
significantly reduced established tumor volume by 75 percent and 54 percent,

Copyright © 2003 Taylor & Francis



respectively, but had no effect on new tumor size or established or new tumor num-
ber (Thompson ez al., 1996a). Thus, although both the lignan and oil components of
flaxseed appeared to play a role in its anticarcinogenic activity, the SDG had a stronger
inhibitory effect on tumor number, particularly during the early and late promotion
stages, whereas the flaxseed oil was more effective at reducing the size of visible tumors.

All of the chemically induced carcinogenesis studies described above have used
the indirect-acting carcinogen DMBA. It has been suggested that the N-methyl-N-
nitrosourea (MNU) model is more related to the human breast cancer histologically,
in endocrine responsiveness, and in metastatic behavior (Gullino ez /., 1975). So the
objective of our most recent study was to examine the effect of flaxseed (2.5%F and
5%F) and equivalent levels of SDG (LSDG = 0.7 mg/d and HSDG = 1.4 mg/d, respect-
ively) on MNU-induced tumor promotion (Rickard er /., 1999). As seen in previous
tumor promotion studies with flaxseed (Serraino and Thompson, 1992a), the S%F group
had the smallest tumors throughout the experimental period which ended at 22 weeks
post-MNU, but this did not reach significance. Throughout treatment, the HSDG group
had the lowest tumor multiplicity, whereas the LSDG group had the highest, sug-
gesting that HSDG inhibited and LSDG promoted MNU-induced tumor development.
All the treatment groups significantly decreased tumor invasiveness and grade, deter-
mined histologically, in comparison to control, suggesting that flaxseed and its SDG
delayed the progression of MNU-induced mammary tumorigenesis.

Two possible reasons for the lack of a significant inhibitory effect of flaxseed on MNU
tumor parameters (e.g. size, number, incidence) may be the carcinogen dose and the
type of control diet used. First, a larger dose of carcinogen was used (9 mg MNU/
animal versus 5 mg DMBA/animal), which may have been too high to observe the
subtle protective effects of dietary flaxseed. Second, the use of a 20 percent soybean
oil-based control diet may have conferred a protective effect in comparison to the
20 percent corn oil diet used in previous studies because of its higher omega-3 fatty
acid content. It was calculated that the 20 percent soybean oil diet contained 1.6 pet-
cent ALA, whereas the 20 percent corn oil diet contained 0.24 percent ALA (Rickard
et al., 1999). Interestingly, supplementation of the 20 percent corn oil diet with
5 percent flaxseed only increased dietary ALA levels to 1.22 percent (Rickard er a/.,
1999), which was lower than the ALA content of the control diet used in the MNU
tumor study. The tumor ALA levels were higher with soybean oil used as a fat source
(control = 0.99 £ 0.21%, 5%F = 1.58 £ 0.30%) than with corn oil as the fat source
(control = 0.23 * 0.06%, 5%F = 0.67 £ 0.08%) (Rickard et /., 1999). The inverse
correlation observed between log-transformed tumor volume and tumor ALA content
(y=—0.204 x+ 0.573, r=— 0419, p = 0.014, n = 34) suggested that the ALA may
have played a role in reducing tumor growth.

Clinical studies

There have been few clinical studies examining the relationship between mammalian
lignans and breast cancer risk. In a small epidemiological study, Adlercreutz and col-
leagues (1982) found lower urinary EL levels in women with breast cancer compared
to women without breast cancer consuming an omnivorous or vegetarian diet. The lower
lignan excretion in the breast cancer group compared to the omnivorous group did
not appear to be due to diet since dietary fiber levels were similar. However, the authors
hypothesized that because there were data to suggest that urinary lignan excretion
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may be influenced by hormones (Setchell ez #/., 1980a, 1980b, 1981a), differences in
hormonal conditions may have played a role (Adlercreutz ez /., 1982). Higher urinary
levels of ED and EL were also found in women considered to have lower breast
cancer risk (lactovegetarians and macrobiotics) in another study (Adlercreutz ez /., 1986).
A more recent and larger case-control study of pre- and post-menopausal women
with newly diagnosed breast cancer determined that the odds ratio of breast cancer
decreased with increasing urinary EL, with the highest quartile of EL excretion asso-
ciated with a 64 percent reduction in breast cancer risk (Ingram ¢z /., 1997). At pre-
sent, there are clinical trials in progress investigating the effect of short-term flaxseed
feeding on cancer biomarkers in women newly diagnosed with breast cancer.

Colon cancer

In vitro studies

In contrast to breast cancer, few studies have investigated the effect of flax lignans on
the growth of colon tumor cells 77 virro. Sung er al. (1998) tested the effect of ED and
EL on four different colon tumor cell lines (LS174T, T84, Caco-2, and HCT-15). These
cell lines were found to be estrogen-independent since the addition of estradiol at
0.5, 1, and 10 nM were not able to stimulate cell proliferation. Cell proliferation was
inhibited by ED (LS174T, T84, Caco-2) and EL (HCT-15, Caco-2) at a concentration
of 100 uM, with EL being twice as effective as ED. In humans consuming 50 g flaxseed,
the mammalian lignan concentration could reach 665 UM in the colon based on a colonic
content of 220 g and 2.93 pwmoles SDG/g flaxseed (Sung er a/., 1998). Since the con-
centrations used could be easily achieved i vivo, the inhibitory effects observed in vitro
for ED and EL in the colon were physiologically possible.

Animal studies

All of the animal studies conducted to examine the role of flaxseed and its lignan on
colon carcinogenesis have used the aberrant crypt, a putative precursor lesion, as a marker
because studies taken to the colon tumor stage typically take one year to complete.
The aberrant crypts differ from normal colon crypts in that they are larger in size, have
a thicker epithelial lining, and have an increased pericryptal zone. Multiple aberrant
crypts can occur in localized regions of the colon and are called aberrant crypt foci
(ACF). The term “aberrant crypt multiplicity” is used to describe the number of aber-
rant crypts per focus. For example, a multiplicity of two would indicate that there are
two aberrant crypts in one focus. Because the aberrant crypts are precursor lesions, we
should be cautious in applying the results observed in the studies below to what may
happen at the tumor stage.

As in the breast cancer studies, early investigations into the role of lignans on colon
cancer risk markers have used flaxseed as the dietary source. Serraino and Thompson
(1992b) treated rats with the colon carcinogen azoxymethane (AOM, 15 mg/kg body
weight) and one week later treated the animals to a 20 percent corn oil diet alone
or supplemented with 5% or 10% full-fat or defatted flaxseed for four weeks. The
number of aberrant crypts and aberrant crypt foci in the rats fed the flaxseed diets
was reduced by 50 percent. Except for the 5 percent defatted flaxseed group, flaxseed
feeding also reduced the cell proliferation activity (labeling index) with the 5 percent
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full-fat flaxseed group having the greatest effect. Because both the defatted and full-
fat flaxseed groups had similar effects on aberrant crypt formation, this suggested that
the lignan component of flaxseed was more important than the oil component for its
inhibitory effect in this model. Higher flaxseed levels (10%) did not appear to confer
any additional benefit in comparison to lower doses (5%).

Because 10 percent flaxseed was not any more protective than 5 percent flaxseed,
lower doses of full-fat and defatted flaxseed (2.5% and 5%) were used in a subsequent
longer term study of 100 days (Jenab and Thompson, 1996). SDG at the level of the
5 percent full-fat flaxseed group was included as an additional treatment group. All
the flaxseed treatment groups (full-fat and defatted) significantly reduced the aberrant
crypt multiplicity in the distal colon of AOM treated rats. Both flaxseed doses had
similar effects, suggesting that even lower doses of flaxseed could be protective. In cor-
roboration with the results of the short-term study, the anticarcinogenic effect of the
flaxseed appeared to be due mainly to its lignan component. The SDG group had
significantly less aberrant crypts and lower aberrant crypt multiplicity. In addition, a
significant negative relationship was observed between urinary lignan excretion and
aberrant crypt multiplicity. An interesting observation was that the control group also
had four microadenomas and two polyps, suggesting that this group was further along
in the carcinogenesis process.

Other cancers

In vitro studies

Besides breast and colon cancer cells, the only other cancer cell line in which flax
lignans have been tested and shown to have an effect in vitro was the human promye-
locytic leukemia cell line HL-60 (Hirano ez #/., 1994). At levels of 0.03 to 3 uM, MAT
was found to reduce the growth of HL-60 cells by 45-50 percent (IC5, = 0.11 uM)
without any cytotoxicity. In contrast, routine anticancer agents (e.g. etopside, metho-
trexate) exhibited severe cytotoxicity (0% cell survival) at similar concentrations (Hirano
¢t al., 1994). The only mammalian lignan tested in this study was ED, but it was
ineffective in this cell line.

Animal studies

Yan and colleagues (1998) examined the effect of flaxseed on lung metastasis of the
mouse melanoma cell line BI6BL6. After two weeks on a basal diet supplemented with
2.5, 5, or 10 percent flaxseed, the number of lung tumors was 32, 54 and 63 percent
lower than controls. Tumor cross-sectional area was also decreased in a dose-dependent
manner. When the effects of SDG at levels found in the flaxseed diets were tested
(i.e. 73, 147 and 293 umol SDG/kg diet), similar reductions in the number and size
of lung metastasises were found (Li ¢z 2/., 1999), indicating that the lignans were partly
responsible for the effect observed with flaxseed. This was the first study to show that
flaxseed and its lignans could inhibit cancer cell metastasis iz vivo. It should be noted,
however, that the melanoma cells were injected directly into the bloodstream in this
model, bypassing the first steps of the metastatic process. These steps are angiogenesis
(the generation of new capillaries) of the primary tumor, detachment of metastatic cells
from the tumor, attachment and degradation of the surrounding basement membrane,
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and intravasation by the metastatic cells into the blood circulation (Duffy, 1996). Although
there is evidence 7z vitro that lignans can inhibit angiogenesis (Fotsis ez «/., 1993), as
well as the invasion and adhesion of cancer cells (Chen and Thompson, 1999), the effect
of lignans on these stages of metastasis iz vivo remains to be determined.

There is some evidence to suggest that lignans may have an effect on prostate can-
cer development. Mammalian lignans produced from 33 percent rye bran diets were
believed to be partly responsible for the delay in the development of the Dunning R3327
PAP prostate tumor transplanted in rats because the 33 percent rye endosperm diets,
which did not contain lignans, had no effect (Landstrom ¢# #/., 1998). However, the
lower energy intake in the rye bran group could have contributed the effects observed.
Cell proliferation in the prostate was found to be inhibited in the male offspring of
rat dams fed 5 percent flaxseed during pregnancy and lactation (Tou et /., 1998) or
throughout their lifetime until 132 days of age (Tou e /., 1999). In contrast, flaxseed
at the 10 percent dose appeared to be stimulatory in both cases, suggesting that flaxseed
could have adverse or beneficial effects in the prostate depending on the level of expo-
sure during this critical period of reproductive development.

Clinical studies

Morton and colleagues (1997) have examined the potential relationship between
prostate cancer risk and phytoestrogen levels in the plasma and prostatic fluid in three
ethnic groups: British, Portuguese and Chinese. The Portuguese men were found to
have much higher EL levels in prostatic fluid but similar plasma EL levels in com-
parison to the other two groups. However, international comparisons indicate that the
prostate cancer risk in Portugal is only slightly lower than in England, and Hong Kong
has a much lower incidence of prostate cancer than both (Parkin ez 2/., 1997). It should
be noted the Chinese men in this study had the highest levels of the isoflavone phyto-
estrogens such as daidzein and equol in their plasma and prostatic fluid due to their
high soybean intake, suggesting that soybean isoflavones may play a role in their reduced
prostate cancer risk. There was little correlation (r = 0.18) between the plasma and
prostatic fluid EL concentration, and the prostatic fluid EL concentrations were much
higher (4- to 40-fold higher) than plasma levels (Morton ¢# /., 1997). A similar result
was observed in an earlier study where human seminal plasma concentrations of EL
were 2.5 to 25 times higher than blood plasma levels (Dehennin et a/., 1982). This
result suggests that lignans may accumulate in certain tissues to levels where they would
potentially exert an anticancer effect.

Potential mechanisms

Because of structural similarities to synthetic estrogens such as diethylstilbestrol and
the antiestrogen tamoxifen, many of the mechanisms explored to explain the biolo-
gical effects of lignans have been related to hormonal activity (Table 8.2). Mammalian
lignans have increased the level or expression of estrogen-dependent products such as
the progesterone receptor and pS2 mRNA expression in breast cancer cells (Welshons
et al., 1987; Sathyamoorthy et a/., 1994) and the prolactin receptor in pituitary cells
in vitro (Welshons ez al., 1987), all considered to be estrogenic effects. However, a major-
ity of the evidence suggests that lignans can affect different aspects of estrogen and
androgen metabolism and hence bioavailability:
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1. EL and theoretical intermediates between MAT and EL have inhibited the activ-
ity of aromatase, an enzyme which converts androgens to estrogens, in placental
microsomes, the JEG-3 human choriocarcinoma cell line (Adlercreutz ¢t 4/.,
1993a) and preadipocytes (Wang ¢t al., 1994) in vitro. Because aromatization in
breast fat has been shown to be higher in breast cancer patients as compared to
women with benign breast disease (Miller and O’Neill, 1989), antagonism of
aromatase, and hence reduction of endogenous estrogen synthesis, by lignans may
be one mechanism whereby breast cancer risk is reduced.

2. Lignans have competitively inhibited estrogen binding to the rat carrier protein
o-fetoprotein (Garreau ez a/., 1991). Alpha-fetoprotein has a high affinity for steroid
estrogens and is thought to be an immunomodulator and to regulate the growth
of estrogen-sensitive cells (Garreau er a/., 1991).

3. Lignans have stimulated sex hormone binding globulin synthesis (SHBG) in
vitro and were positively related to plasma SHBG in postmenopausal women
(Adlercreutz er al., 1992a). Because EL was only ten times weaker than estradiol
at stimulating SHBG and its iz vivo concentrations were found to be 100 to 10,000
times greater than estradiol, EL might be a more physiological regulator of SHBG
than estradiol (Adlercreutz ez 2/., 1992b). Although an increase in SHBG would
theoretically reduce the levels of free estradiol and testosterone and hence their
biological activity in peripheral tissues, plant and mammalian lignans appear
to compete with hormones for binding to SHBG (GanBer and Spiteller, 1995; Martin
et al., 1995). On the other hand, increased binding of lignans to SHBG may facil-
itate the transport of lignans to target tissues. Nevertheless, studies in human males
and premenopausal women have found no significant changes in SHBG levels with
10-13.5 g/day flaxseed feeding (Shultz ez /., 1991; Phipps ¢t al., 1993). This may
be related to the low level of flaxseed used and/or due to lack of control for the
intake of other phytoestrogens in the case of the study by Shultz ez «/. (1991).

4. There is some evidence that lignans may reduce circulating hormonal levels. Urinary
lignan levels have been negatively correlated with percentage of free plasma
estradiol and testosterone in postmenopausal Finnish women (Adlercreutz et al.,
1992b). Dietary supplementation with flaxseed (5 g or 10 g) for seven weeks
was found to significantly decrease serum estradiol in postmenopausal women
(Hutchins et /., 1999), an effect associated with reduced breast cancer risk
(Toniolo, 1997). In contrast, other human studies found no significant changes in
plasma hormone levels in males (Shultz ez /., 1991) or premenopausal females (Phipps
et al., 1993). However, studies in rats have indicated that flaxseed or SDG con-
sumption might increase or decrease plasma hormone levels depending on the dose
used and the timing of flaxseed exposure (Rickard and Thompson, unpublished
data; Tou et al., 1999).

5. Flaxseed lignans may also affect the oxidative metabolism of estradiol. Haggans
and colleagues (1999) found that flaxseed supplementation at 10 g/day in
postmenopausal women increased the urinary excretion of 2-hydroxyestrogens
(2-hydroxyestradiol and 2-hydroxyestrone) and the 2/160-hydroxyestrone ratio.
The 160-hydroxyestrone is a more potent estrogen than the 2-hydroxyestrogen
metabolites and has been associated with increased breast cancer risk (Fishman
et al., 1995).

6. Both ED and EL have reduced the activity of So-reductase, which converts testos-
terone to dihydrotestosterone, and of 17B-hydroxysteroid dehydrogenase, which
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converts estrone to the more active estrogen estradiol, in genital skin fibroblasts
and prostate tissue (Evans ¢f 2/., 1995). Decreases in dihydrotestosterone levels might
slow the growth of prostate tumors (Adlercreutz and Mazur, 1997). An interest-
ing observation was that a cocktail of seven phytoestrogens, which included ED
and EL, had much lower inhibitory concentrations on So-reductase activity in com-
parison to the compound alone (Evans ez a/., 1995). Because this latter scenario
would be more representative of in vivo situations, ED and EL might be more
biologically active at lower concentrations than previously thought due to the
presence of other phytoestrogens in the diet.

7. The mammalian lignans produced from flaxseed and feeding in rats have in-
creased in B-glucuronidase activity (Jenab and Thompson, 1996, Jenab ez a/., 1999).
This increased activity was believed to be due to the increased amount of ED- and
EL-glucuronide in the colon because of the enterohepatic circulation of the lig-
nans (Axelson and Setchell, 1981; Setchell ¢ @/., 1981b). Thus, the much higher
levels of lignan conjugates might saturate the enzyme and prevent it from acting
on estrogen glucuronide (Jenab and Thompson, 1996), thereby preventing its absorp-
tion and increasing its excretion in the feces (Adlercreutz and Martin, 1980). However,
flaxseed feeding on estrogen excretion has not been examined.

8. Lignans might potentially compete for sulphatase activity in cells. EL has been
shown to be rapidly conjugated in the monosulphate form in MCF-7 breast
cancer cells (Mousavi and Adlercreutz, 1992) and HepG2 liver cancer cells
(Adlercreutz er al., 1992a). Because estrone-sulphate is the major circulating form
of estrogen and is contained in high amounts in breast cancer cells, the presence
of EL-sulphate might reduce the hydrolysis of estrone-sulphate and its subsequent
conversion to estradiol via 17-B-hydroxysteroid dehydrogenase (see point 6).

In addition to altering hormonal levels and metabolism, lignans appear to affect estrogen
action. Daily supplementation of the diets of 18 premenopausal women with 10 g raw
flaxseed over three menstrual cycles was found to increase the mean luteal phase length
of the menstrual cycle and to increase the luteal progesterone to estradiol ratio (Phipps
et al., 1993). These effects were believed to be due to the antiestrogenic activity of the
lignans produced with flaxseed consumption because similar increases in luteal phase
length in premenopausal women were observed with the antiestrogenic drug tamoxifen
(Lumsden ez /., 1989). Studies in rats suggest that alterations in estrogen-dependent
processes such as estrous cycling, puberty onset, and weights of sex organs are depen-
dent on the dose and timing of exposure to flaxseed or SDG (Orcheson et al., 1998;
Tou et al., 1998, 1999). For example, 10 percent flaxseed exposure during pregnancy
and lactation or throughout the lifetime of the rat resulted in increased ovarian and/or
uterine weight, early onset of puberty, increased estrous cycle length, increased per-
sistent estrus, and increased serum estradiol levels in females (Tou ez /., 1998, 1999),
all considered to be estrogenic effects. On the other hand, 5 percent flaxseed exposure
during these periods resulted in decreased ovarian weight, delayed puberty onset, and
increased persistent diestrus (Tou et 2/., 1998, 1999), considered to be anti-estrogenic
effects. Exposure to flaxseed or SDG after weaning has resulted in no effect on these
parameters (Tou ez /., 1999) or in antiestrogenic effects such as increased estrous cycle
length and increased persistent diestrus (Orcheson ez /., 1998).

The estrogenic or antiestrogenic action of lignans may be mediated via the estrogen
receptor (ER). Estrogen controls the growth, differentiation, and function of tissues
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via the ER. Recently, a new isoform of the ER, called ER, was discovered in the fol-
lowing tissues: prostate, ovary, uterus, epidiymis, testis, bladder, lung, thymus, colon,
small intestine, vessel wall, hypothalamus, cerebellum, and brain cortex (Kuiper et 4/.,
1998). Although not tested with lignans, structurally similar phytoestrogens were found
to preferentially bind to ER versus ERc (the original ER) and to have agonistic rather
than antagonistic activity (Kuiper ez /., 1998). Because the relative levels of these two
receptors differ depending on the tissue (Kuiper ez /., 1998), the biological activity
of lignans and other phytoestrogens may change from tissue to tissue. Both Mat and
EL have been shown to competitively bind to the nuclear type II ER (“bioflavonoid
receptor”) (Adlercreutz er al., 1992a), believed to control uterine growth (Markaverich
and Clark, 1979; Markaverich et «/., 1988). Earlier studies with EL showed that it
decreased the stimulation of uterine RNA synthesis by estradiol in immature rats
four-fold when given 22 hours before estradiol (Waters and Knowler, 1982), which
may be mediated by the type II ER. Although not generally considered to be a
hormone-dependent cancer, colon tissues and tumors have been shown to contain nuclear
type II ER (Piantelli ez #/., 1990). Thus, one mechanism for the inhibitory effect of
lignans on colon cancer risk may be estrogen-dependent.

There are also non-hormone-dependent mechanisms of actions of lignans. One such
mechanism is antioxidant activity. Both plant (SDG) and mammalian (ED and EL)
lignans have exhibited hydroxy radical scavenging activity 7z vitro (Prasad, 1997; Kitts
et al., 1999) and have inhibited DNA scission (Kitts ez #/., 1999). Free radicals formed
endogenously through cellular respiration or obtained externally from food, polluted
air or cigarette smoke can attack DNA, protein, and lipids in cellular membranes
causing cell and tissue damage (Thompson, 1994). Flaxseed and SDG feeding in rats
has also resulted in reduced hepatic glutathione reductase activity without affecting
glutathione levels, suggesting an antioxidant sparing effect of flaxseed lignans (Yuan
et al., 1999). Another hormone-independent mechanism mentioned previously is the
moderate inhibition of angiogenesis, an important step in the metastatic cascade,
in vitro by EL (Fotsis ¢t al., 1993).

Implications and conclusions

The in vitro data, particularly in the case of breast cancer, suggest that the level of
lignan exposure to produce anticancer effects would need to be much higher than physio-
logical levels and that at physiological concentrations, lignans would be stimulatory.
It should be noted that studies 7z vitro generally examine one compound at a time to
discern its effect in a particular system. This, however, is not the case in vivo where
phytoestrogens would be interacting with similar compounds as well as other food com-
ponents. The study by Evans ez «/. (1995) illustrated this point nicely by finding lower
effective concentrations of phytoestrogens when used together rather than individu-
ally. Animal data appear to be consistent in the anticarcinogenic effects of flaxseed or
its mammalian lignan precursor SDG when fed at easily achievable doses in humans.
The most effective doses of flaxseed (5%) and SDG (1.5 mg/day) tested in rats are roughly
equivalent to daily doses of 25 g flaxseed or 50 mg SDG in humans. Although opti-
mal doses in humans still need to be determined, flaxseed feeding at 50 g/day for four
weeks was shown to have beneficial rather than adverse effects (Cunnane et «/., 1993,
1995). Results from clinical studies on lignans, albeit circumstantial, support the notion
that lignans reduce cancer risk.
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To determine the efficacy and safety of flaxseed and its lignans for human applica-
tions, there are certain things that must be taken into consideration. First, there could
be species differences in the metabolism and activity of lignans so optimal doses for
humans may not be the same as effective concentrations determined in rat studies. Second,
there is large inter-individual variability in biological levels of lignans that could be
attributed to the base diet consumed (Kirkman ez 2/, 1995) and activity of the gut
microflora (Adlercreutz, 1998). Gender differences in the relative levels of ED and EL
have been found in humans (Kirkman ez «/., 1995) and in rats (unpublished data),
which may be attributed to gender differences in the colonic environment as well as
the hormonal milieu (Kirkman e /., 1995). Third, the biological levels of lignans
after flaxseed supplementation could also be affected by variability in plant lignan lev-
els in flaxseed (Thompson ¢t a/., 1997), variability in flaxseed levels in commercial and
homemade products (Nesbitt and Thompson, 1997), and continuous versus occasional
dietary intake of lignan precursors (Rickard and Thompson, 1998; Nesbitt e #/., 1999).
Fourth, the effect of processing on lignan availability needs to be considered since flaxseed
would likely be consumed in the form of baked goods rather than in the ground, raw
form as in the animal studies. To answer this question, Nesbitt ¢z @/ (1999) deter-
mined that urinary lignan excretion, a marker of colonic lignan production, was the
same for 25 g flaxseed consumed raw or in bread or muffin forms, indicating that this
type of processing does not affect lignan availability. Finally, the timing and dose of
flaxseed exposure during reproductive development may be an important safety con-
sideration. Flaxseed exposure during pregnancy and lactation in rats was found to have
reproductive effects (Tou ez /., 1998, 1999), whereas no reproductive changes were
observed with flaxseed exposure after weaning. Depending on the dose used, the repro-
ductive changes could be estrogenic or antiestrogenic and may be adverse or beneficial.
The consequences of these effects on disease outcome in the long term have not been
assessed but do suggest that caution should be used in terms of phytoestrogen expo-
sure during critical stages of reproductive development.

In conclusion, the majority of the evidence supports the hypothesis that flaxseed
and its lignans may have beneficial effects in reducing the risk of hormone and non-
hormone-dependent cancers. Potential mechanisms are the antagonism of estrogen and
androgen metabolism and action as well as antiangiogenic and antioxidant activity.
Factors affecting lignan biovailability need to be assessed to determine optimal doses
for humans. Until more research is done, lignan-rich food such as flaxseed should be
used with caution during pregnancy or in susceptible populations such as infants or
young children due to potential adverse effects during critical stages of reproductive
development.
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