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Foreword

The ACS SYMPOSIUM SERIES was founded in 1974 to provide a
medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that, in order to save time, the
papers are not typeset but are reproduced as they are submitted
by the authors in camera-ready form. Papers are reviewed under
the supervision of the Editors with the assistance of the Series
Advisory Board and are selected to maintain the integrity of the
symposia; however, verbatim reproductions of previously pub-
lished papers are not accepted. Both reviews and reports of
research are acceptable, because symposia may embrace both
types of presentation.
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Preface

PLANTS PROVIDE APPROXIMATELY 90% of human caloric intake and a
major part of protein in the diet. They are important as the ultimate source
of nutrition for animal species because they have the unique capability of
synthesizing proteins, carbohydrates, and fats from carbon dioxide, water,
and inorganic chemicals by using sunlight as an energy source. Despite the
importance of plants, knowledge of plant biochemistry has lagged behind
that of mammalian biochemistry, although a renewed interest in photosyn-
thetic processes and chemistry of plant enzymes is overcoming that lag. The
study of plant lipids has also accelerated with increased understanding of
the importance of plant lipids in cell regulatory functions. Now, investiga-
tors are establishing the importance of lipid interactions among different
species as well as in the species themselves.

The symposium from which this book was developed was designed to
review and present current research on the biosynthesis and metabolism of
lipids in plants together with the chemistry and biochemistry of lipid
interactions; however, some presentations reported input from disciplines
other than chemistry. This 22-chapter volume presents a loose classification
of the papers presented at the symposium into four sections: (1) Introduc-
tion, (2) Plant Lipid Metabolism and Plant-Plant Interactions, (3) Plant-
Insect and Plant-Nematode Interactions, and (4) Plant-Microbial Inter-
actions.

We still have much to learn about the lipid metabolism and ecology of
higher plants. Especially intriguing is research concerning the genetics,
mechanisms, and substrates involved in the formation of multiple double
bonds in fatty acids. Results of research may allow us to tailor the
triglyceride composition of vegetable oils. Further research on lipid
interactions of plants with other organisms can show us how to enhance the
resistance of plants to disease and insect infestation or to improve symbiotic
relationships. Regulation of isopentenoid pathways may affect the control
of vegetative and reproductive processes of both plants and the pathogens
that attack them and may enhance the ability of crops to produce chemical
raw materials. We hope that this volume will stimulate more interdisciplin-
ary research that will help us understand and modify the reactions of plant
lipids.

GLENN FULLER

W. DAvID NES

Western Regional Research Center

Agricultural Research Service

U.S. Department of Agriculture

Albany, CA 94710 September 24, 1986
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Chapter 1

Plant Lipids and Their Interactions

Glenn Fuller and W. David Nes

Western Regional Research Center, Agricultural Research Service, U.S. Department of
Agriculture, Albany, CA 94710

Lipids are distinguished by their high solubility in
non-polar organic solvents and their low solubility in
water. Lipids can be classified as derivatives of
fatty acids or other compounds not containing a fatty

acid moiety. Quantitatively, the acyl glycerides,
polar and non-polar, make up the bulk of plant
lipids. These 1include the neutral triglycerides,

found in seed storage lipids, and the polar acyl
glycerides such as the phosphatides, glycolipids and

sulfolipids. There are a variety of non-glyceride
lipids which embrace waxes, sterols, terpenes and
their derivatives, hydrocarbons, and even some

phenolics. Many organisms do not synthesize all their
required lipids de novo, but obtain them from other
species. Some plants are able to synthesize 1lipids
which modify behavior in and help to protect against
pests and pathogenic organisms. Hence, a variety of
interactions have evolved which are the subject matter
of this volume.

The symposium leading to this book was designed to bring together
scientists working in the field of interactions between various
species based on 1lipid biochemistry. This area of research is
important to agriculture because it can lead to biological control
of beneficial or deleterious species. Many organisms have evolved
requiring 1lipid nutrients from other organisms, e.g., certain
insects do not synthesize cholesterol de novo, but they can either
use plant steroids without modification or convert these steroids
to cholesterol (Svoboda et al., Chap. 11). Other species have
evolved protective compounds. Harborne (8) has classified the
plant protective compounds as prohibitins, inhibitins (pre-infec-
tional), post-inhibitins, and phytoalexins (post-infectional). A
high proportion of these compounds are lipids, often functioning by
changing membrane permeability in the invading species. Although
there is overlap, the chapters of the book have been loosely
grouped to cover general lipid metabolism and function, plant-plant

This chapter not subject to U.S. copyright.
Published 1987, American Chemical Society
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1. FULLER ANDNES  Plant Lipids and Their Interactions

interactions, plant-insect interactions and plant-nematode
interactions, and effects of microbes and plants on one another.
Since the book is a symposium volume, there is heavy emphasis on
plant-microbial relationships and somewhat less coverage of other
areas. However, it is representative of current research in the
field.

Lipids are one of the four major categories of compounds which
are involved with growth and reproduction of crop plants and their
pathogens, the others being carbohydrates, proteins and nucleic
acids. Bioregulatory processes of 1lipids have been largely
ignored. Acyl 1lipids and sterols were assumed to play a
nonmetabolic role in the maintenance of cell membrane physico-
chemical properties, while triglycerides were important in energy
reserve and isopentenoid hormones influenced reproduction.
However, later chapters of this volume show that lipids may have
acted as ecological determinants of plant interactions with other
organisms. Sterols have multiple non-metabolic roles during the
life history of fungi and yeasts (W. R. Nes, Chapter 16), each of
which is familially and temporarily expressed. In nature their
influence is dependent on availability of sterols from the host
plant in which structure and quantity of sterols are important to
the host-pathogen relationship. Fatty acids or acyl lipids play
physiological roles which are similarly related to their structures
and their compartmentalization within the cell (Mudd, Chapter 2;
Fuller and Stumpf, Chapter 4 ). The aim of this monograph is to
attempt to cover for the first time this diverse area of research
on lipid interactions. We have emphasized the sterol and fatty
acid fields and plant interactions, rather than those of mammals
since this reflects the editors' interest in these subjects. 1In
addition, a few chapters are devoted to structure-occurrence and
structure-biosynthesis of lipids since physiology is the basis for
the interactions described.

Lipids are distinguished from other classes of biologically
important compounds by the fact that they contain large non-polar
moieties, which make them poorly soluble in aqueous media but
soluble in organic solvents such as chloroform, alcohol, hexane or
mixtures of these solvents. This characteristic enables one to
extract lipids from fresh tissue; mixtures of chloroform - methanol
or hexane - 1isopropanol are the most commonly used solvent
systems. After extraction, the lipids may be separated by their
chemical properties. The techniques of liquid chromatography, gas
chromatography and thin-layer chromatography have been especially
useful in separating classes of lipids for analytical purposes. It
is now generally accepted that two major 1lipid biosynthetic
pathways exist - the so-called isopentenoid and fatty acid
pathways. While the two pathways have been assumed to be
biochemically independent of one another, carbon-flow via the
mevalonic acid shunt into the fatty acid pathway has been
demonstrated in a crop plant and insect (2, 3). Because some
lipids are very hydrophillic and remain in aqueous media, we
sometimes group lipids according to their biosynthetic rather than
chemical relationships.
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4 ECOLOGY AND METABOLISM OF PLANT LIPIDS

Lipid Classes

Fatty acids and their derivatives. Fatty acids are characterized
by the presence of a carboxylic acid function attached to a
hydrocarbon chain. Because the biosynthesis of fatty acids
involves the combination of a series of two-carbon fragments, the
common fatty acids are unbranched chains with even numbers of
carbon atoms. Many are saturated, but biochemical interest centers
principally around the unsaturated fatty acids containing up to

five double bonds. Common unsaturated acids have their double
bonds in the cis-configuration rather than the thermodynamically
more stable trans form. Multiple double bonds are usually

methylene-interrupted, rather than conjugated. Table I indicates
the common names and structures of some of the principal fatty acids
found in plant and animal lipids. Though acyl glycerides of the
relatively few acids listed make up the bulk of 1lipids in living
organisms, small amounts of many other acids of unusual structure
are found in nature. These include branched acids, long chain
(>C,,) saturated and unsaturated acids, ones with very high degrees
of polyunsaturation (found in marine oils), epoxy and hydroxy fatty
acids and acids with cyclopropane moieties in the chain. The
chemistry and biochemistry of the fatty acids and their derived
lipids have been reviewed by Gurr and James (4).

Table I. Major Fatty Acids in Plants and Animals

Common Name Chemical Structure

Saturated Acids

Lauric Acid CH3(CH2)10COOH
Myristic Acid CH3(CH2)12COOH
Palmitic Acid CH3(CH2)14C00H
Stearic Acid CH3(CH2)16COOH

Unsaturated Acids

Oleic Acid CH3(CH2)7CH=CH(CH2)7COOH
cis
Linoleic Acid CH3(CHZ)4CH=CHCH2CH=CH(CH2)7C00H
cis cis

a-Linolenic Acid CH3CHZCH=CHCH2CH=CHCH2CH=CH(CHZ) 7COOH

cis cis cis
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1. FULLER AND NES Plant Lipids and Their Interactions

Fatty Acid Derived Lipids

The fatty acids occur most commonly in nature as acyl glycerides
(Table II). Triglycerides are the predominant neutral 1lipids in
most 1living organisms. Triglycerides are the storage lipids in
animal fat and in plant seeds, and because of their physical
properties as well as high energy content, they are components of
many food products. They are also the raw materials for making
soaps and other surface active compounds. Animal triglycerides are
made up of significant amounts of saturated fatty acids and thus
tend to be solid at ambient temperature, while vegetable oils are
usually liquids and have either shorter chain saturated acids or
acids with higher polyunsaturation. Waxes have similar physical
properties to those of triglycerides, but they occur as saturated
acids esterified to long chain monohydric alcohols rather than to
glycerol, and as minor components, long chain alcohols and alkanes.

Lipids with high levels of polyunsaturated fatty acids are
considered desirable by many nutritionists because these lipids
help to maintain low levels of blood cholesterol and favorable
levels of serum high density lipoproteins. Many efforts are now
directed at modification of the fatty acid composition in plants,
especially the composition of seed oils (5). Genetic improvement
of soybean o0il 1is an especially desirable goal since the small
amount of a-linolenic acid present in the oil causes flavor
instability.

Polar Lipids. The polar lipids (Table II) are extremely important
to the life processes of living organisms, since glycerophospho-
lipids are principal components of membranes. These membranes are
for the most part 1lipid bilayers in which the nonpolar hydro-
carbon tails point toward one another and the polar groups are on
the outside, interacting with the aqueous phases inside and outside
the region enclosed by the membrane. Various glycolipids, sterols,
proteins, lipopolysaccharides and other compounds are also
incorporated in the membranes and influence their selective
properties. A significant proportion of cell enzymes are
membrane-bound and hence are difficult to isolate and
characterize. The biosynthesis and role of phospholipids has been
reviewed by Mudd (6).

Although galactolipids (Table II) are found in the nervous
systems of animals, they are present in very few other animal
tissues. On the other hand, galactolipids and sulfolipids are
prominent in green plants as important constituents of the
chloroplast photosynthetic membranes. The galactolipid fatty acids
of the chloroplast lamallae are highly polyunsaturated with
a-linolenic acid making up ca. 90% of the fatty acid content (7).
Sulfolipids are also found in the photosynthetic tissues of the
chloroplast. Sulfolipids are similar to the phospholipids in fatty
acid composition, 4i.e., they contain significant amounts of
palmitic, oleic and linoleic acids, as well as linolenic acid.

In Ecology and Metabolism of Plant Lipids; Fuller, G., et a.;
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ECOLOGY AND METABOLISM OF PLANT LIPIDS

TABLE II
PRINCIPAL LIPID GROUPS

Name:
A. Fatty Acids

B. Triglycerides

D. Waxes

E. Glycerophospholipids

« Phosphatidyl choline
s Phosphatidyl ethanolamine

¢ Phosphatidyl serine
¢ Phosphatidyl glycerol

F. Sphingophospholipids

H. Galactolipids

* Monogalactosyl diacylglycerol

(MGDG)

* Digaloctosy! diacyiglycerol
{DGDG)

H. Sulfolipids

*Plant Sulfolipid
(Sulfoquinovosyl
diacyl glycerol)

J. Sterols

» Cholesterol

HO

¢ Fucosterol
HO

Structure:
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RyCOOCH o,

i
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X= CHyCHNH2
COOH

X= CH2CHOHCH,0H
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1. FULLER ANDNES  Plant Lipids and Their Interactions 7

Lipids not derived from fatty acids

Sterols. Sterols and terpenes are both isopentenoid compounds.
Like the fatty acids, their biosynthesis begins with acetate, which
undergoes a series of reactions forming acetoacetate, hydroxy-
methylglutarate and finally mevalonate. Mevalonic acid is the
precursor to all the isopentenoid compounds. Through a further
series of reactions mevalonic acid is converted to isopentenyl pyro-

3R-Mevalonic acid

phosphate and then through successive condensations to squalene, a
C30 open chain isopentenoid. In nonphotosynthetic organisms squa-
lene forms an epoxide which cyclizes to lanosterol, a precursor of
sterols (8). The principal sterol synthesized by mammals and red
algae is cholesterol, from which a number of important steroidal
hormones are derived. A steroid synthesized by one organism may
not possess an analogous role in another organism in which it is
synthesized. If present at all, cholesterol is only formed in
minute amounts by crop plants; however, plants synthesize several
important sterols, most of which are characterized by an alkyl or
alkenyl group at the 024 position of the sterol side chain. The

24-alkylated sterols may be metabolized to hormones for which
cholesterol cannot serve as a precursor, e.g., antheridiol. 1In
addition to appearance as free sterols, these compounds are often
found as esters or as glycosides. Steroidal alkaloids or
azasteroids are nitrogen derivatives which may be important in the
defense mechanisms of plants (9).

Other isopentenoids. Many lipids other than steroids are formed
via the isopentenoid pathway. Terpenes and their derivatives are
very important in interactions of plants with other organisms. ke
and coworkers Thave proposed that fungal elicitors modify
isopentenoid pathways in potato, shifting biosynthesis from
triterpene alkaloids which are pre-infection inhibitors to
sesquiterpene lactone stress metabolites (9). A variety of insect
attractants, insect juvenile hormones, inhibitors and plant
hormones are terpene derivatives.

Other lipids. Waxes are major lipids in a few organisms (e.g.,
jojoba, sperm whale). Cutins (condensation polymers of hydroxy
fatty acids) are discussed in a later chapter (Kolattukudy et al.,
Chap. 10). Hydrocarbons other than isopentenoid compounds occur in
a variety of species.

In Ecology and Metabolism of Plant Lipids; Fuller, G., eta.;
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ECOLOGY AND METABOLISM OF PLANT LIPIDS

Interactions of Lipids

The ecology of plants includes their interactions with beneficial
and harmful organisms--human beings, animals, insects, bacteria,
yeasts and fungi. In many of these interactions 1lipids are
produced which are either rquired nutrients for other organisms or
which are part of the defense mechanisms of plants. Isopentenoid
compounds produced by one plant may be harmful to another
(Elakovich, Chapter 7), while steroids may inhibit plant growth by
exerting or modifying a regulatory function (Roddick, Chapter 18,
W. D. Nes, Chapter 19). Some of the most interesting defenses of
plants are those against insects, including physical barriers
(Kolattukudy, Chapter 10) and regulatory compounds for insect
development (Svoboda, Chapter 11, Thompson, Chapter 12). The
interactions which have evolved in nature suggest protective
strategies in which molecular biology and other biotechnological
approaches may be used to protect crop plants. We expect to see a
number of such solutions achieved from the types of work reported
in this volume.
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Chapter 2

Biosynthesis of Chloroplast Glycerolipids

J. B. Mudd, D. G. Bishop/, J. Sanchez, K. F. Kleppinger-Sparace, S. A. Sparace,
J. Andrews, and S. Thomas

ARCO Plant Cell Research Institute, 6560 Trinity Court, Dublin, CA 94568

The glycerolipids of the chloroplast comprise mono-
galactosyldiacylglycerol (MGDG)¥*, digalactosyldiacyl-
glycerol (DGDG), sulfoquin-ovosyldiacylglycerol (SQDG),
and phosphatidylglycerol (PG). PG is the only one of
these found outside the chloroplast. While the
synthesis of fatty acids is exclusively in the plastid
of higher plants, the synthesis of the unique glycero-
lipids of the chloroplast requires contributions from
the cytoplasmic compartment.

The fatty acids synthesized in the plastid are
exported to the cytoplasmic compartment as acyl- CoAs
generated by enzymic activity of the outer membrane of
the plastid envelope. These acyl- CoAs are utilized in
the synthesis of phospholipids in the mitochondria and
the endoplasmic reticulum. The fatty acid specificity
in the synthesis of phosphatidyl choline (PC) is such
that palmitate (16:0) is never found at the sn-2
position. Thus the predominant molecular species are
sn1-18, sn2-18 and sn1-16, sn2-18. These molecular
species of PC supply the diacylglycerol (DAG) moiety
for synthesis of MGDG, DGDG, and SQDG in the plastid.
In some cases ("18:3 plants") the DAG from PC is the
sole supplier of DAG moieties to the three glycolipids.
The mechanism of transfer of the DAG from PC to the
chloroplast moiety is unknown.

*Abbreviations: ACP, acyl carrier protein; APS, adenosine-5'-
phosphatosulfate; CDP-DG, cytidinediphosphate-diacylglycerol;
DAG, diacylglycerol; DGDG, digalactosyldiacylglycerol; FdH2,
ferredoxin (reduced); LPA, lysophosphatidic acid; MGDG,
monogalactosyldiacylglycerol; PA, phosphatidiec acid; PC, phospha-
tidylcholine; PG, phosphatidylglycerol; PGP, phosphatidylglycer-
olphosphate; PSS037, protein-S-sulfonate; SQDG, sulfoquinovosyl-
diacylglycerol; UDP-3Q, uridinediphosphate-sulfoquinovose.

ICurrent address: CSIRO, Division of Food Research, North Ryde, New South Wales,
Australia

0097-6156/87/0325-0010%$06.00/0
© 1987 American Chemical Society
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2. MUDDET AL. Chloroplast Glycerolipids 11

DAG is also synthesized in the plastid, but in

this case the fatty acid specificity is such that 16 C
acids are almost without exception found at the sn-2
position. Thus the predominant molecular species are
sn1-18, sn2-16, and sn1-16, sn2-16. These molecular
species are the sole supplier of DAG moieties in the
synthesis of PG. In some cases ("16:3 plants”) these
molecular species contribute to the synthesis of MDGD,
DGDG and SQDG.

Lipid biosynthesis in chloroplasts has been extensively studied
for 25 years. We now have a good understanding of the synthesis
of fatty acids and glycerolipids. Whereas fatty acid synthesis
in higher plants is localized in the plastid, the synthesis of
glycerolipids of the plastids depends to a large degree on
enzymes in the cytoplasmic compartment.

This review attempts to emphasize recent developments in the
study of glycerolipid metabolism in the chloroplast. Detailed
current information may be found in the recently published
proceedings of a symposium on Structure, Function and Metabolism
of Plant Lipids (1).

Fatty Acid Synthesis

The studies on fatty acid synthesis in higher plants over the
last 25 years have led to a consensus about the individual
reactions and their localization in the cell. This consensus is
that the enzyme system for fatty acid synthesis is procaryotic in
nature, that is the enzymes are soluble and separable, and that
the system is localized entirely in the plastid. Thus the
membranes of the mitochondria, the endoplasmic reticulum, the
plasmalemma, the tonoplast, the nuclear membrane, and the Golgi
apparatus all depend for their fatty acid components on the
activities of the plastids. In outline the reactions of fatty
acid synthesis may be summarized:

acetate + ATP + CoASH — acetylCoA [1]
acetylCoA + HCO3 + ATP — malonylCoA [2]
acetylCoA + ACP — acetylACP (3]
malonylCoA + ACP — malonylACP (4]
acetylACP + malonylACP — p-ketoacylACP (5]
B-ketoacylACP + reduced nicotinamide — B-hydroxyacylACP [6]
B-hydroxyacylACP — enoylACP (7]
enoylACP + reduced nicotinamide — acylACP [8]

Although there is general agreement about the outline of the
synthetic reactions, some questions may be raised on specific
issues, such as the origin of the precursors for fatty acid
synthesis and the origin of the reductants used.

Acetate has been used widely as a precursor for fatty acid
synthesis by isolated chloroplasts largely as a matter of
convenience and economy. Several studies have attempted to
determine whether acetate is the physiological precursor.

In Ecology and Metabolism of Plant Lipids; Fuller, G., eta.;
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12 ECOLOGY AND METABOLISM OF PLANT LIPIDS

Roughan etal (2) compared acetate, pyruvate and malonate as
potential precursors and found that acetate was about three times
better than pyruvate while malonate was not used at all.
Consistent with this result is the report of Kuhn etal (3) who
found that acetate concentration in plant tissue is in the order
of mM and that acetate thiokinase is localized in the plastid.
Nevertheless, alternative substrates can not be entirely excluded
at this stage. Schulze-Siebert etal (4) have reported that when
chloroplasts are incubated with bicarbonate, pyruvate accumulates
in the chloroplast. Furthermore Williams and Randall (§) have
reported that pyruvate dehydrogenase of pea chloroplasts has an
activity of 6-9 umol/h/mg chlorophyll. It is therefore
conceivable that the acetyl CoA used in the first steps of fatty
acid synthesis is derived from pyruvate.

The question as to whether photosynthetically fixed carbon
dioxide can directly give rise to precursors of fatty acid
synthesis has also received considerable attention. Stitt and ap
Rees (6) have reported that the pathway from 3-phosphglyceric
acid to pyruvate is incomplete in pea chloroplasts because of the
absence of phosphoglyceric acid mutase. This result would
suggest that the first product of photosynthesis leaves the
chloroplast and the precursor of fatty acid synthesis (acetate or
pyruvate) is eventually returned to the chloroplast. The result
of Schulze-Siebertetal (4) with spinach chloroplasts appears to
be consistent with the presence of the phosphoglyceric acid
mutase in these chloroplasts. Furthermore the results of Journet
and Douce (7) obtained by using plastids from cauliflower
inflorescence,indicate that they are capable of the conversion of
3-phosphoglyceric acid to acetyl CoA.

The studies of the individual enzymes of fatty acid
synthesis in higher plants has shown that the two reductive
steps, B-ketoacyl ACP reductase and enoyl ACP reductase have
different cofactor requirements. As a result the synthesis of
fatty acids depends on the availability of both NADH and NADPH.
While the provision of NADPH can be attributed to the photo-
synthetic reactions, the source of NADH in the chloroplast is
less certain. Takahama etal (8) have demonstrated that the
content of NADPH in the chloroplast is influenced by illumination
as expected, but there is no such fluctuation of the oxidation
state of NAD/NADH. The production of NADH to be utilized in
fatty acid synthesis would therefore appear to depend on dark
reactions. One possibility would be by the action of pyruvate
dehydrogenase, which would generate not only the NADH required
for reduction in fatty acid synthesis but also the precursor
acetyl CoA.

Most studies of fatty acid synthesis by isolated
chloroplasts are made under photosynthetic conditions.
Illumination of the chloroplasts generates ATP and reductant
necessary for the incorporation of acetate into the fatty acids.
Other effects of illumination may influence fatty acid synthesis.
For example the pH and the magnesium ion concentration of the
stroma both rise when the chloroplast is illuminated. It should
be noted that non-photosynthetic plastids are also assumed to be
the sole site of fatty acid synthesis and they must have sources
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of ATP and reductant alternative to photosynthetic mechanisms.
Sauer and Heise (9) have addressed the problem of fatty acid
synthesis by chloroplasts in the dark. They have used the
dihydroxyacetone phosphate shuttle as first described by Werdan
etal (10), which depends on the conversion of DHAP to
glyceraldehyde-3-phosphate which is ozidized by GPDH, generating
ATP and NADPH. Since DHAP is taken into the chloroplast by the
phosphate translocator in exchange for phosphate it was necessary
to include phosphate as a component of the shuttle to counteract
the potential decrease of phosphate in the stroma. The original
purpose of the DHAP shuttle was to obtain carbon dioxide
incorporation into 3-PGA in the dark which required ATP but not
reductant. It was therefore necessary to reoxidize the NADPH
generated by the oxidation of phosphoglyceraldehyde otherwise the
production of ATP would have been limited by the lack of NADP.
The reoxidation of NADPH was accomplished by the addition of OAA
which was reduced to malate in the stroma. In the experiments of
Sauer and Heise (9) all three components of the DHAP shuttle were
necessary to observe fatty acid synthesis in the dark. This is
rather puzzling since the OAA would be expected to drain off
NADPH which one would think is required for the reductive steps
of fatty acid synthesis. Perhaps the components of the shuttle
have other effects than those outlined above. The results of
Browseetal(11) also bear on the question of fatty acid synthesis
in the dark. They have reported rates of fatty acid synthesis by
leaf discs of spinach kept in darkness which were 12-20% of the
rates in the light.

Sauer and Heise (9) have also demonstrated that the
synthesis of fatty acids in the dark is stimulated when an
ionophore is used to increase the magnesium ion concentration in
the stroma. This result indicates that the increase in stroma
concentration of magnesium ion during illumination is favorable
for fatty acid synthesis. The optimum pH for fatty acid
synthesis is also achieved during illumination of the
chloroplast.

Fatty Acid Utilization

The long chain fatty acids synthesized by the chloroplast system
are in the form of ACP derivatives. At any point in the
fabrication of the chain there are four things that can happen to
the acyl moiety: 1) the acyl ACP can be utilized in another
cycle of elongation, 2) the acyl chain can be transferred to
glycerol-3-phosphate, 3) the acyl moiety can be exported from the
chloroplast to the cytoplasmic compartment, and 4) the acyl ACP
can be desaturated. (Figure 1 ).

The fatty acid chain lengths synthesized by the chloroplast
are primarily 16 and 18. This clearly implies that for acyl ACP
of chain lengths less than 16 the predominant reaction is further
elorgation, and that for chain lengths of 18, elongation is rare.
For 16:0 ACP,18:0 ACP, and 18:1 ACP, both transfer to the
cytoplasmic compartment and acylation of glycerol-3-phosphate are
distinct possibilities. The concentration of ACP in the stroma
has been determined to be 8 uM [Ohlrogge etal(12)], so only small
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cytoplasm

18:0 CoA
16:0 CoA A 18:1 CoA

pd ﬂ\\

0] @®
— —» 16:0 ACP —> 18:0ACP —> 18:1 ACP
v ) v

acylation of G-3-P

stroma

Figure 1. Utilization of acyl ACP. The acyl ACP generated by
the fatty acid synthesising system can be elongated (reaction
®), transferred to glycerol-3-phosphate (reaction @),

desaturated (reaction ®), or exported to the cytoplasm (reaction
®).
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steady state concentrations of acyl ACPs are possible. Soll and
Roughan (13) have determined the concentrations of acyl ACPs
during fatty acid synthesis by spinach chloroplasts. They
accumulate to the level of 3 nmol/mg chlorophyll and 16:0 ACP,
18:0 ACP, and 18:1 ACP were represented at concentrations of 1.6
uM,0.99 uM, and 2.08 uM respectively.

Although the membranes of the chloroplast may comprise 75%
of the membranes of the plant cell [Forde and Steer (14)], it
should be noted that rather a large fraction of the fatty acids
produced in the chloroplast must be processed in the cytoplasmic
compartment before being returned to the chloroplast. In plants
where the chloroplasts are relatively devoid of phosphatidic aeid
phosphatase and can therefore not provide DAG for the synthesis
of glycolipids (MGDG, DGDG, SQDG) only the fatty acids that are
found on the chloroplast PG have been used for the acylation of
G-3-P in the chloroplast.In such plants ("18:3 plants™), 95% of
the fatty acids synthesized in the chloroplast are transported to
the cytoplasm. For the "16:3 plants” this figure is harder to
calculate but is not less than 60%.

The export of the acyl moieties to the cytoplasm depends on
the activities of both acyl-thioester esterases and acyl-
thioester synthetases. Both Andrews and Keegstra (13) and Block
et al (16) have reported that the acylCoA thioesterase is located
in the inner membrane and the acylCoA synthetase is located in
the outer membrane of the chloroplast. It is assumed that the
physiological substrate for the thioesterase of the inner
membrane is the ACP derivative. The combination of these two
activities achieves the transport of newly synthesized fatty
acids to the cytoplasm where, as the CoA derivatives, they are
available for the synthesis of phospholipids in the mitochondria
and endoplasmic reticulum.

Origin of the diacylglycerol moiety of chloroplast glycerolipids

By studying the kinetics of labeling of glycerolipids in pumpkin
leaves, Roughan (17) concluded that the diacylglycerol moiety of
MGDG originated in PC and that desaturation of the fatty acids of
PC provided the unsaturated fatty acids found in the
galactolipids. In a later study however, Roughanetal (18), using
isolated spinach chloroplasts discovered that MGDG synthesised in
vitrodemonstrated successsive desaturation to linoleate and to
linolenate. This apparent contradiction eventually led to the
recognition that in some plants the diacylglycerol moiety is
derived entirely from the endoplasmic reticulum, whereas in
others it is derived partly from the endoplasmic reticulum and
partly from the synthesis of diacylglycerol in the plastid. When
the diacylglycerol is obtained from the plastid it contains
almost exclusively 16:0 initially at the sn-2 position. If this
diacylglycerol is used in the synthesis of MGDG successive
desaturations generate 16:3 at the sn-2 position. On the other
hand if the diacylglycerol is derived from the endoplasmic
reticulum 18 carbon fatty acids are found almost exclusively at
the sn-2 position and after desaturation the MGDG contains 18:3
at the sn-2 position. The two groups have been called the "16:3
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16 ECOLOGY AND METABOLISM OF PLANT LIPIDS

plants" and the "18:3 plants" respectively. This distinction was
recognised by Jamieson and Reid (19) but the biochemistry is now
understood. Gardiner and Roughan (20) have presented evidence
that the crucial difference between 18:3 and 16:3 plants is in
the presence of a more active phosphatidic acid phosphatase in
the 16:3 plants. The consequence is that the phosphatidiec acid
synthesized in the plastid can give rise to those glycerolipids
which use diacylglycerol as a precursor. In either the 16:3 or
the 18:3 plants the synthesis of PG does not depend on the
conversion of PA to DAG and it does not depend on the provision
of DAG from the cytoplasmic compartment. Bishopetal(21) have
analyzed the fatty acid distribution of glycerolipids from 16:3
and 18:3 plants to see what the origin of the DAG moiety is in
the various plastid glycerolipids. Table I shows that the DAG
moiety of PG is always synthesized in the plastid (procaryotic).
MGDG shows the characteristic presence of 16:3 in MGDG indicating
that the DAG moiety has come from the procaryotic pathway in
spinach. In cucumber there is no 16:3 in the MGDG indicating
that the DAG moiety came entirely from the cytoplasmic
compartment (eucaryotic). Although it is proposed that the DAG
moiety of MGDG comes from PC in 18:3 plants, it is clear that
there is discrimination against molecular species that contain
16:0. Molecular species that contain 16:0 are utilized in the
synthesis of DGDG, and in the synthesis of SQDG. The data
presented by Bishop etal (21)demonstrate that SQDG is synthesiszed
from the same DAG pool as the galactolipids even though there is
selection of the molecular species in the synthesis of these
three molecules. It is clear in the case of spinach that the DAG
moiety of SQDG comes from both cytoplasmic and chloroplastic
sources whereas the SQDG of cucumber (18:3) comes entirely from
the cytoplasmic compartment.

Acylation of glycerol-3-phosphate

Following the demonstration by Douce and his colleagues that the
acylation of glycerol-3-phosphate in the chloroplast is catalyzed
by an enzyme of the stroma and the second acylation to form PA is
catalyzed by an enzyme of the chloroplast envelope, further
studies concentrated on the characterization of these reactions.
Bertrams and Heinz (22) and Frentzen etal (23) have delineated

the fatty acyl specificity for the acylation of glycerol-3-
phosphate by the soluble enzyme from the chloroplast stroma.
There was a strong preference for oleate over palmitate by the
enzymes from spinach and pea. The specificity was the same both
for acyl-CoAs and for acyl-ACPs although the latter is almost
certainly the physiological substrate. This substrate
specificity was reversed when the requirements for the second
acylation reaction were studied, palmitate being almost
exclusively used in the conversion of 1-oleyl-G-3-P to PA by
enzymes localized on the chloroplast envelope. These
specificities are entirely consistent with what we know of the
fatty acid distribution of complex lipids of these two species.
PG in both cases has oleate or desaturation products at position
sn-1, and palmitate or desaturation products at position sn-2.
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Table I.
glycerolipids.

digestion with Rhizopuslipase.

Chioroplast Glycerolipids

Positional distribution of fatty acids in leaf
The positional distribution was determined after
The presence of 16 carbon fatty

17

acids at position sn-2 indicates chloroplastic origin of the DAG.
The presence of 16 carbon fatty acids at position sn-1 is
indicative of cytoplasmic origin of the DAG.

[Data from Bishopetal. (21)]

16:0 16:13% 16:3 18:0 18:2 18:3

Spinach (16:3)
MGDG sn-1 2 - 3 1 1 93
sn-2 1 - 46 - 1 52
SQDG sn-1 34 - - 3 7 50
sn-2 67 - - 1 3 29
PG sn-1 27 2 - 2 3 63
sn-2 12 73 - - 6 7
PC sn-1 35 - - - 20 31
sn-2 1 - - - 35 51

Cucumber (18:3)
MGDG sn-1 3 - - 2 4 86
sn-2 1 - - 1 1 93
SQDG sn-1 60 - - 1 3 21
sn-2 2 - - - 3 86
PG sn-1 33 5 - 19 7 1
sn-2 16 71 - 1 3 8
PC sn-1 37 - - 9 18 30
sn-2 2 - - 1 34 51
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In spinach the PA synthesized in the chloroplast donates the DAG
moiety in the synthesis of MGDG and in this molecule we find 18
carbon acids exclusively at position sn-1 and in some cases 16
carbon fatty acids at position sn-2.

Frentzenetal (23) have determined kinetic parameters for the
G-3-P:acyl-ACP acyl transferase from spinach. The Km for
palmityl-ACP was 3.2 pyM and for oleyl-ACP it was 0.3 uM. These
figures may be compared with the steady state concentrations of
1.6 uM and 2.08 pM respectively determined by Soll and Roughan
(13). Thus acylation with oleate should clearly be favored. The
Km for G-3-P was 3150 pM in the presence of palmityl-ACP and 31
puM in the presence of oleyl-ACP according to Frentzen etal (23),
but Sauer and Heise (2U4) report the values to be 5390 uM and 290
UM respectively. These values may be compared with stroma
concentrations of G-3-P oscillating between 100 pM in the light
to 300 pM in darkness. These values suggest a preference for
oleate,though somewhat less if the data of Sauer and Heise (24)
are used in the calculation.

Galactolipid biosynthesis

The syntheses of MGDG and DGDG have been well studied for almost
twenty years. The popularity of this area is no doubt due to the
ease of assay and the ready availability of suitable substrate,
radiolabelled UDP-galactose.

It is widely accepted that the synthesis of MGDG depends on
the reaction of DAG and UDP-galactose. The synthesis of DGDG is
more controversial. There has been no satisfactory demonstration
of the reaction of MGDG with UDP-galactose. The alternative
reaction described by van Besouw and Wintermans (25) is a
dismutation reaction of two molecules of MGDG to generate one
molecule of DGDG and one molecule of DAG. It is this reaction
which probably gives rise to the considerable amounts of DAG in
isolated chloroplasts and chloroplast envelopes. The
physiological importance of this reaction is still not clear.
The problem with both of the reactions already mentioned comes
from considerations of the fatty acid composition and positional
distribution. Table I illustrates the dilemma. In 16:3 plants
the 16 carbon fatty acid is excluded from the DGDG, and in both
16:3 and in 18:3 plants 16:0 is much more represented in DGDG
than in MGDG. If DGDG is formed from MGDG there must be strong
discrimination against molecular species containing 16:3 and
strong discrimination in favor of molecular species containing
16:0. If the dismutation reaction is operative, equally strong
discriminations must apply.

It is noteable that 18:3 and 16:3 plants yield chloroplasts
that are significantly different in the characteristics of MGDG
synthesis. Heinz and Roughan (26) have shown that whereas the
chloroplasts from both 18:3 and 16:3 plants are capable of
incorporating radiolabelled galactose from UDP-galactose, using
the endogenous DAG pool, the chloroplasts from 16:3 plants are
much more efficient in synthesizing MGDG from DAG which is
synthesized from radioactive acetate. The implication is that
the DAG synthesized denovo in the chloroplast is not accessible to
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the galactolipid synthesizing equipment in the chloroplast from
18:3 plants. A further difference is that the chloroplasts from
the 16:3 plants are capable of desaturating the 18 carbon fatty
acids of MGDG while those from 18:3 plants are not.

Biosynthesis of phosphatidylglycerol in chloroplasts

The synthesis of PG by isolated chloroplasts was reported by Mudd
and deZacks (27). Before that report attempts to measure PG
synthesis in isolated chloroplasts had failed and the consensus
was forming that the PG of the chloroplast was actually
synthesized in other organelles and transported to the plastid.
Sparace and Mudd (28) degraded the PG synthesized by the isolated
chloroplasts using various lipases to demonstrate that both
glycerol moieties were labelled from radioactive G-3-P,
indicating that denovo synthesis rather than an exchange reaction
was taking place. PG labelled from radiocactive acetate was
labelled equally in both fatty acid moieties and the label at the
sn-1 position was 18 carbon and the fatty acid at the sn-2
position was 16 carbon, consistent with fatty acid specificities
determined for the acyl transferases determined by Frentzen etal
(23). The fatty acid analysis of the radiolabelled PG showed
that there had been desaturation of the 18 carbon fatty acid to
18:2 but there had been no desaturation of 16:0 to trans-3-
hexadecenoic acid. The initial studies of PG synthesis in
isolated chloroplasts showed strong inhibition by Triton X-100
and stimulation by CTP. These observations were understood in
more detail as a result of the report of Andrews and Mudd (29)
which showed that CDP-DG is an intermediate in the synthesis of
PG and that the conversion of PA to CDP-DG is strongly inhibited
by Triton X-100. In a subsequent paper Andrews and Mudd (30)
have reported that the synthesis of PG is localized on the inner
envelope membrane of the chloroplast. A summary of the relevant
reaction is presented in Table II.

The synthesis of PG in chloroplasts has taken on particular
significance because of the findings of Murata (31) showing a
strong correlation between the fatty acid composition of PG and
sensitivity to chilling. Chilling sensitive species have PG with
a high proportion of molecular species with 16 carbon fatty acids
at both positions sn-1 and sn-2. For example 65% of the
molecular species of sweet potato PG are of this type whereas
only 6% of the PG molecular species are of this type in spinach.
(Spinach is resistant to chilling and sweet potato is sensitive.)
This correlation is related to the phase behavior of the PGs from
the chilling sensitive and chilling resistant plants [Murata and
Yamaya (32)].The observations of Murata have aroused a great deal
of interest.Roughan (33) has reported the fatty acid compositions
of PGs from a wide variety of plants and found Murata's
generalization to hold with some exceptions such as solanaceous
plants and C4 grasses.

The finding of plants with high proportions of molecular
species with 16 carbon fatty acids at both sn-1 and sn-2
positions requires a revision of our conclusions regarding the
fatty acid specificity of the G-3-P:acyl-ACP transacylase. We
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must conclude that in the chilling sensitive species the fatty
acid specificity is different. The fatty acid preferred for the
first acylation must be 16 carbon in these cases.

Biosynthesis of sulfoquinovosyldiacylglycerol

The biosynthesis of SQDG has not yet been elucidated. Davies et
al (34) showed that cysteic acid is a suitable precursor for SQDG
in Euglenagracilis, suggesting that the carbon skeleton and the
sulfur moiety were incorporated together. This proposal required
the postulation of a pathway which has been called the
sulfoglycolytic pathway being analogous to the glycolytic
sequence. Harwood (335) concluded that the same pathway may exist
in higher plants, but Muddetal (36) found that neither cysteate
nor cysteine is superior to sulfate as precursor for SQDG
synthesis in spinach seedlings and concluded that any activity of
cysteic acid or cysteine could be attributed to the conversion of
these compounds to sulfate. Hoppe and Schwenn (37) have examined
the synthesis of SQDG by Chlamydomonas reinhardii and found that
sulfate is a superior precursor to cysteic acid. The quesion
remains: What are the intermediates between sulfate and SQDG?

Haas etal (38) described the synthesis of SQDG from
radioactive sulfate by isolated chloroplasts. Separation of the
labelled molecular species of SQDG showed that there was no
change in distribution during the period from 5 minutes to 4.5 hr
sampling times. One could interpret this result as showing not
de novo synthesis but rather the incorporation of sulfate into pre-
existing DAG acceptors. Kleppinger-Sparaceetal (39) have also
studied the synthesis of SQDG from radiocactive sulfate by
isolated chloroplasts. Rates of 0.7 nmol/hr/mg chlorophyll were
observed. The reaction was stimulated by UTP, consistent with
the possible involvement of an intermediate such as UDP-
sulfoquinovose. The incorporation of sulfate was inhibited by
the addition of UDP-galactose which was interpreted as the
removal of DAG acceptors which otherwise would be available for
the acceptance of sulfoquinovose. We would propose that the
synthesis of SQDG proceeds by reactions as outlined in Figure 2.

The origin of the DAG moiety of SQDG has been clarified by
the results of Bishopetal(21). The results, summarized in Table
I, show that the final step of SQDG biosynthesis has access to
the same pool of DAGs as galactolipid synthesis. Thus in 16:3
plants the DAG moiety can come from both the cytoplasm
(eucaryotic) and the chloroplast (procaryotic) whereas in 18:3
plants the DAG moiety for SQDG synthesis comes only from the
cytoplasmic compartment. The analyses of the fatty acid
composition and positional distribution shows that there is
considerable selectivity in the utilization of DAG molecular
species for the synthesis of SQDG, MGDG and DGDG. The scheme of
synthesis and utilization of DAG for SQDG synthesis is presented
in Figure 3.
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Table II. PG synthesis by chloroplast envelopes. Variation in

components of the reaction mixtures causes the accumulation of

specific intermediates. Mercuric ions inhibit PGP phosphatase.
[Data from Andrews and Mudd (30)]

acylACP ACP CTP PPi G-3-P CMP Pi

LPA \\—’) PA \\—’} CDP-DG \‘—’} PGE’-’/A PG

% distribution of products

Reaction mixture PA CDP-DG PGP PG
® 5 min, 1%C-16:0ACP+LPA 95 - - -
@ @®+10 min CTP, Mge* 5 75 2 12
® ®+10_min G-3-P 3 5 3 85
@ @+Hg* 5 26 50 12

S042- ATP
S042-
PP;
\% FdH2
APS — PSSO3™ - . S . mcysteine
uDP-SQ
stroma

Figure 2, Incorporation of sulfate into SQDG. Sulfate is taken
up by the chloroplast where it is activated to form APS. The
sulfate can be 1) transferred to the carrier used in reductive
steps leading to cysteine, 2) used in the formation of an inter-
mediate (UDP-SQ) which glycosylates DAG present in the envelope
membrane, 3) used to form sulfate esters.
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Chloroplast Envelope EndoplasmicReticulum
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Figure 3. Origin of DAG moiety for SQDG synthesis. The DAG pool
used in SQDG synthesis is the same pool as used in galactolipid
synthesis. In 18:3 plants this pool is derived entirely from the
cytoplasmic compartment. In 16:3 plants it is derived partly
from the cytoplasm and partly from the chloroplast.
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Projections

Although the understanding of glycerolipid biosynthesis in the
chloroplast is now quite comprehensive there are currently new
areas of study opening. The use of mutants to study the
importance of lipids in higher plants has now begun (40).
Undoubtedly the molecular biology of the reactions of lipid
biosynthesis will be studied in the next few years. Little is
known about the regulation of glycerolipid synthesis in the
chloroplast. It may be discovered that some enzymes of the
biosynthetic pathway are activated by light because of conversion
to an active sulfhydryl form. Thus it is likely that lipid
biosynthesis in the chloroplast will be a fertile area for the
next few years.
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Chapter 3

Gibberellins in Higher Plants: The Biosynthetic
Pathway Leading to GA,

C. R. Spray and B. O. Phinney
Department of Biology, University of Califernia, Los Angeles, CA 90024

The gibberellins (GAs) are a class of plant hormones
that were first isolated as metabolites of the fungus,
Gibberella fujikuroi. Thereafter they were found to
be widespread among higher plants. The GAs have been
shown to control a number of biological functions,
including shoot elongation, fruit set and the de novo
synthesis of a-amylase. Recent advances in
technology have provided methods leading to the
identification of 72 GAs. Also biosynthetic studies
have integrated these GAs into a limited number of
pathways, all of which originate from the common
diterpene precursor, GAjp-aldehyde. In maize

shoots, only a single pathway exists, which leads to
the biologically active gibberellin, GA;. The
availability of GA-deficient mutants (dwarf mutants)
of maize has provided a unique opportunity to analyze
the biosynthetic pathway at both the chemical and
genetic level. The results have led to the conclusion
that only one gibberellin (GA;) is active per se in
the control of shoot elongation in maize. This
unitary control is probably widespread among higher
plants.

The sequence of events that led to the discovery of the gibberellins
(GAs) has recently been reviewed by Phinney (1). While the GAs were
first discovered as secondary metabolites of the fungus, Gibberella
fujikuroi, they have now been shown to be present in most higher
plants (both gymnosperms and angiosperms). Their recent
identification from ferns and psilophytes (2,3) suggests that the
GAs may be ubiquitous to the plant kingdom. Gibberellins have yet
to be identified from liverworts, mosses, algae and bacteria.

Of the 72 gibberellins identified by gas chromatography-mass
spectrometry (GC-MS), eleven are found only in the fungus, G.
fujikuroi, forty seven in higher plants while fourteen additional
GAs are common to both groups. The gibberellins are tetracyclic
diterpene acids, having in common the carbon skeleton,

0097-6156/87/0325-0025%06.00/0
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ent-gibberellane. The gibberellins are then divided into two major
groups, the ent-gibberellanes (the Cy3-GAs) and the
ent-20-norgibberellanes (the ¢y -GAs% (see Figure 1). Within the
two groups, the GAs differ from each other in a limited number of
ways, e.g. the number and position of hydroxyl groups, the degree of
unsaturation, and the oxidation state of carbon-19 and carbon-20.

In order to simplify the gibberellin nomenclature, the trivial names
GAi_, are now used (4), with each newly characterized member being
assigned the next available number.

In general, an individual plant species contains a limited
number of gibberellins (usually less than fifteen); in many higher
plants apparently only one of these, GAj, is active per se in the
control of shoot elongation; the other GAs of the shoot are active
as biosynthetic precursors to GAj, or biologically inactive as
branch metabolites from the main pathway. The generalization, 'one
active GA for shoot elongation', originated from studies with maize
(Zea mays) where dwarfing genes were shown to block specific steps
in the early-13-hydroxylation pathway leading to GA; (5-8). This
generalization may be widespread among higher plants since dwarf
mutants have been found to control steps of this same pathway in pea
(9), rice (10) and tomato (1l1).

The absolute identification of the specific gibberellins native
to a plant is central to the analysis of GA biosynthesis because the
enzymes controlling specific steps in the pathway have been shown to
be non-specific, i.e. non-native GAs are metabolized to non-native
products when added to either the fungus or to the plant (12). Most
of the definitive information on the identification of GAs from
plants comes from studies using developing embryos and endosperm,
which are relatively rich sources of GAs, with levels as high as 10
to 100 milligrams GA per kilogram fresh weight. In contrast,
vegetative green shoots may contain less than 1 microgram GA per
kilogram fresh weight (13). Such low levels have long frustrated
plant physiologists because it is the shoot that shows dramatic
elongation responses to applied gibberellins.

Much of the early work on the presence and levels of
gibberellins in higher plants was based on bioassay data. While
such bioassays are generally specific for the class of diterpenes,
the gibberellins, they are essentially useless in determining kinds
and levels of specific gibberellins.

In recent years physiological and biochemical research on plant
hormones has been revolutionized by the use of high performance
liquid chromatography (HPLC) as a key purification step, and
capillary GC-MS, for the identification of specific GAs. Thus
picogram levels of a particular GA can now be detected in a sample
background of 1 milligram (l4). As a result, endogenous GAs are
being identified and quantified from the shoots of an increasing
number of higher plants (e.g. 2,15-18). (For detailed discussions
of the criteria for the unambiguous identification of gibberellins
see references 14,19,20). A flow sheet summarizing the purification
steps leading to the identification of endogenous GAs in maize is
shown in Figure 2.

GC-MS is also critical to metabolic studies. For example, a
plant can be fed a double labeled substrate (e.g. (13¢,3n] -GA,).

The radioisotope ([3H]) can be used to track the substrate and
metabolites during purification while the stable isotope (! 3
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Figure 1. The carbon skeleton and numbering system for the
gibberellins. All the known GAs are either C94-GAs (a), or
C19-GAs (b), in which carbon-20 has been lost with the

formation of a 19,10Y lactone. (For the structures of the 72 GAs
see references 14,57,39).
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Figure 2. Flow sheet for the extraction and purification of GAs
from plant material.
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is used for identification in the mass spectrum (e.g. 7). It is
also possible to use a single label, acting as both the radio and
heavy isotope (e.g. [14C]), provided that sufficiently high levels
of the isotope appear in the metabolites from the feed. In this
approach, both the availability of the labeled substrates and GC-MS
instrumentation of sufficient sensitivity are still limiting
factors.

The Biosynthesis of the Gibberellins

The gibberellin biosynthetic pathway can be divided into two major
sections, the early pathway, from mevalonic acid (MVA) to
GAj,~aldehyde (a single pathway), and the pathways subsequent to
GAjp-aldehyde (at least four at this time).

The Early Pathway, MVA to GA;,-aldehyde (Figure 3)

Gibberellin biosynthesis is initiated by the activation of MVA,
followed by its conversion to isopentenylpyrophosphate (IPP).
Stepwise condensation leads to the formation of trans-
geranylpyrophosphate (GPP), trans-farnesylpyrophosphate (FPP) and
trans-geranylgeranylpyrophosphate (GGPP).

GGPP is the first diterpene in the pathway; it undergoes ring
closure (rings AB) to give copalylpyrophosphate (CPP); CPP then
undergoes further cyclization (rings CD), to give the tetracyclic
ent-kaurene. ent-Kaurene undergoes a series of oxidations at
carbon-19, followed by ent-7a-hydroxylation, to give
ent-7a-hydroxykaurenoic acid. Ring B is then contracted, with
the extrusion of carbon-7, to give GA;-aldehyde, the common
precursor for all the known GAs.

There are a number of branches between MVA and ent-kaurene that
lead to biologically important terpenes other than the gibberellins;
for example, in plants, a branch at IPP leads to the side chain of
cytokinins; a branch at FPP leads to squalene and the sterols, also
abscisic acid; branches at GGPP lead to phytoene, fatty acid esters,
chlorophyll esters and non-cyclic diterpenes; and branches at CPP
lead to (-)-trachylobane, (+)-beyerene, (+)-sandaracopimaradiene
(21) and ent-isokaurene (22). (For a review of the pathway to
ent-kaurene see reference 23).

Pathways Subsequent to GAj,-aldehyde

The remainder of this article will provide a brief review of
selected details of pathways subsequent to GAjj-aldehyde,
concentrating on the "early-13-hydroxylation' pathway and its role
in the control of shoot growth in maize (Zea mays).

Gibberellin Aj;-aldehyde undergoes a variety of stepwise
oxidations and/or hydroxylations. The first step subsequent to
GAj,-aldehyde defines a particular pathway (e.g. 3B-hydroxylation,
or 13-hydroxylation, or 12a-hydroxylation, etc). Any one plant
species may have one or more pathways; and different organs of the
same plant may have different pathways (19).

The pathways from GAjj;-aldehyde have in common the loss of
carbon-20 to give the biologically active Cjg-GAs, and (in plants)
2B-hydroxylations to give biologically inactive GAs. In higher

In Ecology and Metabolism of Plant Lipids; Fuller, G., eta.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



30 ECOLOGY AND METABOLISM OF PLANT LIPIDS

HO,
HO,C  CH,OH
MVA
[ cytokinin side choir?l
"o, Ho, -¢0, T
—_— _— '
HO,C  CH,0P HO,C  CH,OPP oPP OPP
MVAP MVAPP IPP DMAPP
carotenoids
t
phytoene
oPP
RN
- g:(/opp
GGPP FPP GPP

~— | \
ABA squalene

|

sterols

cPP ent-kaurene

2 H % 2
* ent-Ta- % ent-kaurenoic ent-kaurenal
hydroxy- acid
kaurenoic

acid

Figure 3. The gibberellin biosynthetic pathway, MVA to
GAjj-aldehyde. This portion of the pathway is the same for
both the fungus, Gibberella fujikuroi, and higher plants.
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plants, carbon-20 is apparently lost as the aldehyde, rather than as
the carboxylic acid as would be expected by analogy with the sterols
(24,25). The evidence for this loss comes from radiolabeled feeding
studies using GAs with a carboxyl group at carbon-20. In a
cell-free system from the endosperm of pumpkin (Cucurbita maxima)
GAzg (carbon-20 as the aldehyde) is readily metabolized to the

Cig gibberellin, GA,, whereas GAjj (carbon-20 as the acid) is

not metabolized (gg). Likewise, in a cell-free system from immature
embryos of pea (Pisum sativum) GA,, (carbon-20 as the aldehyde) is
metabolized to the C;g gibberellin, GAg, while GAjg (carbon-20

as the acid) is not metabolized (27). " Interestingly, GAyg, GA4,
GAy,, and GAg are biologically active (28,29) whereas GAj3 and

GAjg are inactive (28). These contrasting activities would be
expected if the activity of the Cy0-GAs is dependent on their
metabolism to C1g-GAs. In general, Ciq gibberellins are
biologically active (except for the 2B-hydroxylated GAs) and Cs0
gibberellins inactive, or low in bioactivity.

In plants, a number of 2B-hydroxylated GAs have been
identified, all of which are apparently inactive; many of these are
C1g-GAs (28,30); 2B-hydroxylation may thus be a general process
for the deactivation of biologically active Cyg-GAs (30). It is
interesting that 2B-hydroxylated GAs are absent in the fungus,

G. fujikuroi. This absence may be related to the fact that the GAs
have no known biological function in this organism; thus the fungus
has no need for a deactivation system.

The Non-hydroxylation Pathway (Figure 4 - plants)

This pathway is present in both the fungus (Q. fujikuroi) and in
higher plants.

In the fungus, the pathway is initiated by the oxidation of
carbon-7 of GAjj-aldehyde to give GAj;. Carbon-20 is then lost,
followed by the formation of a 19,10 lactone to give the Cig
gibberellin, GAg. The precise steps leading to the loss of
carbon-20 are not known. The obvious suggestion is oxidative
demethylation, via the alcohol (GA5 [opened lactone]), the
aldehyde, (GA5,) and the acid (GA25§. These three GAs are
naturally occurring in the fungus; however, when fed back to the
fungus, they are not metabolized (31). Gibberellin Ag is further
metabolized, either by hydroxylations of carbon-16 (GAjp), or
carbon-2 with a stereochemistry (GAAO); rearrangement of the
lactone combined with epoxide formation at the 1,10 position to give
GAjj, or hydroxylation at carbon-13 to give GApqg (32).

In plants, members of this pathway were identified from
developing seeds of pea as early as 1974 (33). However, it was not
until 1983 that the pathway itself was shown to be present (27).

The pathway (Figure 4) is initiated by the formation of GAjy,
which is then oxidized sequentially at carbon-20 to the alcohol
(GA15 [opened lactone]) and to the aldehyde (GA;). Loss of
carbon-20 combined with formation of a 19,10 lactone gives the
bicactive gibberellin, GAg. In addition, the aldehyde of GAy,
may be further oxidized to the acid (GA25) which is apparently not
further metabolized; also GAg may be hydroxylated at the 283-
position to give the biologically inactive GAgj.

In Ecology and Metabolism of Plant Lipids; Fuller, G., eta.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



ECOLOGY AND METABOLISM OF PLANT LIPIDS

32

*(WnAT3ES UnsTg) eed 103 Aemyized uorjeTAxoapAy-uou ayj

(3u04o0| pauado)

*y @an8rg

apAyap|o-2lyg

In Ecology and Metabolism of Plant Lipids; Fuller, G., eta.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



3. SPRAY AND PHINNEY Gibberellins in Higher Plants 33

The Early-3-hydroxylation Pathway (Figure 5)

This pathway is present in the fungus (G. fujikuroi). All of the
members shown in figure 5 are endogenous to the fungus; also at
least eighteen of the actual or potential steps in this pathway have
been analyzed by substrate/product feeding studies using
[14c]-1abeled substrates. In this pathway GAj,-aldehyde is
3B8-hydroxylated to GA14-aldehyde which, in turn, is oxidized at
carbon-7, giving GAj,. Gibberellin Ay, is then metabolized via
an undefined series of intermediates to give the Cyg gibberellin,
GA,. Gibberellin A, may be further metabolized, either by
13-hydroxylation to GAy, or by 1,2-dehydrogenation to GA7.
Gibberellin A; is 13-hydroxylated to GAj. (This fungus is used
in the commercial production of the agriculturally important Cjg
gibberellins, GA3, GA,, GA7 and GAg). There are several

branch steps from the main early-3-hydroxylation pathway; e.g.
GAy, may be 16-hydroxylated (GA,;), or oxidized at carbon-20
(GA3g and GAy3); in addition, GA, may be a-hydroxylated at
carbon-1 (GAjg) or carbon-2 (GA,7). Gibberellin Aj3 and

GA3g are shown as branches from the main pathway since they are
apparently not metabolized when fed to the fungus (31). This
pathway has been presented and discussed in greater detail in
several reviews (34-36).

The first two members of the early-3-hydroxylation pathway are
the Cyq gibberellins, GAj,-aldehyde and GAj,. Since these two
gibberellins have yet to be identified from higher plants, there is
no direct evidence for the presence of the pathway in higher plants;
the natural occurrence of GAs that would be found late in the
pathway (i.e. C19-GAs) is not critical evidence for the presence
of the pathway, since Cjg-GAs can have more than one biosynthetic
origin. Likewise, presumptive pathways based on feeding studies
with GAj;,-aldehyde or GA;, as substrates do not provide direct
evidence for the presence of the pathway, because of substrate
non-specificity. (As mentioned earlier, the fungus will convert
non-native gibberellins through a series of non-native intermediates
to non-native gibberellin products [12]). Feeds and refeeds of
radiolabeled GAj,-aldehyde and its metabolites, to cell-free
systems from pumpkin endosperm, clearly document metabolism through
an early-3-hydroxylation pathway in this system (37). However, the
biological significance of this pathway in the intact pumpkin plant
has yet to be established.

Other Pathways

Six 12a-hydroxylated gibberellins have been identified as native

to pumpkin (38). Their structures show them to be 12a-hydroxy
derivatives of the Cyqy gibberellins, GAjp, GAj,, GAsz,

GA13 (named GAjg), and the Cyg gibberellins, GA, (named

GAsg), and GAy, (named GA,g). Thus they are potential members

of an early-12a-hydroxylation pathway analogous in oxidation and
hydroxylation pattern to the early-3-hydroxylation pathway;
alternatively, they may be a series of single step metabolites that
branch from an early-3-hydroxylation pathway. Recent and extensive
radiolabeled feeds to cell-free systems from pumpkin suggest both
possibilities (gl,gg). In this system the conversions are highly
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pH dependent. The relationship of the l2a-hydroxylated gibberellins
to a specific pathway is, as yet, unresolved.

There are a number of additional gibberellins native to higher
plants with unique hydroxylation patterns (for example, hydroxylated
at positions 1, 11, 128, or 15) that fit into no known pathways
(2,3,39,40). These GAs cannot be assigned to a biosynthetic pathway
until radiolabeled feeding studies have been made using the plants
from which the gibberellins were isolated.

The Early-13-hydroxylation Pathway (Figure 6)

The gibberellins that comprise this pathway are both unique to
higher plants (i.e. not present in the fungus) and widespread among
higher plants. The pathway itself has been shown to be present in
maize (Zea mays) (7,17,41), and pea (Pisum sativum) (27,42). This
report will consider only the early-13-hydroxylation pathway for
maize.

The first clue for the presence of the pathway in maize came
from the identification of eight 13-hydroxylated GAs from very young
tassels and vegetative shoots (17,41,43). No other GAs were found
in these extracts. A comparison of the structures of these eight
gibberellins clearly placed them in a single hypothetical pathway
originating from the common GA-precursor, GAjj-aldehyde (i.e. GAs3,
GAy4s GAyg, GAqy7 [branch?j, GAjps GAxg [branch?], GA;, and
GAg [branch?]) (5). The order of four specific steps has now been
established from radiolabeled feeds to maize seedlings, where the
fate of the label was followed after predetermined periods of
incubation. The specific steps between GA;j;-aldehyde and GAg3
are still unresolved; in addition, the steps GA,, to GAjg; GAjg to
GAy7; and GAjg to GAjgp have yet to be demonstrated. This classical
approach (feed of labeled substrate followed by identification of
labeled immediate product, etc.) was greatly facilitated by the use
of a series of GA-mutants that lack either all or specific
combinations of endogenous GAs.

These five mutants, dwarf-1, dwarf-2, dwarf-3, dwarf-5 and
anther ear-1 (Figure 7), are simple recessives, non-allelic to each
other and expressed as a dwarf phenotype from the early seedling
stage to maturity; in the dark as well as in the light (44). They
are GA mutants in that each dwarf mutant resumes normal growth in
response to exogenous GA; a constant supply of gibberellin is
necessary for this normal growth (é,éé). No other plant or animal
hormone elicits such a response. The pattern of response to each
member of the pathway varies depending on the mutant being tested
(5) (see Figure 8). Such differential growth responses are expected
only when the terminal gibberellin in the main pathway is bioactive
per se. Other members (gibberellins and their precursors) are
bioactive by their metabolism to the terminal bioactive
gibberellin. Thus all members of the pathway subsequent to a
genetic block would be biocactive, and those before the block
inactive. It is the pattern of response for each mutant that
suggests the position in the pathway blocked by each mutant.
Initially, growth response data were used to suggest the specific
position blocked by each of the five dwarf mutants. - Subsequently,
radiolabeled feeds, using either [14C]- or [!3c,3H]-
precursors, have provided definitive evidence for the positions
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Figure 6. The early-13-hydroxylation pathway for maize (Zea
mays). The dwarf-1 block has been defined chemically. The
dwarf-2 and dwarf-3 blocks are based on bioassay data only. The
initial steps subsequent to GAjj-aldehyde are not yet known,
hence the alternate routes via GAj; or GAgj-aldehyde.
Gibberellin Ajg-catabolite has been detected as a metabolite
from feeds of 17-13C,3H2]GA20 to normal and dwarf-1l

seedlings (7).
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Figure 7. The five mature dwarf mutants and normal maize (Zea
mays). The height of the mutants varies from 1/4 to 1/5 that of
the normals.
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The differential growth response of the dwarf-5 and

Figure 8,
dwarf-1 mutants to GA,.. The dwarf-5 mutant (left set: dwarf-5;

dwarf-5, +GA20; Normal, +GA20; Normal) responds by normal growth
to treatment with GA_ _, the dwarf-1 mutant (right set: dwarf-1;
dwarf-1, +GA, . ; Normgg, +GA__; Normal) does not respond when treated

with the same level of GAZO.
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blocked by the dwarf-5 and dwarf-1 rutants. This report will
analyze the dwarf-5 and dwarf-1 systems only.

The dwarf-5 mutant. The dwarf-5 mutant controls the cyclization
step, CPP to ent-kaurene (22). This conclusion is drawn from three
lines of evidence: First, seedlings respond by normal growth to
members of the main pathway, including ent-kaurene (5,46). These
data suggest that the mutant blocks an early step in the pathway,
before ent-kaurene.

Second, cell-free systems from normal seedlings synthesize
ent-kaurene from radiolabeled GGPP, CPP and MVA, whereas cell-free
systems from dwarf-5 seedlings synthesize ent-kaurene from these
precursors at levels one-fifth that of the normal (gg). It is
interesting that the mutant system accumulates the isomer,
ent-isokaurene, an isomer present in only trace amounts in the
normal system; (ggg-isokaurene is biologically inactive [ﬁl]).
Presumably, the formation of the biologically inactive
ent-isokaurene is favored in the mutant as a consequence of the
genetically altered ent-kaurene synthetase B (Figure 9)(22).

The third line of evidence comes from the analysis of the
endogenous GAs present in normal and dwarf-5 seedlings (43).
Gibberellin Al’ GAsq» GAlg, GAi7 and GA4, have been identified
from normal seedlings, whereas dwarf-5 seedlings give no evidence
for the presence of four of these GAs (trace amounts of GAjg were
found in the dwarf-5 extract). These results would be expected if
the dwarf-5 mutant controls the cyclization of CPP to ent-kaurene.

The dwarf-5 mutant has been used extensively to define the
single steps, CPP to ent-kaurene (22); ent-kaurenol to ent-kaurenal,
ent-kaurenal to ent-kaurenoic acid (48); GAgy to GA,, and GAjg
to GAyg (17); GApg to GAy (7); and GA; to GAg (43,49,50). For each
step a radiolabeled substrate was fed to the dwarf-5 mutant and the
label recovered in the immediate product.

The dwarf-1 mutant. The dwarf-1 gene controls the 3B-hydroxylation
of GApg to GA;. The original evidence comes from growth response
data; i.e. GAj is active, and GAjg and its precursors inactive (i.e.
less than 17 the activity of GA1§. By contrast, these same GAs

and their precursors are all active in stimulating elongation in
dwarf-5 seedlings (see Figure 8).

Conclusive evidence for the position of the genetic block comes
from feeds of double labeled GAjy to dwarf-1 seedlings. These
seedlings do not metabolize GA,;q to GA;, whereas dwarf-5 seedlings
do metabolize GAjy to GA; (and GAjg) (7).

Analysis of the endogenous GAs in dwarf-1 seedlings also
supports the position that the dwarf-1 mutant controls the
3B-hydroxylation of GAjg to GA;. Extracts of dwarf-1 seedlings
contain GApg, GAjg, GAj7 and GA4y - and no GAy, whereas all five
gibberellins are present in normal seedlings %ﬁg). The absence of
endogenous GAj in dwarf-1 plants would be expected if the mutant
blocks the conversion of GAjn to GA;.

This mutant has been used to obtain data from radiolabeled
feeds that document the steps GApg to GApg (7) and GAy to GAg (43).
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en/-kaurene en/-isokaurene

Figure 9. Proposed scheme for the conversion of CPP to
ent-kaurene and ent-isokaurene (22). In the dwarf-5 mutant the
pathway to ent-isokaurene is favored. ent-Isokaurene is
biologically inactive (47).
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General Comments

Probably the most significant conclusion that comes from our genetic
and biochemical studies is that GA; must be the only gibberellin

in the early-13-hydroxylation pathway that is active per se in the
control of shoot elongation in maize. Other members of the pathway
are active through their metabolism to GA;. This conclusion is
supported by data from three kinds of approaches:- bioactivity
studies, radiolabeled feeds, and analysis of endogenous GAs in
mutant and normal seedlings.

Unfortunately, the enzymological approach is still complicated
by low levels of activity and instability of the enzymes
(hydroxylases and oxidases) that catalyze the specific steps in the
pathway(s). This is especially true for cell-free systems
originating from young green shoots. Slow but steady progress is
now being made on purification steps by Graebe's group in Gottingen
(51), West's group at U.C.L.A. (52), Coolbaugh's group at Iowa (53)
and MacMillan's group at the University of Bristol (éﬁ,éé), which is
also approaching the problem through the use of monoclonal
antibodies (56). Our group at U.C.L.A. is using Robertson's mutator
as a probe for cloning the dwarfing genes in maize (6,8).
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Chapter 4
Fatty Acids in Plants: A Model System

Glenn Fuller’ and P. K. Stumpf?
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Fatty acids in plants are synthesized from acetate in
the chloroplasts of leaf cells and the plastids of
seeds. In 1leaf cells there are active desaturase
enzymes which convert the fatty acids to linoleic and
linolenic acids in large amounts. The predominant acyl
lipids are triglycerides in seeds, phospholipids and
glycolipids in leaves. Lemna minor was used to examine
lipid synthesis in a plant which can grow under both
light and dark conditions when provided proper
nutrition.

In interactions of plants with their environment, changes in the
membrane lipids of the host are often in evidence, especially
chemical changes in the composition of fatty acids. The
biosynthetic pathways to these fatty acids are modified and it is
these changes which are the subject of much current study. De novo
synthesis of saturated fatty acids in both procaryotes and
eucaryotes is well understood. Subsequent desaturation reactions
and pathways by which acyl glycerides are formed are not as well
defined. In this chapter we will discuss fatty acid and
triglyceride biosynthesis and will present data on using duckweed,
a small aquatic weed, to study some of the reactions of lipids in
plants.

Fatty Acid Synthesis

Synthesis of fatty acids in plants has been the principal subject
of a number of recent reviews (1, 2, 3, 4). The properties of acyl
lipids are determined by their fatty acid composition and
distribution. For instance, Van der Waals bonding is stronger for
saturated fatty acids than for cis-unsaturated acids having the
same carbon number (5); thus, the saturated acids and their acyl
lipids have higher melting points. There is some evidence that
lower melting points or phase transition temperatures in membrane
lipids correlate with chill resistance (6). The melting range,
oxidation stability, and rheological properties of triglycerides
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are all influenced by their composition and are critical to their
commercial uses.

Each plant cell manufactures its own fatty acids, since there
is no lipid transport in plants. The synthesis begins with acetate
which is formed from pyruvate, formed from phosphoglycerate in the
Calvin cycle in leaf tissue or via degradation of sugars in seeds
or fruits. De novo synthesis of fatty acids takes place in the
chloroplasts of vegetative tissues or in plastids of other plant
tissues. Acetate is first esterified to the -SH function of
coenzyme A (CoA) via an enzyme, acetyl CoA synthetase. Coenzyme A
is an adenosine derivative attached to a 4'-phosphopantetheine
moiety, a chemical subunit which is ubiquitous in the metabolism of
fatty acids.

Formation of Acetyl and Malonyl CoA

Acetyl CoA synthetase
CH3COOH+ATP+CoA » CH3COCOA+AMP+PP; (1)

H8++

Acetyl CoA Carboxylase

CH3COCOA+ATP+CO,
HB++

HOOCCH,COCOA+ADP+P 5 (2)

The driving force for the reaction is the conversion of ATP to
AMP. Acetyl CoA is then carboxylated by the enzyme acetyl-CoA
carboxylase to form malonyl CoA. The carboxylase is actually a
multienzyme complex in which one of the proteins is attached to
biotin, the carrier of the carboxyl group. Again, the driving
force for the reaction is hydrolysis of ATP. The carboxyl group
added in this reaction is 1lost in the later condensation
reactions. Although this seems inefficient, the condensation
process is actually driven by the change in free energy resulting
from decarboxylation.

The Fatty Acid Synthase (FAS) Sequence. The subsequent reactions
of fatty acid synthesis are shown in Figure 1. The next sequence
of reactions is the transfer of both the acetate and malonate
moieties from CoA to acyl carrier protein (ACP). ACP is a protein
on which the 4'-phosphopantetheine group already referred to is
attached to the hydroxyl of a serine which is located approximately
in the middle of the chain (amino acid number 36 of 77) in the ACP
of E. coli. The ACP of both eucaryotic and procaryotic organisms
has considerable homology. The ACP of E. coli can be used to carry
acyl groups through the FAS reactions with both animal and plant
FAS enzymes. Transfer of acyl groups to ACP is essential for the
reactions to take place in plants. The enzymes responsible are
acetyl-CoA:ACP transacylase and malonyl-CoA: ACP transacylase, also
called acetyl and malonyl transferases.

There 1is evidence that in eucaryotic organisms other than
plants the fatty acid synthase enzymes are associated in a complex
in which several functions exist in a single protein. The synthase
in animal liver has been shown to be a complex of two identical

In Ecology and Metabolism of Plant Lipids; Fuller, G., eta.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



46 ECOLOGY AND METABOLISM OF PLANT LIPIDS

HO2C=CHyC—S—CoA
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Figure 1. Fatty Acid Biosynthesis.
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protein subunits oriented head to tail in which the various
functions and the AGP are held together (7). Similarly in yeast
the synthase is a complex of six & and six B units. Each unit
contains several of the specific functions of the system. 1In E.
coli and other procaryotes the various enzymes of the FAS appear to
be non-associated proteins in the cytosol. The FAS system in
higher plants is similar to that of the procaryotes in that
individual functions can be identified with specific proteins found
in the tissue plastids (8). All of the ACP in plant leaf cells is
found in the chloroplasts (9).

After conversion to acetyl-ACP and malonyl-ACP, two carbons of
the malonyl-ACP are introduced via the condensing enzyme,
B-ketoacyl-AGP synthetase. Loss of the malonyl carboxyl drives the
reaction and in the first step of the sequence acetoacetyl-ACP is
formed. The B-ketoacyl-AGP is then reduced to B-hydroxyacyl-ACP by
NADPH and the enzyme B-ketoacyl-ACP reductase. The hydroxy acid is
dehydrated to form a trans-2,3-enoyl-ACP which can be reduced by
NADH or WNADPH to the saturated ACP derivative (butyrate in the
first series of steps). Condensation with malonyl-ACP is then
repeated and the cycle continues to produce acyl-ACP derivatives
with two additional carbon atoms until palmitoyl-ACP results. A
second B-ketoacyl-ACP synthetase accomplishes addition of two more
malonyl carbon atoms to allow the formation of stearoyl-ACP. The
016-)018 B-ketoacyl-ACP synthetase has been shown to be a separate

enzyme since it is more easily inhibited by arsenite and is less
sensitive to the antibiotic, cerulenin, than the B-ketoacyl-ACP

synthetase forming C[' to Cl6 keto acids.

Desaturation. Although the sequence produces stearate, there is
very little stearic acid found in plant lipids. An active desatur-
ase, the A9 stearoyl ACP desaturase, also found in the chloro-
plast or plastids, forms a cis double bond between Cq and Cpqg of
the carbon chain. This system requires both NADPH and ferredoxin.
Stearoyl ACP is the physiological substrate. The major product is
oleoyl-ACP, which may then be thydrolyzed or converted to
oleoyl-CoA. Animals also produce oleic acid as a major product.

The animal and plant desaturase systems diverge at this point.
Animal systems desaturate oleate only between the Cg double bond
and the carboxyl group, while plants desaturate between the Cjq
carbon and the w-methyl. The plant desaturase systems giving rise
to linoleic acid and a-linolenic acid are not yet well
characterized. This is because the desaturases are membrane-bound
and have not been isolated. Current indications are that
phosphatidyl choline with oleic acid at the 2-position is the
substrate for the 18:1-)18:2 reaction (2). There is evidence (10)
that the 18:2-18:3 reaction takes place in the chloroplast and that
the substrate is monogalactosyldiacylglyceride (MGDG).

Formation of Acyl Lipids

Synthesis of polar and non-polar lipids in plants as well as
animals is via the glycerol phosphate or Kennedy pathway (5). In
this pathway 3- sn—glycet‘ol phosphate, formed by reduction of

dihydroxyacetone phosphate, yl CoA in the 1- and
merican Ghemical Sociey

Library
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2-positions. The transferases accomplishing this reaction appear
to be different since there is a preference for saturated acids in
the 1l-position and shorter chain or less saturated acids in the
2-position. The diacyl phosphatidic acid produced may then be
hydrolyzed to diacyl glycerol and further acylated to triglyceride
or it may undergo reactions to form phospholipids or glycolipids.
Formation of phospholipids is accomplished by reaction of
diacylglycerol or phosphatidic acid with cytidine diphosphate (CDP)
or CDP derivatives of ethanolamine or choline. Galactosyl
glycerides are formed by reaction of diacyl glycerol with uridine
diphosphate (UDP) derivatives of galactose.

A plant model system

In our work we were seeking a plant system with which some of the
specific reactions, e.g., desaturation and acyl lipid formation,
could be studied. Lemnaceae (duckweeds) are small aquatic plants
which grow rapidly, reproduce vegetatively and have a relatively
simple morphology (11). They grow autotrophically in inorganic
medium, heterotrophically in the dark with a carbon source, or
photoheterotrophically. Because of their small size and simple
growth requirements they can readily be maintained in axenic
cultures, and hence, are an excellent model system for study of
plant metabolism. Although Lemna minor and other duckweed species
have been used extensively for biochemical studies, relatively
little has been reported concerning fatty acid metabolism in
Lemna. We proposed to determine differences, if any, in lipid
metabolism under photoautotrophic, photoheterotrophic and totally
heterotrophic growth conditions.

Methods and procedures

Lemna minor in non-sterile culture was treated with Clorox solution
diluted 9:1 with water. After four minutes in this solution the
fronds were washed twice with sterile water and placed in a sterile
solution of modified Hillman M medium (11) to which 1% sucrose had
been added. After growth in this sterile culture medium, plants
were repeatedly transferred throughout the experiments to 1)
inorganic Hillman M medium; 2) Hillman M medium supplemented with
1% sucrose; and 3) Hillman M medium with 1% sucrose supplemented
with 600 mg/liter tryptone and 100 mg/liter yeast extract. Lemna
was grown in sterile flasks (2800-ml Fernbach flasks and 125 ml
Erlenmeyer flasks) under continuous light at ca. 180 umol m—2

sec.”l. The flasks were stationary and maintained at ambient tem-
perature of the laboratory. Cultures in sucrose and sucrose-tryp-
tone medium were also grown in the dark. Light-grown plants were
harvested after two weeks in the culture flask, dark-grown cultures
after 6 weeks. Fronds were ground and extracted with 3:2 hexane-
isopropanol and a portion of the lipids converted by methanol-H;S0,
esterification to esters for gas chromatography (12). Other por-
tions of the extracted 1lipids were separated by 3-directional
TLC (13) to determine distribution of 1lipids. Some 0.4g samples
(wet wt.) of Lemna minor fronds were incubated in 1.5 ml of medium
under the same conditions as they were grown (light, dark, different
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media) with one uCi of 1-14C acetate (sodium acetate-1-14¢, 0.133
uCi/ul). Fatty acid distribution was measured using a radioactive
detector and a mass detector on a gas chromatograph (DEGS column)
or by collection of fractions from an HPLC column and lipid
distribution by autoradiography of the TLC plates.

Results

Table I reports the distribution of fatty acids in Lemna minor grown

Table I. Fatty Acids in Lemna Minor?

Medium Fatty Acid (%)

Unknowns

Emergence emerging

before before
16:0 16:0 18:0 18:0 18:1 18:2 18.3
Inorganic (light) 12 47 7 3 tr 7 24
Sucrose (light) 2 27 tr 3 6 21 38
Tryptone (light) 9 25 tr tr 2 27 37
Sucrose (dark) 4 37 2 3 14 23 17
Tryptone (dark) 1 27 tr 2 16 28 25

2 petermined by GC of fatty acid methyl esters.

in different media in light and dark. Growth in inorganic medium
was less than half the rate of photoheterotrophic growth in sucrose
and sucrose- tryptone. (Doubling time ca. 5 days vs. 36-48 hrs.)
This is reflected in a slower de novo synthesis of fatty acid and a
high accumulation of 16:0 and lower fatty acids. Among the C
acids there were high levels of 18:3 acid in the autotrophic
culture, perhaps indicating that the chloroplasts were very
active. Sucrose and sucrose-tryptone in the light gave somewhat
more normal ratios of 18-carbon acids with linolenic acid still
predominating. The plants grown in the dark had lower than normal
18:3 acids, probably reflecting the absence of normal chloroplast
organelles.

Labelled acetate incorporation. Lemna fronds grown in 1light and
dark in sucrose medium were incubated with 1 uCi of 1-14c acetate
for two, four and six hours. The most pronounced differences were
at six hours; results are shown in Table II. With light-grown
plants, incorporation of acetate was rapid and relative l4g
activity of the various acids closely approached the composition
ratios of these acids. In the dark, however, labelled 18:2 acid
was low and 18:3 was practically not formed in six hours,
indicating low 18:2 desaturase activity and extremely low 18:3
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14 .
Table II. C-Acetate Incorporation into Fatty Acids of
Lemna Grown in Sucrose Medium

6-Hour Incubation

Light-grown? Dark-grown?®
16:0 & 16:0 &
18:1 18:2 18:3 18:1 18:2 18:3
% Total Fatty Acidsb 33 21 38 33 24 33
14 s C
% of C Activity 20 23 28 43 15 3

8 plants were incubated under the same light and dark conditions
under which they were grown.

b By GC of methyl esters from Lemna grown on sucrose medium.

¢ By collection and counting of fractions from HPLC separations
of fatty acid isopropylidenehydrazides.

activity. Thus, for rapid incorporation of acetate an active
photosynthesizing system appears necessary. Lipids were separated
into classes by three-directional TLC (see Table TIII). The
incorporation of acetate into the lipids in light was rapid. In the
dark, 14c_acetate was not quickly incorporated into the galacto-
lipids. This fact correlates with the slow desaturation to a-lino-
lenate and is not surprising since up to 90% of the fatty acid in
galactolipids is linolenate.

Conclusions

Lemna minor was shown to be a representative plant when grown
autotrophically and photoheterotrophically. Lipid and fatty acid
patterns were in the range expected for plants. Growing the plants
in the dark did not stop fatty acid biosynthesis but changed the
pattern in that the amount of 18:3 acid was decreased. These
results suggest a number of experiments to modify action of
critical enzymes, especially the desaturases and makes Lemna a
useful system for study of the reactions catalyzed by such
enzymes. In addition to its ability to grow heterotrophically in
the dark, Lemna minor is easily grown in sterile culture, a useful
aspect when studies could be influenced by microbial-plant
interactions. Moreover, large quantities of an active growing
tissue under completely controlled conditions can be made available
to the investigator.
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Table III. 140—Acetate Incorporation into Lipids of Lemna?®
Grown in Sucrose Medium
s b .
Lipid Class Light-grown Dark-~grown

Total Lipids 140 Lipids Total Lipids 140 Lipidsc

Phospholipids

PC 4 +H+H+ +HH+ +HH+
PE ++ +++ ++ +H+
PG ++ ++ + +H+
PA + + + +
PI + + + +

Glycolipids

MGDG ++++ +++ ++ ?
DGDG ++ + ++ -

Sulfolipid

SQDG + ¥ - -

Netural Lipids

FFA + 1+ + ++
TG + ++ + +
MG & DG + + + +
SE + + ++ +

After 6-hour incubation in dark or light. From autoradiogram
of TLC plate and charring of total lipid plate.

Abbrevations PC = Phosphatidylcholine; PE = Phosphatidylethamo-
lamine, PG = Phosphatidylglycerol; PA = Phosphatidic acid; PI =
Phosphatidylinositol, MGDG = Monogalatosyldiglyceride; DGDG =
Digalactosyldiglyceride; SQDG = Sulfoquinovosyldiglyceride; TG
= Triglyceride; MG = Monoglyceride; DG = Diglyceride; SE =
Sterol Ester; FFA = Free fatty acid.

Qualitative inspection of charred spots on TLC plate and of
autoradiogram, + = very light, ++++ very heavy.
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Chapter 5

Chemical and Biological Aspects of Brassinolide

Werner J. Meudt

Plant Hormone Laboratory, Agricultural Research Service, U.S. Department of
Agriculture, Beltsville, MD 20705

Brassinolide (BR), (2a,3a,22a,23a-tetrahydroxy-24a~
methyl-B-homo~7-oxa-5a-cholestan-6-one), a biologically
active steroidal lactone first isolated from rape
Brassica napus L.), pollen, stimulates growth of green
plant tissues. Although the mechanism responsible for
observed BR effects remains to be determined, the
action of BR on growth is oligodynamic, and rapid.

BR affects specific target tissues that are sensitive
to the plant hormone indole~3-acetic acid (IAA)-induced
growth (apparently without affecting IAA uptake and/or
transport) and tissues that are gravi-perceptive.
Structural analogues of BR were synthesized and the
stereospecificity for its biological activity determined.
Brassinosteroids thus provide plant scientists with a
plant sterol for which physiological significance is
demonstrated.

The isolation of a growth stimulting chemical agent from pollen is
not new. Hans Fitting, a renowned plant physiologist (1877-1970),
isolated the first phytohormone, from orchid pollen (1) and
recognized its importance in the development of plants. Fitting
adopted the term "hormone" (first proposed by E.H. Starling in 1905
(2)) from the medical field and introduced it to the field of
developmental physiology of plants.

Fitting proclaimed that "Alle derartigen Stoffe, die im eigenen
Stoffwechsel des organismus Erzeugt, ohne Nahrungsstoffe zu sein...
welche die Entwicklungsvorgange beeinflussen, also entwicklungsphy-
siologisch von Bedeutung sind, "Hormone" zu nennen."

Fitting's attempt to identify his "Pollen Hormone" chemically
was unsuccessful. Today, however, we know that pollen tissues are
the source of the known plant hormones (auxin, gibberellins,
cytokinin), as well as "brassinolide.”

The year of Fitting's death, 1970, was also the year that
Mitchell et al (3) reported on the presence of a biologically active
agent in rape (Brassica napus L) pollen that caused growth
aberrations when applied to second internodes of 7-day old bean
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seedlings. The growth effect observed was sufficiently different
from growth effects induced by gibberellins or auxins for them to
suspect the presence of a new class of plant growth stimulator, which
subsequently was named "brassinolide" (BR). Brassinolide and
structurally related brassinosteroids have since been isolated from
various plant sources (See below).

Typically, picomole quantities of brassinolide applied to young
bean seedlings will cause cell elongation, cell division, and
splitting of the treated internode. The symptoms are confined to
the treated area which suggests little or no movement of the material
up or down the plant axis (4). Although first incorrectly identified
as a fatty acid glucoside (5) the growth response observed was
primarily attributed to the presence of the steroidal lactone,
brassinolide (6).

Subsequent studies in our laboratory showed that biologically
active brassinosteroids characteristically increases the sensitivity
of internodal tissues of light grown bean seedlings to auxin
treatments and to geotropic stimulations. Acknowledging that other
auxin induced responses, such as pH changes of the incubation media
(7) and ethylene production can be increased by brassinosteroids
(8,9), the effect of BR on growth is not explicable on the basis of
ethylene production or proton excretion because these effects are
also brought about by steroids other than brassinolide (10) and may
also occur in mature and aged tissues that otherwise do mot grow in
response to auxin, BR or geotropic stimulations. The brassinolide
effect is rapid, oligodynamic and is dictated by stringent structural
requirements of the molecule (11) as well as by target tissue
specificity. -

The review deals with the chemistry and physiology of
brassinosteroids from which it may be deduced that BR accelerates
certain cellular processess that regulate the sensitivity of tissues
to auxin and geotropic stimulations and thus may fulfill a regulatory
function that permits plant tissue to react to environmental
(geotropism) as well as chemical (auxin) perturbations.

Chemistry of Brassinolide

The discovery of brassinolide by Mitchell et al. about 15 years ago
(3), and its subsequent chemical identification that showed it to be
a steroidal B-ring lactone (6), introduced chemists to a novel
steroidal structure. Characteristically, plant sterols contain 23
carbons comprising an unsaturated 1,2-cyclopenten—-anthrene system.
Joined to this nucleus are angular methyl groups at carbons 10 and 13
and a nine-carbon side chain at carbon 17. The structure of
brassinolid is different from other phytosteroids, in that its
molecule is a steroidal lactone with the oxygen function in the
enlarged B-ring, and the structural skelton is completely saturated.
The enlarged B-ring lactone, composed of carbons 6,7,8,9, and 10, is
unprecedented in a natural sterol. 1In addition to the structural
characteristics indicated above, biologically active brassinosteroids
must also contain four hydroxyl groups, each positioned at carbons 2
and 3 of the A-ring and at carbons 22 and 23 in the side chain. The
2,3-hydroxyl groups project to the rear (alpha) of the basic
structure. The junction between rings A and B is trans, yielding the
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5 alpha series of compounds representing almost completely planar
molecules. Biologically active brassinosteroid molecules also pos—
sess a methyl group at carbon 24, which is also alpha- orientation.

The chemical identify and biological activity has beeen verified
through the use of synthetic brassinolide. A number of biologically
active epimers and biologically inactive isomers were used in the
study of structure activity relationships (11,12).

The structure of brassinolide, along with its three biologically
active 22,23-cis glycolic isomers, is shown in Figure 1 (structures
I, II, and III). The biological activity of the isomers is about 50%
that of brassinolide (12). Activity is lost whenever the oriention
of the 2,3-cis glycolic groups are beta, as in structure IV in Figure
1.

In summary the structural requirements are: a trans A/B ring
system (alpha-hydrogen), a 6-ketone or a 7-oxa-6-ketone system in
ring B, cis alpha-oriented hydroxyl groups at C-2 and C-3, cis
hydroxy groups at C-22 and C-23 as well as an alkyl substituent at
C-24.

It is of interest that the structure of brassinolide resembles
that of the insect molting hormone, ecdysone, which also is of plant
origin. The structure of ecdysone is shown in Figure 1 and differs
from the structure of brassinolide in that the orientation of the
vicinal hydroxyl group at C-2 and C-3 is beta, the A/B junction is
cis rather than trans as in the brassinolide structure and that
ecdysone lacks the lactone oxygen in the B-ring.

Ecdysones, that control all of the processes that are connected
with the ecdyses of an insect are growth and differentiation hormones
in insects that are similar in function as estrogens and androgens of
mammals. Tt is highly conjectural, but thought provoking, that
similarity of structure should reflect similarity in function. It
might be suggested that brassinolides have similar "signal' functions
in plants as steroidal hormones have in animals by functioning as a
primary chemical messenger during early events of embryogenesis and
growth.

Naturally Occurring Brassinosteroids in Plants.

Since the discovery of brassinolide in rape pollen, 11 additional
biologically active isomers have been isolated from higher plants.
With the exception of pollen tissues, all of the brassinosteroids
that were isolated were found only in young, immature, actively
growing and differentiating plant tissues, including immature seeds
and shoots of a variety of plants.

The trivial and IUPAC equivalent names of brassinosteroids and
related compounds are given in Table 1. It should be noted, with the
exception of typhasterol and teasterone, that the sterochemistry of
the 2,3- and 22,23- diol groupings are alpha oriented, as in the
brassinolide structure, and that they differ from the brassinolide
structure only by the alkyl substituent at C-24 and the degree of
oxidation of the B-ring (Figure 2). All of the brassinosteroids
listed are biologically less active than brassinolide.

It is suggested that the biological activity of some of these
brassinosteroids might be due to their conversion to brassinolide by
the plant tissue during the bioassay (15). This will require further
investigation.
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Table I. Trivial and IUPAC Equivalent Names

Brassinolide = (22R,23R)-2a,3a,22,23-Tetrahydroxy-24S-methyl-B~homo—
7-oxa-5a-cholestan-6-one
I = (225,238)-2a,3a,22,23~Tetrahydroxy—-24S-methyl-B~homo~7-oxa-5a
-cholestan-6-one
11 = (22R,23R)-2q,3a,22,23-Tetrahydroxy~24R-methyl-B-~homo-7-oxa-5q
~cholestan—-6-one
111 = (228,238)~2q,3a,22,23-Tetrahydroxy=-24R-methyl-B-homo-7-~oxa-5a
—cholestan-6-one
1V = (228,238)-24a,3q,22,23-Tetrahydroxy-24S~ethyl-B-homo-7oxa~5¢q
—cholestan—-6-one
Ecdysone = (22R)-2a, 3a,l4q,22,25-Pentahydroxy~58-cholest-7-en-6-one
6-Deoxocastasterone = (22R,23R)-2a,3a,22,23-Tetrahydroxy-24S-methyl
-506-cholestane
Deoxodolichosterone = (22R,23R)-2¢,3q,22,23-Tetrahydroxy->5a
-ergost-24(28)-ene
28~Norbrassinone = (22R,23R)-2a,3a,22,23-Tetrahydroxy-5a-cholestan-6
-one
28-Norbrassinolide = (22R,23R)-2a,3a,22,23-Tetrahydroxy-B-homo~7-oxa
-5a-cholestan-6-one
Dolichosterone = (22R,23R)-2a,3a,22,23-Tetrahydroxy-5a-ergost—24
(28)~en-6-one
Dolicholide = (22R,23R)-2a,3a,22,23~Tetrahydroxy-B-homo-7~5a
-ergost-24(28)-en-6-one
Castasterone = (22R,23R)-2a,3a,22,23-Tetrahydroxy-24S-methyl-5a
—cholestan-6-one
Homodolichosterone = (22R,23R)-2a,3a,22,23-Tetrahydroxy->5a
-stigmast-24(28)-en-6-one
28-Homodolichonlide = (22R,23R)-2a,30,22,23~Tetrahydroxy-B-homo-7
~oxa-5a-st igmast-24(28)-ene~-6-one
28-Homobrassinone = (22R,23R)-2a,3a,22,23-Tetrahydroxy-24S—ethyl-5a
-cholestan-6-one
28 Homobrassinolide = (22R,23R)-2a,3a,22,23~Tetrahydroxy-24S-ethyl-
B-homo-7-oxa-5a-cholestan—-6-one
Teasterone = (22R,23R)-3B,22,23-Trihydroxy-24S-methyl-5a-cholestan
-6-one
Typhasterol = (22R,23R)-3a,22,23-Trihydroxy-24S-methyl-5a-cholestan
—-6—one
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Figure 2. Structure of naturally occurring brassinosteroids.
Trivial and IUPAC equivalent names are given in Table I.
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Brassinolide. Brassinolide, the most biologically active brassino-
steriod, was first isolated from rape pollen (3) affording about 40
micrograms of brassinolide per kg of fresh pollen (52). Brassinolide
represents only about 0.01% of the total steroid content in rape
pollen. Rape pollen is a rich source of sterol in general,
constituting about 0.1% of the fresh weight. The major steroids
being 24-methylene cholesterol (13), avenasterol, cholesterol, and
B-sitosterol (14) Brassinolide has since been isolated from a
variety of plants including chestnut gall (17 27), inmature seeds of
chinese cabbage (15,23) and in tea leaves (26) The concentrations
are usually very Tow . ranging from 0.25 ug/kg (17) to 0.57 ug/kg (27)
in chestnut gall tissues. In comparison, the content of castasterone
in these tissues is about five times as high and that of
6-deoxocastasterone was 20 to 100~-fold higher than brassinolide.
Small amounts of brassinolide were also detected in inmature seeds of
Chinese cabbage (15,23) and in tea leaves (26). The amounts in each
instance were less than 10 ng/kg Fr. wt.

6-Deoxocastasterone. 6-Deoxocastasterone lacks both oxygen functions
in the B-ring of brassinolide. It is present in extracts of immature
seeds of Phaseolus vulgaris (15), in young insects galls of chestnut
trees (Castanea crenata Sieb Et Zucc.) (16) and in healthy tissues
including shoot, leaf and flower bud of the chestnut. The larvae
collected from the gall contained at best a trace amount of activity
which, most likely was derived from the host tissues and thus the
brassinosteroid is exclusively of plant origin.. The amounts present
in the various tissues range between 9 and 25 4ig of the 6-Deoxo
analogue per kg fresh weight. The biological activity is about one-
fiftieth of that of brassinolide (15).

6-Deoxodolichosterone. 6-Deoxodolichosterone which is the dehydro
derivative of 6-deoxocastasterone, is found in immature P. vulgaris
seeds (15). The amounts isolated and the biological activity were
not indicated by the authors.

28-Norbrassinone. 28-Norbrassinone or brassinone or 28-nor-~
castasterone is the 6-ketone analogue of 28-norbrassinolide, lacking
the lactone function in the B-ring and an alkyl group at C-24. It is
present in immature seeds and sheaths of Chinese cabbage (Brassica
compestris cv. Pekinenis), leaves of green tea (Thea sinensis), and
insect galls of chestnut trees at quantities of 0.78, 2.0 and 11

ng per kg fresh weight, respectively (16). The presence of
brassinone in insect galls could, however, not be confirmed. Arima
et al. (17) claim that the SIM peak of brassinone reported by Abe et
al. (16) had a shorter retention time than authentic brassinone and
that the peak in question might be due to 6-deoxocastasterone., The
biological activity of brassinone is, at best, 1% of brassinolide
(12,18,19).

Dolichosterone. Dolichosterone is the methane derivative of
caststerone and differs from the brassinolide structure by the
absence of the lactone function in the B-ring and by having a
methylene rather than a methyl function at C-24, The brassinosteroid
was isolated from immature seeds of Dolichos lablab (hyacinth-bean)
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(20,21) and from fresh rice (Oryza sativa cv. Aborio J. ) shoots
(22) The hyacinth bean seeds yielded about 1.5 yg of this ketone
per kg of fresh tissue, and the rice shoots yielded only about 8

ng per kg fresh weight. This ketone is biologically less active than
brassinolide, but no quantitative activity data were presented.

Castasterone. Castasterone is the 6-ketone analogue of brassinolide
and is the most biologically active analogue of brassinolide. It is
about 50% as active as brassinolide (12,23). Castasterone was first
isolated from chestnut insect galls (23) and subsequently has been
found to be widely distributed in pldﬁ?s, including immature seeds
and sheaths of Chinese cabbage (24), rice shoots (22) green tea
leaves (16,25,26), immature seeds of hyathinth-bean (21), gall, leaf,

shoot, and flower buds of C. cremata (17,27), and immature seeds of
P. vulgaris (15).

Chestnut gall, non-gall tissues as well as green tea leaves are
a rich source of castasterone, yielding about 2 to 7 yg per kg
tissues (16); all of the other tissues examined contain 100 ng/kg or
less.

Homodolichosterone. Homodolichosterone thus far has been isolated
from immature seed of D. lablab (20) (.6 pg/kg immature seeds). It
is the ethylidene analogue of castasterone and is only slightly
biologically active (data not given) (20).

28-Homobrassinone. 28-Homobrassinone or 24~ethylbrassinone was
isolated from Chinese cabbage (0.1 ng/kg) and from green tea leaves
(0.5 ng/kg) (16). The biological activity of this ketone was tested
on radish and tomato seedlings and found to be only 0.1% as active as
brassinolide and was inactive on tomatoes (18).

28-Norbrassinolide. 28-Norbrassinolide was isolated from Chinese
cabbage (about 1 ng/kg) (16). It differs in structure from
brassinolide by the absence of an alkyl function at C-24 and is
biologically as active as its 6-~ketone analogue (brassinone). It has
1% of the activity of brassinolide as assayed in the bean test (12)
but was as active as brassinolide in the radish test and had 10% of
the activity of brassinolide in the tomato test (lﬁ).

Dolicholide. Dolicholide was first isolated from immature
hyacinth-bean (Dolico lablab L.) (about 5 ng/kg fresh weight) (28)
and subsequently from immature bean seeds (Phaseolus vulgaris cv.
Kentucky Wonder) (15). It resembles brassinolide in structure except
that it is unsaturated, carrying a methylene at C 24. The biological
activity is about one tenth of that of brassinolide in the
rice-lamina inclination assay (28).

28-Homodolicholide. 28-Homodolicholide is the ethylidene analogue of
brassinolide which, with brassinolide and castasterone, was isolated

from immature seed of D. lablab (21). The seeds contained about 300
ng/kg fr. wt. The biological actfcffy has not yet been determined.
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28-Homobrassinolide. Since sitosterol and cholesterol are widely
distributed in the plant kingdom, the presence of 28-norbrassinolide
and 28-homobrassinolide might be expected. This prompted Abe et al.
(16) to focus their attention on isolation and identification of
these two brassinosteroids from Chinese cabbage, green tea, and
insect galls of the chestnut tree. Thus far only the
28-norbrassinolide has been found. They were not able to detect 28-
ethylbrassinolide, even though the corresponding ketone analogue (24~
ethyl-brassinone) was present in Chinese cabbage and in green tea
leaves.

Typhasterol. Typhasterol and Teasterone are the first tri-hydroxy
6-ketone sterols (2-deoxy-castasterones and its 3-epimer) isolated
that show biological activity in the rice lamina joint bending test
despite the lack of a hydroxyl group at C~2. Typhasterol was
isolated from cattail (Typha latifolia L) pollen (29), and both
teasterone and typhasterol were present at 60 and 15 ng respectively
per kg fr. wt. of leaves and were isolated from the less polar active
fraction obtained from tea leaves (30). The biological activity of
these two ketones as tested in the rice test, is about one tenth that
of brassinolide (30). Typhasterol has recently been synthesized
(31), but its biological activity was not tested.

Quantitative Bioassays for Brassinosteroids.

Brassinolide was tested on 17 bioassays for growth substance. The
results led to claims that brassinolide possesses a broad spectrum of
biological activity, including gibberellin-, auxin- and cytokinin-
like activity (32,34). These claims must be treated with some
caution however, since the claimed "specificity" of some of the
bioassays selected is questionable. At present three bioassay
techniques (35,36,37) are used routinely for the detection of
brassinolide activity. All three assays are sensitive to auxin,
which is a prerequisite for the detection of brassinolide-like
compounds. This is not to say that brassinolide has auxin-like
activity, but rather there seems to be an interaction of cooperative
action between auxin and BR.

The three main bioassays used in studies for the isolation and
characterization of brassinolide and other brassino-steroids are: the
bean second internode biocassay (35); rice-lamina inclination test
(36,38,40) as modified by Arima et al. (40); and bean first internode
bicassay (37). -

Bean Second Internode Bioassay. This assay was developed by Mitchell
and Livingston (35) for the detection of growth stimulants and
inhibitors in general. Test materials to be assayed are first
dispersed in 250 g of fractionated lanoline, and then applied to the
second internode of a 7-day old bean plant (Phaseolus vulgaris L. cv
Pinto). The second internode should not be more than 2 mm long for
maximum effect. The response usually is measured 4 days after
treatment and is semi-quantitative. One ng of brassinolide causes
elongation, but 100 ng or more causes the treated internode to
thicken and split (characteristic of a brassinolide response). The
growth response to brassinolide is restricted to the division and
elongation of undifferentiated parenchyma cells in the treated
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internode. Parenchyma cells that are slightly more mature in their
anatomical development fail to grow in response to brassinolide
treatments. Tissues subtending the treated portion of the internode
also do not respond (4).

Rice - Lamina Inclination Test. Rice seeds (Oryza sativa L. cv.
Koshihikari) are germinated in water for 2 days in the light and then
planted on 1% agar and grown for 7 days in the dark, at which time
the plantlets are exposed to red light for 1 to 2 hours per day.

Leaf sections, excised from the second leaf of the etiolated rice
seedlings are used for the bioassay of BR. The excised leaf sections
consist of laminae, lamina joints, and 2 cm of sheaths. The isolated
segments are floated on water for 1 day in the dark. Explants, which
are bent 15 degrees, are selected and placed in a petri dish
containing 20 ml of aqueous solution of test sample. As in an IAA
response, biologically active BR induce the laminae to bend. The
angle between the laminae and sheaths, is measured 2 days after
treatment. This test is faster than the bean second internode test
and has the capability of detecting nanogram quantities of
brassinolide.

Bean First Internode Bioassay. This assay was originally designed
for the detection of auxin activity (37). It takes advantage of the
fact that unilaterally applied auxin causes bending of the treated
bean internode, which reaches a maximum rate about 20 minutes after
auxin application. The sections will respond to 10 pmol of IAA and
BR increase the sensitivity of the sections to auxin by one order of
magnitude.

The bioassay is performed on isolated first internode section
of 7-day-old bean plants (P. vulgaris L. cv. Bush Burpee Stringless
Bush Bean). The seedlings are grown in soil or perlite in a
temperature controlled light room (25C) equipped with cool white
(SHO 120 V-200 W) fluorescent lights at a photoperiod of 4 hours and
an irradiance of 4-8 Wm~2 (400~700nm). Under these conditions, the
seedlings are partially etiolated, the first internodes are 4-5 cm
long, and the second internode has not started to develop. The first
internode section is isolated and cut to a uniform length of 4 cm.
The sections are placed into scintillation vials equipped with a
sponge plug saturated with 0.01M phosphate buffer pH 6.1. Three cm
of the upper portion of the section protrudes from the neck of the
vial.

The test material is first dissolved in ethanol and 10ul are
transferred to a small (5mm diameter) filter paper disk. The disks
are dried and sandwiched between the lower part of the internode and
the moistened sponge close to the vial. The position of the apical
portion of the section is recorded and the vial is placed in a high
humidity chamber. Subsequent measurements are taken at hourly
intervals, over a period of 4 hours.

Biologically active brassinosteroids by themselves cause little
curvature; however, if a brassinolide treatment is co-applied with
auxin the ensuing curvature is greater than the sum total of IAA and
brassinolide applied separately (Figure 3).

This bioassay has the advantage that test materials may be
applied in sequence by removing one treated disk and replacing it
with another. Brassinolide is most effective when it precedes or
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Figure 3. Effect of sequential treatments on bending response of
bean first internode sections. Sections were treated with disks
containing BR (947-B) (1.0 pg/segment), IAA (0.1 nmol/segment).
Order of treatment is as indicated: (947-B--» IAA) indicates that
sections were first treated for 10 minutes with BR followed by
IAA, (IAA--» 947-B) indicates the reverse. Sections treated with
disks containing only solvent did not bend.
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coincides with IAA treatments. No BR response is observed when the
sequence of application is reversed. This assay is sensitive to
1.0 ng quantities of BR.

Auxin-Brassinolide Interaction

The rate of change of horizontal displacement of the apical portion
of bean first internode sections treated unilaterially in the manner
described above (bioassay) with brassinolide and/or IAA was monitored
by using an angular transducer (in accordance with the technique
described by Meudt and Bemnett (37).

The results, presented in Figure 4, show that 0.1 nmol of IAA
caused a transient growth, with a maximum rate reached about 20
minutes after auxin application. The start of the bending was
preceded by a 10-minute lag. Growth rates diminished gradually only
to be interrupted by periodic oscillation of the rates (curve A).
Brassinolide lacks significant biological activity of its own,
particularly during the first 40 minutes, after which bending does
occur and reaches a maximum rate about 75 minutes after initial start
of the treatment (trace B). Since the growth pattern in response to
increasing amounts of BR does not change, we assume that the bending
observed is due to the interaction of BR and endogenous auxin rather
than to brassinolide itself, When brassinolide is applied in
combination with auxin, the auxin-induced growth is greatly enhanced.
Brassinolide apparently does not affect the first part of the growth
kinetics induced by IAA. This suggests that the rate of uptake of
IAA is not affected and that brassinolide has little effect on the
metabolic events that bring about the first spurt of growth induced
by IAA. The change in BR-induced growth kinetics occurs primarily
during the second growth phase (C), i.e., after 30 minutes. This
suggest that brassinolide regulates some metabolic event that is
responsible for sustained auxin action on growth rather than initial
processes involving uptake and {or) transport. The data indicate the
existence of a strong synergistic interaction between brassinolide
and IAA; however, follow-up experiments showed this apparent
synergistic relationship does not hold true when the two treatments
are applied in certain sequence. Results shown in Figure 5
demonstrate that brassinolide stimulates auxin-induced growth when
brassinolide treatment precedes the auxin treatment (solid line).
This apparent mutual relationship does not hold true when the
sequence of application is reversed (dotted line). The growth rate
of IAA pretreated sections is not increased by a subsequent treatment
with brassinolide. These sections are, however, sensitized to auxin,
as shown when the brassinolide treatment is again replaced by IAA
(dotted line - 3rd hr).

Figure 6 shows that by pretreating IAA-sensitive tissues with as
little as 10 pmol of IAA reduces the sensitivity of the tissues to
subsequent auxin applications and that an application of 1 nmol of
IAA desensitizes the tissues completely. This attenuation of
IAA-induced growth after a chronic stimulation is prevented by
pretreating the tissues with as little as 100 pmol of brassinolide.
One possible explanation of these results is that the initial
application of IAA reduced the ability of tissues to take up
additional IAA by blocking putative transport channels.
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Figure 4. Rate of horizontal displacement of apical portion of
bean internode sections treated with IAA (A) and BR (B) and IAA
plus BR (C).
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Figure 5. Effect of alternating BR and IAA treatments on
curvature of bean first internode sections. Sections were treated
alternately either with 100 pmol of BR followed by 100 pmol of IAA
(solid line) or first with IAA followed by BR (dotted line).
Treatments were exchanged at hourly intervals and measurements
were taken at the end of each treatment.
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Figure 6. Prevention of IAA induced autogenous growth inhibition
(bending of bean internode sections) (upper data) by BR. Bean
internode section were pretreated for 1 hour with either IAA
(dotted line) or IAA plus 200 pmol of BR (solid line). Data in
lower graph show longitudinal growth of the internodes.
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Brassinolide somehow keeps these channels open, thus increasing the
uptake or transport capacity of a brassinolide-treated tissue for
TAA.

Analysis of tissues for TAA as determined by reverse isotope
dilution assays reveals however, that brassinolide does not affect
auxin uptake or auxin movement within the tissues (41). In this same
study we also observed that bean internode sections treated with
brassinolide contained significantly less IAA after 2 hours than
tissues treated with IAA alone, even though BR potentiated
IAA-induced growth by more than 400%.

Brassinolide Effect on Proton Secretion

The rapidity with which BR acts and its chemical nature suggests that
membrane sites associated with IAA action should be affected. Indeed,
one can observe IAA-induced rapid changes of electropotentials
across cytoplamsic membranes that precede cell enlargement, and
brassinolide stimulates this process (7).

Unfortunately, changes in electropotentials across cytoplasmic
membranes may also be induced by steroids that are structurally
unrelated to BR (10) and do not stimulate auxin induced growth.

Brassinolide—-Gibberellic Acid (GA) Interaction

The physiological effect of biologically active brassinosteroid on
the growth of dwarf rice seedlings was studied by Takené and Pharis
(42), who found that nanogram quantities of brassinolide increased
seedling vigor and characteristically caused bending of the second
rice leaf lamina. They also pointed out that the physiological
effect of BR is an auxin-mediated response and that the effect is
quite different from that of GAj, which does not cause bending of
the second leaf lamina. GAj3 causes marked elongation of the second
rice leaf sheath and inhibits BR-induced bending of the leaf lamina.
In our bioassay using the bean first internode assay (37) we observed
that GAj caused no bending of the internode but stimulated
elongation of the stem section. Whereas brassinolide stimulated
auxin-induced growth in these tests, GAj—induced growth was
inhibited (Figure 7). These results were confirmed by using the
dwarf pea bioassay (Figure 8). 1In both systems, the GA response is
inhibited by BR.

Brassinolide and Ethylene Interaction

Yopp et al. (43) reported that brassinolide enhances hook closure of
the bean seedling in the dark and also enhances production of
ethylene. They suggest that brassinolide actson hook closure through
an effect on ethylene synthesis in the tissues. Data from Arteca et
al. (8, 9) seem to support that brassinolide stimulated auxin-induced
ethylene synthesis, particularly in the presence of calcium. A
reinvestigation of the possible role of ethylene in the brassinolide
action on growth using bean internode sections reveal that auxin-
induced ethylene production is stimulated by brassinolide but as seen
in Figure 9, the apparent stimulation of ethylene production can be
induced in young as well as in mature tissues even though mature
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Figure 7. Effect of BR treatment of curvature (left) and
elongation (right) of bean first internode sections treated with
disks containing either 1 nmol of IAA or NAA (naphthalene-
acetic-acid) or 2,4,-D (2,4~dichloro-phenoxy acetic acid) or GAj
(gibberellic acid) plus and minus 42 nmoles of BR.
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Figure 8. Effect of BR on GA induced growth of dwarf pea
seedlings. Plants were treated with 5 y1 of 0.1, or 5 uM GAj
plus and minus 10, 50, or 100 g of BR. Treatments were applied
to the plumule of isolated seedlings. Length measurements were
taken 6 days after treatment.
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tissues are not able to grow in response to auxin or brassinolide
treatments. Furthermore, the increase of ethylene production is a
slow process, taking at least 4 hours, while the growth response is
rapid (observable within 60 minutes after auxin and or brassinolide
treatment). I interpret these results to mean that brassinolide and
auxin-induced growth involve metabolic events that are independent
from auxin and BR-enhance ethylene biosynthesis.

Effect of Brassinolide or Geotropism

Asymmetric growth of isolated bean internode may be induced either by
unilateral applications of auxin to an upright positioned section or
through geostimulation by placing an isolated internode section in a
horizontal position. The latter happens in the absence of exogenous
supply of auxin. Both events are stimulated by brassinolide. An
example of the effect of BR on geostimulated bending of isolated bean
sections is shown in Figure 10. For this example, the internode
section were dipped for a few seconds in aqueous solution of .0l ppm
BR prior to securing them in a scintilation vial fitted with a water
saturated sponge and placing them in a horizontal position. The
results indicate that BR shortens the time of graviperception of the
sections which reflect an accelerated growth response. The rate of
bending of control section reaches maximum about 2 hours after the
beginning of geostimulation - while BR treated sections attain their
maximum rate of growth in less than one hour after geostimulation.
Exogenous auxin in this system does not enhance either this intrinsic
geotropic response or the BR effect.

Although auxin seems to have no stimulating effect on geotropic
bending of isolated bean internode sections, it does influence the
growth of pulvini. Figure 11 shows that the elongation of polvini,
which are the gravipercetive organs of grass shoots (ﬁi) are
stimulated to grow in response to auxin and BR applications. 1In this
experiment, 1.0 ug of BR or TAA was applied as lanolin preparation
around pieces of isolated nodal pulvini obtained either from normal
or lazy corn. In both cases, IAA stimulated the growth of internodal
pulvini tissue and BR enhanced the auxin effect (data kindly provided
by Drs. P.B. Raufman and P. Dayanandan).

Effect of Brassinolide on Crop Production

Brassinolide applied as a lanolin preparation, a spray, or a seed
treatment enhances crop production by stimulating overall growth of
plants when applied to young seedlings (45,46).

Typically, the slow growing plants in a population were affected
more than rapidly growing ones (45,46) and that it is affected by
light. Low light intensities favor BR stimulated cell divison
(47,49). Crop plants grown under field conditions also benefit from
brassinosteroid treatments. Lettuce, radishes, and potatoes all
mature at an accelerated rate (Eg).

Head lettuce seedlings, for instance, sprayed with 0.0l pm
headed 2 weeks earlier than control seedlings sprayed with Hy0
(50). Potato tubers developed about 3 weeks earlier when plants were
treated with 0.1lppm BR than control plants treated with just water.
Plants grown under fertilizer stress seemed to respond most favorably
to BR treatment.
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Figure 9. Correlation between ethylene production (left) and
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Figure 10. Effect of 0.0l ppm BR on geotropic induction of
curvature of isolated bean internode sections.
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Figure 11. Effect of BR on growth of normal- and Lazy Corn
pulvini. TAA and BR (1 §g) was mixed with lanolin and applied to
the pulvini (IMI=IAA-myo-inositol (Data of Kaufman and
Dayanadan).
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Encouraging results on the use of BR in agricultural practices
are also being generated by Hamada et al. (22) who showed an increase
in crop yield of rice, corn, cucumbers, sweet-potatoes etc. in
response to repeated (3x) applications of 10ppm BR. BR also
increased cold resistance in egg plants and cucumbers; enhanced
disease resistance against soft rot in Chinese cabbage and against
sheath blight in rice plants; decreased plant injury and enhanced
recovery of plants treated with various herbicides.

Conclusion

Classically, plant sterols are considered either as structural
constituents of cytoplasmic membranes or as precursors to animal sex
hormones and insect molting hormones. It is for that reason that in
the past, the subject of "Steroid Hormones in Plants" was of more
interest to phytoendocrinologists dealing with insect molting
hormones of plant origin (51) than to plant physiologists. Steroids
in general and animal sex-hormones in particular have, however, been
tested on various plant systems with the idea that they act on sex
expression of flowering of monoecious plants in a manner similar to
their actions in animal systems. Such evidence is, however, very
tenuous and circumstantial.

Brassinolide and biologically active brassinosteroids provide
plant scientists, however, with phytosteroids to which a hormonal
function in plants can be assigned. The cellular mechanism of BR
action can at present only be reconciled with observed physiological
effects, and based on this evidences, it is proposed that BR fulfills
a regulatory function in plants. The function being that BR
regulates the sensitivity of plant tissues to auxin and to geotropic
stimulation., It is suggested that BR somehow influences the
"responsiveness" of tissues to auxin without affecting the
intercellular auxin concentrations. It is conceivable that the BR
induced amplification of auxin action on target cells involves
interactions of BR with some membrane associated receptors with high
affinity for auxin and/or BR which brings auxin closer to the protein
synthesis machinery of the cell. It may thus function as a modulator
of auxin (54) and gravi-sensitive gene expression.

Alternative suggestions proposed are that ethylene production
(8,9) or proton secretion (7) be the biochemical locus of action of
BR. In these cases BR enhanced growth ought to be explicable on the
basis of either one of the chemical changes observed. Unfortunately,
these BR induced biochemical changes lack the required selectivity of
target tissues and chemical structures specificity. Both phenomena
may be induced by compounds other than brassinosteroids and also in
aged tissues that are otherwise incapable of auxin induced cell
enlargement.,
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Chapter 6

Biochemistry of Conifer Resistance to Bark Beetles
and Their Fungal Symbionts

Mark A. Johnson and Rodney Croteau

Institute of Biological Chemistry, Washington State University, Pullman,
WA 99164-6340

Conifers exhibit resistance to bark beetle attack
and fungal invasion because of an induced synthesis
and flow of secondary resin which contains high
levels of volatile monoterpenes. Monoterpene olefin
synthases (geranyl pyrophosphate cyclases) were
found in higher levels in fungus-infected lodgepole
pine seedlings than in uninfected controls.
Cyclases responsible for the formation of
(+)-a-pinene and (+)-limonene, monoterpenes which
inhibit fungal growth and repel bark beetles, have
been studied in herbaceous species. Two distinct
types of enzymes synthesize antipodal monoterpene
hydrocarbons. The differential expression of the
cyclases responsible for co-production of
enantiomeric moncterpenes may determine the highly
selective resistance response conifers exhibit
toward bark beetles and their fungal symbionts.

Resin secretion is part of a resistance mechanism conifers employ
against bark beetles and their associated pathogenic fungi (1-3).
Conifer resins are contained in a system of ducts or cortical
blisters and consist of a mixture of terpenes and benzenoid
compounds (4). The terpenoid fraction of wood resins of the
Pinaceae (especially pines) generally contain 20 to 507 volatile
mono- (Cyo) and sesquiterpenes (C;g) and 50 to 807 nonvolatile
diterpene acids (Cpp) (5). Successful resistance to bark beetle
attack depends on a complex relationship involving the quantity
and composition of the resin produced, the physiological
condition of the tree, the virulence of the fungus and the number
of attacks (6-8).

Alterations in monoterpene content can determine the degree
of resistance to bark beetles and, thus, whether or not a tree is
cclonized. Resin monoterpenes (Fig. 1) may be either repellents
or attractants to insects or fungistatic or chemotropic
stimulants of fungal growth, depending on the precise monoterpene
composition and the particular herbivore or pathogen (9-13).
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Figure 1. Major components of the monoterpene fraction of conifer
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Monoterpenes are derived from the classical mevalonate
pathway, and control of monoterpene composition is presumed to
occur, at least in part, at the latter stages of the pathway,
during which the trans Cj;g prenyl pyrophosphate (geranyl
pyrophosphate (GPP)) is converted to acyclic and cyclic products
(14). The conversion of geranyl pyrophosphate to parent
compounds of the various cyclic types is catalyzed by enzymes
collectively referred to as monoterpene cyclases. The cyclases
of conifers have received little experimental attention thus far,
but these enzymes are probably similar to the numerous
monoterpene cyclases which have been isolated from herbaceous
species (15,16). 1In general, monoterpene cyclases are soluble
enzymes with molecular weights in, the raq&g of 50,000-100,000.
They require a divalent cation (Mg or Mn ') for activity, have
pH optima between 6 and 7, and are capable of cyclizing geranyl
pyrophosphate as well as the cis-isomer, neryl pyrophosphate
(NPP), and the tertiary allylic isomer, 1linalyl pyrophosphate
(LPP) (17). Studies with partially purified cyclases have
focused on the mechanism and stereochemistry of the cyclization
process, and offer promising insights into the manner by which
the monoterpene composition 1in conifer wood resins may be
controlled.

Detailed reviews of the literature on terpene biochemistry
can be found in two volumes edited by Porter and Spurgeon
(18,19). A volume on plant terpenes has been edited by Nes and
associates (20), and similar reviews by Loomis and Croteau (21)
and Banthorpe and Charlwood (22) are available. Terpenes
occurring in trichomes and in wood extractives have been
described by Croteau and Johnson (15,23). Specific accounts of
monoterpene biochemistry can be found in reviews by Croteau
(16,17,24), Cori (25), Charlwood and Banthorpe (26) and
Bernard-Dagan and co-workers (27).

Bark Beetle Attack

The role of conifer resins in resistance to infestation by bark
beetles and their fungal symbionts has been discussed extensively
by Shrimpton (1), Raffa and Berryman (6), Cates and Alexander (8)
and others (28,29), and a brief summary of the interactions
between conifers, beetles and fungi is presented here.
Tree-killing bark beetles, which attack conifers by boring into
the phloem, belong primarily to the genera Dendroctonus, Ips and
Scolytus of the Scolytidae (30). Death follows successful
colonization of the tree which is brought about by fungal
invasion of xylem tissue. Tree mortality is usually recessary if
the beetles and their progeny are to survive, since excavation of
egg galleries and subsequent larval development can only take
place after host defensive reactions have stopped.

Pioneer beetles which initiate an attack may encounter
constitutive (preformed) resin in cortical blisters or when resin
ducts are severed. Contact with the resin leads to emission of
volatile aggregation pheromones, which in many cases are derived
from host monoterpenes, and this in turn leads to a mass attack
by flying beetles. Mass attack may deplete the flow of
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constitutive resin in 1-2 days, and in the absence of further
resinosis, the beetles will successfully colonize the tree.
Healthy trees react to wounding and fungal invasion by a series
of well-documented responses. First, the wound site develops a
layer of autolysed cells (necrotic lesion) which serves to
deprive the pathogen of nutrients and compartmentalize the damage
(this is the hypersensitive response which is common in higher
plants (3,31)). Second, adjacent wood parenchyma differentiate
into traumatic resin ducts and secrete a secondary resin into the
wound site and sapwood, creating a reaction zone around the wound
(3,6). Bark beetles respond to resinosis either by attempting to
clear resin from the wound or by abandoning the wound site. 1In
the absence of resinosis, beetles easily bore through the
necrotic lesion, allowing the fungus to spread unhindered.

Secondary resinosis and the hypersensitive response are also
important factors in fungal development. If the flow of resin is
sufficiently intensive, fungal growth can be prevented (1,32,33).
However, since secondary resin is derived from xylem carbohydrate
reserves, a pervasive fungal attack, mediated by numerous beetle
penetrations, will deplete this carbon source, leading to reduced
secondary flow and increased tree vulnerability (6).

Resin Composition and Host Resistance

While other resin components, such as diterpene acids, show
little intraspecific variation, monoterpene content varies
greatly from tree to tree even within small stands. This
variability has been attributed to selection for resistance to
bark beetle infestation. Monoterpenes of conifer oleoresins may
have opposing functional effects as both insect repellents and as
pheromone precursors and synergists. For example, Sturgeon and
Mitton (34) have detailed the complex balance between the
repellent role of 1limonene in ponderosa pine oil and the
attractant role of OG-pinene as the aggregation pheromone
precursor of the western pine beetle (Dendroctonus brevicomis).
A high concentration of limonene alone is insufficient to deter
attack by the pine beetle; however, trees bearing both high
limonene and low ®-pinene content avoid colonization.

Bark beetles may encounter oleoresin having different
monoterpene compositions at three different stages of
colonization. Constitutive resin stored in cortical blisters and
resin ducts may serve to deter pioneer beetles, and cortical
monoterpene content has often been used as an indicator of
insect resistance (13,35). Beetle attack initiates a
hypersensitive wound response in which parenchyma around the
wound site differentiates and secretes new resin. Subsequent
fungal invasion elicits a strong resinous infusion
(fungal-elicited resin) from the sapwood at a considerable
distance from the wound site, and this process continues until
either the fungus or the tree dies (6). Thus, a careful measure
of resistance must account for resin quantity and composition at
each infection stage.

Studies on the interactions between grand fir (Abies
grandis), the fir engraver beetle (Scolytus ventralis) and the
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associated fungus Trichosporium symbioticum have shown that
monoterpenes which are particularly repellent to the beetle and
toxic to the fungus occur principally in the secondary (induced)
resin rather than in constitutive resin (9,36). Components which
are found to specifically increase in the induced resin include
myrcene, limonene, a-pinene and 3-carene. (The total monoterpene
content increases 25-fold over pre-infestation resin levels.) 1In
a related study, resistant lodgepole pine (P. contorta) was shown
to produce particularly high levels of g-pinene and limonene in
the secondary resin. In this case, however, the major factor in
resistance to the mountain pine beetle (Dendroctonus ponderosae)
and associated fungus (Europhium clavigerum) appeared to be a
rapid and vigorous secondary resinosis with increased production
of all constitutive monoterpenes (6,32,37). This finding
correlates well with field studies in which only stressed,
weakened or old trees, which are unlikely to mount a vigorous
defensive response, were observed to be successfully colonized by
endemic bark beetle populations.

Survival of healthy trees during epidemics, however, depends
on a highly variable intraspecific resin composition which
increases the probability that some trees will have the right
combination of resin components to be effective against the
attacking beetles (34). Thus, genetic effects which determine
subtle differences in resin composition are probably the critical
factors in conifer survival during epidemics, since both
physiologically weak trees and healthy trees which produce the
precursors of insect attractants are likely to be eliminated.

The optical purity of resin terpenolds can have a
significant effect on the success or failure of beetle
colonization since generally only one enantiomer 1is effective as
a pheromone precursor or synergist. Ips typographis bark beetles
produce the aggregation pheromone (-)-cis-verbenol from host
resin (-)-g-pinene. This insect also produces the biologically
inactive (+)-trans-verbenol from host resin (+)-g-pinene. Since
both enantiomers of g-pinene often co-occur in wood resins, the
proportion of (~)-g-pinene would be expected to be a factor in
tree vulnerability to mass attack. This expectation was
confirmed by Klimetzek and Francke (38) in a study of all the
verbenol stereoisomers produced by beetles exposed to natural
oleoresins containing varying proportions of (+)- and
(-)~a-pinene. The proportion of (-)-g-pinene in the resin was
shown to be directly related to the amount of (—)—Elifverbenol
produced, providing a chemical basis for beetle-host specificity.
The isomeric compcund (-)-trans-verbenol 1is produced from
host-derived (-)-a-pinene by Dendroctonus brevicomis and
functions as a repellent to female beetles, presumably to reduce
intraspecific competition. The antipodal (4)-trans-verbenol
produced from (+)-g-pinene, is without biological effect (39).
The effects of enantiomeric monoterpenes on bark beetle activity
have been reviewed by Wood (30), Francke and Vite (40) and
Silverstein (41). 1In some cases the presence of as little as
2-57 of the enantiomeric product completely inhibits the effect
of the active antipodal form (30).
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Optical purity has also been shown to influence the
fungistatic properties of oleoresin monoterpenes. The growth of
blue~stain fungi (Ceratocytis spp.) and Fomes annosus 1is
inhibited by chiral monoterpenes from ponderosa pine resin (e.g.,
limonene, B-pinene and B-phellandrene and o-pinene). The
greatest enantiomeric effect is observed with (+)-o-pinene which
is three times more inhibitory against Ceratocystis than the
(-)-antipode (42,43). In another study using Pinus radiata
monoterpenes, (+)-limonene was shown to be a potent inhibitor of
Diglodea pinea spore germination while (~)-limonene was inactive
(44).

The role of monoterpene enantiomers in imparting
differential conifer resistance to bark beetle attack has
received 1little attention because of the difficulties in
purifying the individual monoterpenes and in quantitating the
optical antipodes. Techniques which have been used to determine
optical purity include preparative gas-liquid chromatography
(GLC) followed by polarimetry or NMR analysis using chiral shift
reagents, GLC analysis of diastereomeric derivatives, and, more
recently, direct separation of enantiomers by chiral phase
capillary GLC (30,40,45,46). The latter technique is both
convenient and very sensitive, and with this development, new
information concerning the roles of antipodal monoterpenes should
be forthcoming.

Fungal Elicitors

Wounding alone, caused by insects or mechanical damage, will
induce a resinous wound response that includes formation of
traumatic resin ducts in the sapwood (1,47). However, an early
study by Hepting showed that conifers respond more vigorously to
fungal infection than to simple wounding (48). Live canker
fungus (Fusarium sp.) induced 30 times the resin flow from wounds
on Pinus virginiana than wounds where dead fungus was applied.
Later studies, wusing artificial inoculations of bark beetle
fungal symbionts (Ceratocystis, Europhium and Trichosporium) have
clearly supported the role of the fungus in induction of
secondary resin production in conifers (1,6,7,32,37). Further
support for fungal elicitation has been obtained recently from
tissue culture studies. Laszlo and Heinstein (49) have shown
that heat inactivated Fusarium sp. induce a 4- to 10-fold
increase in diterpene resin acid production (especially
dehydroabietate) by pine cell suspension cultures. Further
consideration of conifer resistance mechanisms must take into
account the nature of the chemical signals involved (fungal
elicitors), their origin and their effects on plant metabolism
and cell differentiation.

Darvill and Albersheim (50), Dixon and associates (51),
Hadwiger and co-workers (52,53) and West (54) have reviewed the
extensive literature on elicitors responsible for the
biosynthesis of phytoalexins (newly-synthesized compounds which

impart resistance). It 1s now <clear that elicitors of
physiological origin are scluble carbohydrates derived by
enzymatic hydrolysis of either plant cell walls
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(polygalacturonates) or fungal walls (chitosans) and that these
signals arise from pathogen attack or plant counterattack.
Elicitors from mycelial walls of a pathogenic fungus induce the
rapid appearance of chalcone synthetase mRNA in bean cells, thus
showing that phytoalexin synthesis 1is controlled at the
transcriptional level (55). The postulated mechanism of elicitor
action involves binding to a specific cell membrane receptor
which triggegﬁ+ the release of an intracellular second message
(possibly Ca ') and initiates new mRNA synthesis for the
enzyme (s) of phytoalexin biosynthesis (51).

In a preliminary study, the presumptive induction of
monoterpene cyclases, and the resulting changes in monoterpene
content, were examined in lodgepole pine saplings in response to
fungal infection (56). Two year-old lodgepole pine were
inoculated with Europhium clavigerum, a symbiont of the mountain
pine beetle, and total monoterpene content was monitored over a
12-day period. Infected stems accumulated three times the
monoterpene level of untreated controls (Fig., 2, Table TI).
Aseptic wounds led to a lesser increase (1.5-fold) in monoterpene
level which 1is a characteristic wound response in conifers.
Specific increases in the levels of the monoterpene olefins
a-pinene, B-pinene, 3-carene and B-phellandrene, which are toxic
to this fungus, were found in infected tissues compared to
controls. Two weeks after infection, monoterpene cyclase levels
were measured and compared to untreated controls. (Crude stem
homogenates were assayed with [3H]geranyl pyrophosphate as
substrate under standard conditions for monoterpene cyclases
(57).) 1Infected tissue exhibited a corresponding 3-fold increase
in monoterpene hydrocarbon cyclase activity. Thus, both
monoterpene cyclase activities and monoterpene levels increased
in lodgepole pine in response to fungal infection, in a manner
reminiscent of the typical phytoalexin response.

Elicitor-stimulated resin production is ultimately limited
by the availability of carbohydrate reserves, which serve as
resin precursors (58). The death of sapwood parenchyma due to
fungal toxins or other physiological malfunction (59,60) will
obviously also limit resin production. The relationship between
the extent of fungal attack and the quantity of monoterpenes
synthesized has been examined by Raffa and Berryman (32).
Lodgepole pine exhibited a 6-fold increase in monoterpene content
over constitutive levels at the wound site when subjected to up
to 10 inoculations of Europhium per 0.3 m?, and a 30-40% decrease
in this maximum when subjected to 20-35 inoculations per 0.3 m2,
Given these inherent limitations of tree physiology (due to age,
vigor and size), an understanding of the origin and mechanism of
action of fungal elicitors is essential to the development of
protective strategies against bark beetle attack ard subsequent
fungal invasion.

Biosynthesis of Monoterpenes in Conifers

The variation in mwonoterpene skeletal types found in conifer
oleoresins is determined to a large degree by differential
expression of the corresponding monoterpene cyclases. These
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Figure 2. Effect of time on the accumulation of monoterpenes in in-
fected or wounded lodgepole pine stems. Two year-old lodgepole pine
(B. contorta) were infected with the vegetative form of Europhium
clavigerum or wounded aspetically. Monoterpenes were quantified
following GLC analysis of steam distillates of stem tissue.

TABLE I, Effect of Wounding and Infection on the Monoterpene
Composition of Lodgepole Pine Stems

Monoterpeneb Control Aseptic Wound Infected Wound
a-Pinene 0.44 0.69 1.68
B~Pinene 1.55 2.79 5.97
3~Carene 0.27 0.34 1.33
B8~-Phellandrene 1.22 2.14 3.14
a-Phellandrene 0.14 0.14 0.08
Limonene 0.85 0.70 0.22
Camphene tr tr 0.09
Total Monoterpenes 4.47 6.79 12,51

3Two year-old Lodgepole pine saplings were 1infected with
Europhium clavigerum or wounded aseptically. Monoterpene content
of pine stems was determined 10 days after treatment following
steam distillation and quantitation of peak areas obtained from
gas~liquid chromatography.

b

Composition 1s given in mg/g dry weight.
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enzymes catalyze the crucial ring-forming reactions in
monoterpene biosynthesis by exploiting a variety of electrophilic
cyclizations of geranyl pyrophosphate which involve carbonium ion
attack on a double bond as the primary C-C bond-forming event
(61). Geranyl pyrophosphate (Fig. 3) is derived by ligation of
two 5-carbon isoprenoid units, isopentenyl pyrophosphate (IPP)
and dimethylallyl pyrophosphate (DMAPP), under the influence of
the enzyme prenyl transferase (specifically GPP synthetase)
(15,62).

Monoterpene biosynthesis has been studied in conifers using
labeled precursors such as carbon dioxide, acetate and mevalonate
(63,64). Specifically labeled precursors have been employed to
deduce mechanistic features of o-pinene (65,66) and 3-carene
(67,68) biosynthesis in pine species. Gleizes and co-workers
(69) have argued, by way of time-course studies, that the initial
formation of acyclic hydrocarbons (ocimene, myrcene) from *Co,
in Pinus pinaster needles indicated that these olefins serve as
precursors to cyclic monoterpenes (a-pinene, B-pinene) by a
reversible protonation mechanism. These suggestions, however,
are without precedent, and run counter to direct evidence
demonstrating that the cyclization of geranyl pyrophosphate
occurs without the involvement of free intermediates (17).

Studies on monoterpene biosynthesis using cell-free extracts
from conifers have been few in number, due in large part to the
limitations in propagating conifers (i.e., slow growth) and to
the difficulties in extracting enzymes from woody tissue. Cyclic
terpenes (Cig, C15) are reportedly synthesized from IPP or NPP in
particulate fractions of Pinus pinaster and Douglas fir needles
(70,71); yet Cori (72) has demonstrated that soluble enzymes from
Pinus radiata seedlings convert GPP and NPP to cyclic monoterpene
olefins (a-pinene, B-pinene and limonene). In none of these
studies have the products or the responsible enzymes been
adequately characterized. Recently developed procedures for
isolating terpene cyclases (57), and methods for obtaining active
enzymes from sapwood extracts (73), should facilitate studies on
the enzymology of monoterpene biosynthesis in conifers.

Mechanism of Monoterpene Cyclization

Monoterpene cyclization processes have been studied primarily in
herbaceous species, and cyclase preparations have been obtained
which catalyze the cyclization of geranyl pyrophosphate to
essentially all major structural classes. Multiple cyclases,
each producing a different skeletal arrangement from the same
acyclic precursor co-occur in higher plants, while single
cyclases which synthesize a variety of stereochemically distinct
skeletal types are also known (24,57). 1Individual cyclases, each
generating a simple derivative or positional isomer of the same
skeletal type, have been described, as have distinct cyclases
catalyzing the synthesis of enantiomeric products (74). The
mechanistic outlines of the cyclization of geranyl pyrophosphate
have been the subject of some controversy (17) because GPP is
precluded from direct cyclization (to cyclohexanoid products) by
the C2-trans double bond. Various isomerization schemes have
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Figure 3. Unified stereochemical mechanism of monoterpene cycliza-
tion from geranyl pyrophosphate.
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been proposed for the preliminary conversion of geranyl
pyrophosphate to either NPP or LPP (or for the independent origin
of these compounds), both of which can cyclize directly.
However, since it is now clear that GPP is efficiently cyclized
without formation of free intermediates, it follows that
monoterpene cyclases must be capable of catalyzing both the
required isomerjzation to a bound intermediate competent to
cyclize and the cyclization reaction itself.

The mechanism of cyclization of geranyl pyrophosphate is now
considered to invelve the initial ionization of the pyrophosphate
moiety, in which a divalent metal ion 1s presumed to assist,
followed by stereospecific syn-isomerization to a linalyl
intermediate <(i.e., 1linalyl pyrophosphate, the corresponding
ion-pair, or other bound equivalent), with rotation about the
C2-C3 single bond and subsequent cyclization of the cisoid
rotamer in the anti-endo conformation. The chiral g-terpinyl
cation so produced, may then undergo electrophilic addition to
the remaining double bond, as well as hydride shifts and
rearrangements, to provide the various other cationic cyclic
parents. The initially formed cyclization products, consisting
of one or more rings, are generated as olefins (via
deprotonation) or simple alcohol or ether derivatives (via
capture by a nucleophile). Subsequent transformations,
frequently oxidation, ultimately give rise to the vast number of
monoterpene metabolites. This unified isomerization-cyclization
scheme 1is completely consistent with the results of numerous
model studies of terpenoid cyclizations, readily allows for the
observed direct cyclization of both LPP and NPP as alternate
substrates, and, most importantly, accounts for the formation of
essentially all cyclic types as well as the regio- and
enanticselectivities inherent in <cyclase catalysis (75).
Implicit in this stereochemical model is the postulated folding
of GPP by the enzyme on binding, which determines the absolute
configuration of the intermediate LPP, which in turn dictates the
stereochemical outcome of the subsequent cyclization,
Accordingly, antipodal monoterpenes would be derived from
different enzymes which generate opposite enantiomers of LPP in
the isomerization step of the coupled sequence (74,75).

Direct evidence for the above proposal was obtained with the
demonstration that separable cyclases derived from sage (Salvia
officinalis) synthesize monoterpene olefins of opposite
stereochemistry (74,76). Thus, cyclase I, of MW 96,000,
converted GPP to (+)-qg-pinene, (+)-camphene and (+)-limonene of
related configuration, whereas cyclase 1II, of MW 55,000,
transformed the same achiral precursor to (-)-g-pinene in
addition to (~)-a-pinene, (-)-camphere and (~)=limonene.
Extensive purification of each enzyme and differential
inactivation studies ensured that each set of stereochemically
related products was synthesized by a single, distinct enzyme
(74). Since (%)-LPP had been shown to serve as a precursor for
both enzymes (76) it was possible to directly assess the absolute
configuration of the tertiary intermediate cyclized, by the
preparation and separate testing of each enantiomer. As
predicted by the general model (Fig. 3), 3R-LPP preferentially
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gave rise to the (+)-olefins generated by cyclase 1, whereas
(35)-LPP preferentially gave rise to the (-)-olefin series
generated by cyclase II. The cyclization scheme posits the
formation of o~ and B-pinene by alternate deprotonations of a
pinyl cation (76). Banthorpe and associates have suggested, on
the basis of in vivo studies (65,66), that (-)-a-pinene could be
formed indirectly via the thermodynamically favorable
isomerization of (-)-B-pinene. No support for this proposal was
obtained with the cell-free systems described above (74,76), nor
could an alternate proposal by Gleizes and associates (69) for
the reversible protonation of ocimene and myrcene to «- and
B-pinene, respectively, be substantiated in cell-free
preparations.

Support for the crucial role of the isomerization step of
the reaction sequence was also obtained from studies on geranyl
pyrophosphate: (~)-endo-fenchol cyclase from fennel (Foeniculum
vulgare) (77-79). Direct testing of (35)—11na1y1 pyrophosphate
afforded a K_ value lower than that obtained with geranyl
pyrophosphate,gand a relative velocity nearly three-times higher.
These results are clearly consistent with the proposed
stereochemical model and further suggest that the isomerization
step is rate limiting in the coupled isomerization~cyclization of
geranyl pyrophosphate to (-)-endo-fenchol (Fig. 3). (3S)-Linalyl
pyrophosphate was not an effective substrate for (-)-endo-fenchol
biosynthesis but did, by an anomalous cyclization, give rise to
low levels of the enantiomeric (+)~(lR)-endo-fenchol. It was
therefore concluded that enzymatic recognition of the tertiary
intermediate in an approach from solution was not sufficient to
completely discriminate between the similar overall profiles
presented by the linalyl pyrophosphate enantiomers. While the
formation of (+)-endo-fenchol from (3S)-linalyl pyrophosphate is
clearly an aberrant reaction sequence, the stereochemical outcome
is still entirely consistent with the cyclization model. More
importantly, the complete absence of the (+)-isomer with the
achiral geranyl pyrophosphate as substrate serves to confirm the
absolute regio- and stereochemical control over the initial
isomerization step as well as the subsequent cyclization of the
normal, coupled reaction sequence.

Thorough stereochemical analysis of the cyclizations of
geranyl pyrophosphate to (+)- and (-)-bornyl pyrophosphate (Fig.
3) (by enzymes from Salvia officinalis and Tanacetum vulgare,
respectively) have also been carried out (80,81). These
reactions, which generate the c¢yclic parents of (+)- and
(-)~camphor (82-84), are unique among monoterpene cyclizations in
that the pyrophosphate moiety of the acyclic precursor is
retained in the cyclic product. In this instance it was
demonstrated that geranyl pyrophosphate (chirally labeled) was
cyclized to Dbornyl pyrophosphate with net retention of
configuration at Cl of the acyclic precursor, whereas similarly
labeled neryl pyrophosphate was cyclized to product with
inversion of configuration at Cl  (85). The observed
stereochemistry 1is a consequence of the reaction mechanism
whereby geranyl pyrophosphate is first stereospecifically
isomerized to 1linalyl pyrophosphate which, following rotation
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about C2-C3 to the cisoid conformer, cyclizes from the anti-endo
configuration. Neryl pyrophosphate cyclizes either directly or
via the linalyl intermediate without the attendant rotation.

The role of ion pair formation in monoterpene cyclizations
was revealed by additional studies with the (4+)- and (-)-bormnyl
pyrophosphate cyclases in which the migrations of the
pyrophosphate moiety were examined (86,87). Separate incubation
of [l- Hz;a-32P] and [1-3H2;B—32P]geranyl and (#)-linalyl
pyrophosphates with partially purified preparations of each
enantiomer-generating cyclase gave [3H;32P)bornyl pyrophosphates
which were selectively hydrolyzed to the corresponding bornyl
phosphates. Measurement of 3H:32P ratios of these monophosphate
esters established that the two ends of the pyrophosphate moiety
retained their identities in the cyclization of both precursors
to both products, and also indicated that there was no
appreciable exchange with exogenous inorganic pyrophosphate in
the reaction. Subsequent incubastions of each cyclase with
[1%c;1-180]geranyl pyrophosphate and with [3H;3-180]11nalyl
pyrophosphate gave the  appropriate (+)- or (~)~bornyl
pyrophosphates which were hydrolyzed in situ to the corresponding
borneols. Analysis of the derived benzoates by mass spectrometry
demonstrated each of the product borneols to possess an 189
enrichment essentially identical to that of the respective
acyclic precursor. The absence of P -P, interchange and the
complete lack of positional 180—ié%tope exchange of the
pyrophosphate moiety are compatible with tight ion-pairing of
intermediates in the coupled isomerization-cyclization of geranyl
pyrophosphate and establish a remarkably tight restriction on the
motion of the transiently generated pyrophosphate anion with
respect to its cationic terpenyl reaction partner.

Most information now available on the regio- and
stereochemistry of monoterpene cyclizations has been obtained
from studies on the origin of bicyclic monoterpenes of the
pinane, fenchane and bornane type. Progress is also being made
with cyclases which transform geranyl pyrophosphate to common
monocarbocyclic products such as a-terpinene (88), y-terpinene
(89) and 1,8-cineole (90). Examination of the mechanisms leading
to these achiral products has proven to be rather more
challenging, however, since few stereochemical deductions can be
made a priori, as with the chiral bicyclic types. The cyclases
which generate the simple monoterpene types are usually more
readily available, and are often more active and easier to
purify, advantages that should wultimately lead to a better
understanding of the physical and chemical nature of these
protein catalysts; areas in which information is now sorely
lacking.

Conclusion

The biochemical bases for the terpenoid-mediated interactions of
conifers with bark beetles and their fungal symbionts is
understood in broad outline. Resistance to colonization
ultimately resides in the species-specific arsenal of terpenoids
which can be mustered in response to an attack. Resistant
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conifers exhibit an induced wound response in which greater
quantities of the more toxic monoterpenes are generated through
catalysis of cyclases. Resistance, therefore, depends upon the
genetic inheritance of cyclases which produce terpenoid products
that are effective against specific insect and fungal pests, and
upon the ability of the tree to respond vigorously to the
appropriate chemical signal (elicitor) by induction of the
cyclases and the generation of the requisite acyclic precursor.
Through an understanding of the enzymology, stereochemistry and
mechanism of monoterpene cyclases, it may be possible to modify
or otherwise manipulate these wunusual catalysts to improve
conifer resistance.
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Chapter 7

Sesquiterpenes as Phytoalexins and Allelopathic Agents

Stella D. Elakovich

Department of Chemistry, University of Southern Mississippi, Hattiesburg,
MS 39406-5043

The plant origin and structure are given for those
sesquiterpenes which have been shown to be active

as phytoalexins or allelopathic agents. Potato
(Solanum tuberosum), pepper (Capsicum annum),

tobacco (Nicotiana species), eggplant (Solanum
melongena), tomato (Lycopersicon esculentum) and
jimsonweed (Datura stramonium), all members of the
Solanaceae, are rich sources of sesquiterpenoid
phytoalexins. Over twenty furanosesquiterpenoid phyto-
alexins have been isolated from sweet potato (Ipomoea
batatus). Both elm (Ulmus glabra) and cotton
(Gossypium species) have also been sources of
sesquiterpenoid phytoalexins. Allelopathic
sequiterpenoids have been implicated in a limited
number of investigations. Potential sesquiterpenoid
allelochemicals have been found in Artemisia
absenthium, Ambrosia psilostachya, Cyperus

serotinus and Lippia nodiflora.

Sesquiterpenes frequently occur in the steam volatile essential
oils of higher plants. They occur less frequently in lower plants
and in the animal kingdom although a number of marine organisms
have proved to be abundant sources of a novel group of both
halogenated and nonhalogenated sesquiterpenes (Ref. 1). A large
class of highly oxygenated sesquiterpene lactones has been
isolated, many from the Compositae, and shown to be bioactive.
Stevens (Ref. 2) has recently reviewed these compounds. Plant
derived sesquiterpenes include hydrocarbons as well as alcohols,
ketones, aldehydes and carboxylic acids. Robinson (Ref. 3) suggests
the term "sesquiterpenoid" to better describe both hydrocarbon and
oxygenated compounds while "sesquiterpene"” refers only to
hydrocarbons. Many sesquiterpenoids possessing interesting
bilological properties have been detected. This chapter will
discuss those which have been shown to be active as phytoalexins or
allelopathic agents. The structures of these compounds are given
in Figures 1-8 in the text.

0097-6156/87/0325-0093$06.00/0
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Figure 1. Sesquiterpenoid Stress Metabolites from Potato.
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20 capsidiol 21 capsenone 22 glutinosone

Figure 2. Sesquiterpenoid Stress Metabolites from Sweet Pepper
(20 and 21) and Tobacco (20) and (22).

24 25

aubergenone 9-oxonerolidol

26 27
9-hydroxynerolidol 11-hydroxy-9,10-dehydronerolidol

Figure 3. Sesquiterpenoid Stress Metabolites from Eggplant.

In Ecology and Metabolism of Plant Lipids; Fuller, G., eta.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.

95



96 ECOLOGY AND METABOLISM OF PLANT LIPIDS

/ \

OH -

farnesol 29 6-oxydendrolasin

32 ipomeamaronol 28 ipomeamarone

Figure 4. Biosynthetic Relationship of Furanosesquiterpenoid
Stress Metabolites from Sweet Potato.

33 R-= CHZOH 35 R-= CI-I3
7-hydroxycostol 36 R = CHZOH g-costol
34 R = CHO 37 R = CHO g-costal

7-hydroxycosta1/

Figure 5. Selinene-type Sesquiterpenoid Stress Metabolites from
Sweet Potato.
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Figure 6. Cadinane-type Sesquiterpenoid Stress Metabolites from
Elm,
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Figure 7. Gossypol Sesquiterpenoid Stress Metabolites from
Cotton.
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Biosynthesis

Sesquiterpenoids arise via the mevalonate-isopentyl pyrophosphate-
farnesyl pyrophosphate pathway with 2-cis-6-trans- or 2-trans—6-
trans-farnesyl pyrophosphate as the biological precursor for almost
all sesquiterpenoids. Because blosynthetic investigations of
plants have been hampered by low and nonspecific uptake of added
precursors, compartmentation effects, rapid turnover of
metabolites, and seasonal metabolic variations, the majority of
biosynthetic 1nvestigations of sesquiterpenoid biosynthesis have
been carried out with fungi (Ref. 4). The recent routine
availability of “’C nuclear magnetic resonance (nmr) has greatly
simplified the ability to directly locate sites of labeling without
recourse to laborious degradative schemes (Ref. 5). This has led
to a dramatic increase in the number of reports on sesquiterpenoid
biosynthesis. A number of investigations of phytoalexin
biosynthesis have reported added precursor being incorporated at
levels comparable to those seen in fungal cultures (Ref. 4). Thus
phytoalexins may provide a rich source of plant sesquiterpenoid
biosynthetic information. A recent report by Brindle, et al.
(Ref. 6) established that potato-cell suspension cultures
synthesize and accumulate sesquiterpenoid phytoalexins. This
ability to elicit terpenoid phytoalexin formation in cell
suspension culture should speed the exploitation of tissue culture
techniques in the studies of terpenoid phytoalexin biosynthesis.

Phytoalexins

Phytoalexins are substances that are absent in normal plant tissue,
but are biosynthesized in response to a challenge. Originally,
phytoalexins were antifungal compounds elicited upon infection of
the host plant by some fungi. It is now clear that phytoalexins
are produced in plants in response to other living organisms such
as bacteria, viruses and nematodes, and also in response to
treatment with chemicals, mechanical wounding, dehydration, cold or
ultra-violet light. Stoessl et al. (Ref. 8) suggest that the term
‘phytoalexin' be applied to any antifungal compound synthesized by
the plant in greatly increased amounts after fungal infection, and
that the term 'stress metabolite' be applied to compounds produced
in response to other challenges. However, other authors use the
terms almost interchangably. The amounts of phytoalexins produced
from viruses can be as large as 10 to 500 ng/g tissue. Thus virus-
infected tissues have been useful for the isolation of new
phytoalexins and also the provision of quantities sufficient for
studies on their metabolism and toxicity (Ref. 7). A 1982
monograph edited by Bailey and Mansfield (Ref. 9) provides a
thorough review of all the various aspects of phytoalexins.

Phytoalexins from the Solanaceae

Most phytoalexin research has been conducted with plants in the
Leguminosae and Solanaceae. Sesquiterpenoid phytoalexins are
common in the Solanaceae, but are not apparent in the Leguminosae.
Kué¢ (Ref. 10) has recently reviewed phytoalexins from the
Solanaceae. In 1976 Stoessl et al. (Ref. 8) reviewed
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sesquiterpenoid stress compounds of the Solanaceae, and in 1981
Stothers reviewed these compounds with emphasis on the biosynthetic
pathways leading to their formation (Ref. 11).

Potato - Solanum tuberosum. Classical work by Mi#ller and BSrger
(Ref. 12) in 1940 with potatoes began phytoalexin research in the
Solanaceae. They were attempting to produce potato cultivars with
resistance to Phytophthora infestans, the fungus which causes late
blight disease in potatoes. They demonstrated that potato tubers
infected with P. infestans produced low molecular weight fungitoxic
compounds and that the accumulation of these compounds was related
to the resistance of the tuber to the fungus. In spite of the
great economic importance of cultivated potatoes, it was some 28
years before a group of Japanese workers (Ref. 13) isolated
rishitin (1) as the first well-defined phytoalexin from potatoes.
Reports of the two additional phytoalexins, lubimin (2) (Ref. 14)
and phytuberin (3) (Ref. 15), followed quickly. The originally
reported structure for lubimin was later corrected by Katsul et al.
(Ref. 16) and Stoessl et al. (Ref. 17) to that shown in (2).
Subsequently rishitinol (4) (Ref. 18), 3-hydroxylubimin (5)

(Ref. 16a), anhydro-B-rotunol (6) (Ref. 19), solavetivone (7)

(Ref. 19) and phytuberol (8) (Ref. 20) were isolated as
sesquiterpenoid stress metabolites (SSMs) of the potato. All of
these sesquiterpenoids clearly belong to the same blogenetic group,
but the role of each in disease resistance has not been thoroughly
investigated. Rishitin, lubimin, solavetivone and phytuberin are
termed phytoalexins. Rishitin, lubimin and solavetivone generally
comprise 85% or more of the total potato derived SSMs with rishitin
often the major SSM (Ref. 10). In different experiments using the
same potato cultivar and race of P. infestans, Kuc (Ref. 10) has
observed either rishitin, lubimin or solavetivone as the major SSM.
He suggested that slight changes in the physiological state of the
potato tubers and the environment can profoundly influence which of
the sesquiterpenoids predominates. None of the compounds ever
appears to be induced alone, but not all of them are produced in
detectable amounts in any given situation.

Accumulation of small amounts of the additional
sesquiterpenoids isolubimin (9) (Ref. 21), 10-epilubimin (10), 15-
dihydrolubimin (11), 15-dihydro-10-epilubimin (12) (Ref. 22),
cyclodehydroisolubimin (13) (Ref. 23), 2-epilubimin (14) (Ref. 24),
15-dihydro-2-epilubimin (15) (Ref. 25), rishitinone (16) (Ref. 26),
oxyglutinosone (17), epioxylubimin (18) (Ref. 27), and
acetyldehydrorishitinol (19) (Ref. 28) may be due to synthesis by
the host or degradation by host or pathogen of host-synthesized
terpenoids, or even to synthesis by a pathogen. (Ref. 10) The role
of these compounds as phytoalexins has not been fully investigated.

Pepper - Capsicum annuum. The sesquiterpenoid phytoalexin
capsidiol (20) is formed in pepper fruit after inoculation with
many fungi and at least one bacterium (Ref. 22). 1Its skeleton is
interesting because the vicinal methyl groups are trans, in
contrast to all other previously described eremophilanes (Ref. 11).
A second sesquiterpenoid, capsenone, is also present in peppers
infected with certain fungi, but has been shown to be a fungal
oxidation product of capsidiol (Ref. 29). Capsidiol accounts for
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about half of the total ether extractives from the aqueous
diffusates of peppers inoculated with the fungus Monilinia
fructicola (Ref. 30). The diffusates from pepper are thus much
less complex than those obtained from potato, or indeed, from any
other members of the Solanaceae. Capsidiol may be obtained in
concentrations of up to 0.75 mM in diffusates (Ref. 29). Fruits of
Capsicum frutescens possess a sterile cavity into which large
quantities of potential precursors can be aseptically injected
together with fungal spore suspensions with little or no mechanical
damage. They are thus almost ideal for host-parasite studies.

Ward et al. (Ref. 31) compared the fungitoxicity of
capsidiol with that of rishitin, the major phytoalexin from
potatoes, capsenone, and 20 other capsidiol-related or capsidiol-
derived compounds. They used both pathogenic and non-pathogenic
fungi. Capsidiol was the most active compound tested, but no
correlations were found among the sensitivity to capsidiol or
rishitin and pathogenicity for peppers or potatoes, nor could
correlations between structure and activity be drawn.

Tobacco - Nicotiana species. Guedes et al. (Ref. 32) reported the
accumulation of six sesquiterpenoid stress metabolites in foliage
of Nicotiana tabacum innoculated with Pseudomonas lachrymans, a
nonpathogen of tobacco. The infected tobacco foliage accumulated
capsidiol (20), also reported in infected pepper, as well as
rishitin (1), lubimin (2), phytuberin (3), phytuberol (8) and a
trace of what was thought to be solavetivone (7), all of which are
also found in infected potato. Maximum accumulation of these SSMs
occurred 12-24 hours after infection whereas studies of pepper and
potato showed maximum accumulation of SSMs after 48 to 96 hrs.
Accumulation of the sesquiterpenoids coincided with the appearance
of necrosis, was detected in and immediately around necrotic tissue,
and was not detected in apparently healthy tissue 5 mm or more from
the edges of lesions.

Burden et al. (Ref. 33) found the sesquiterpenoid glutinosone
(22) in leaves of Nicotiana glutinosa which had been infected with
tobacco mosaic virus. Although some investigators would approve
the term 'phytoalexin' for a virus induced compound, glutinosone
has not yet been reported in fungal infected tissue of N.
glutinosa. Glutinosone could not be detected in healthy,
uninoculated leaves. Both capsidiol and solavetivone could also be
induced by virus infection. Capsidiol accumulated in both N.
tabacum and N. clevelandii infected with tobacco necrosis virus,
(Ref. 34) and solavetivone accumulated in N. tabaccum infected with
tobacco mosaic virus (Ref. 35).

Eggplant - Solanum melongena. Fruits of eggplants produce
sesquiterpenoid phytoalexins, thus conforming to the pattern of
other members of the Solanaceae (Ref. 36). Eggplants (Solanum
melongena 'Black Beauty') routinely accumulated phytoalexins when
innoculated with spore suspensions of Monilinia fructicola as well
as with four other fungi. The ethyl ether extract of the diffusate
obtained was very complex and required repeated chromatography for
the separation of pure components. Seven compounds were isolated,
accounting for about 30% of the extract. Of these seven, lubimin
(2), which is also a potato phytoalexin, and a compound having
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structure (23) were the two most active compounds in spore
germination inhibition assays, but with the exception of
aubergenone (24), all compounds had appreciable activity against P.
infestans (Ref. 36). Compound (23) and another of the compounds
isolated were almost certainly artifacts since they were not
detected in fresh crude extracts. The remaining three identified
compounds had structures (25), (26), and (27). All five of the
fungi tested induced all of the compounds, although in differing
amounts, which suggests that phytoalexin production is nonspecific.

The structure of aubergenone was revised to that of (24) by
Murai and coworkers (Ref. 37). The revised structure, ll-hydroxy-
4a,50-eudesm-1-en-3-one (24) is the only stress compound with a
S5a-eudesmane skeleton among the Solanaceae metabolites and hence
stands on unique biogenetic grounds (Ref. 37).

Tomato - Lycopersicon esculentum. The tomato has not been
investigated as thoroughly as potatoes, and the only
sesquiterpenoid stress compound so far identified is rishitin (1),
the main potato phytoalexin (Ref. 38). The tomato derived extracts
from which rishitin can be isolated are complex. It is likely that
other sesquiterpenoids will be isolated from these complex
mixtures in time (Ref. 8).

Jimsonweed — Datura stramonium. Like other Solanaceae, Datura
stramonium produces antifungal sesquiterpenoid compounds in
response to inoculation with Monilinia fructicola and several other
fungi (Ref. 39). Three of the four phytoalexins thus far
identified are also accumulated by other Solanaceous species.
Lubimin (2) is also produced both in potato and eggplant, capsidiol
(20) is the main phytoalexin in sweet pepper fruit, and
hydroxylubimin (5) is also found in potato. The fourth compound
2,3-dihydroxygermacrene, is unique to Datura and could serve as an
almost direct precursor of lubimin and 4-hydroxylubimin as well as
other Solanaceae phytoalexins (Ref. 39a).

Phytoalexins from Other Families

Convolvulaceae - Sweet Potato (Ipomoea batatus). In the forty
years since Hiura (Ref. 40) first isolated ipomeamarone (28) from
sweet potatoes, the furanosesquiterpenoid stress metabolites of
this plant have been extensively investigated and over twenty
furano-sesquiterpenoids have been isolated (Ref. 41, 42).
Extensive biosynthetic investigations have provided the following
relationships among these phytoalexins (Ref. 43).

6-0Oxodendrolasin (29) which 1s accumulated upon either infection by
Ceratocystis fimbriata or HgC12 treatment, is the close precursor
of dehydroipomeamarone (30) which appears to be the immediate
biosynthetic precursor of ipomeamarone (28) and also the precursor
of ipomeabisfuran (31), which, like (29) is accumulated upon either
C. fimbriata infection or HgCl, treatment. Ipomeamarone (28) is
the precursor of ipomeamaronol (32). All five of these compounds
(28) ~ (32) have the properties of phytoalexins. They are produced
in relatively large amounts in response to infection and they show
antifungal activity. Schneider et al. (Ref. 42) recently
characterized nine new minor stress metabolites from C. fimbriata
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infected tissue and have proposed a detailed biogenic scheme which
includes 19 furanoterpenoids and furanoterpenoid-related stress
metabolites. At about the same time, Schneider and Nakanishi
(Ref. 44) reported the presence of two new compounds of the
eudesmane skeleton, 7-hydroxycostol (33) and 7-hydroxycostal (34),
as well as three known selinene derivatives, compound (35),
B-costol (36) and B-costal (37). These five compounds are included
in the biogenic scheme of Schneider et al. (Ref. 42). The
eudesmane skeleton is biogenically different from that of
furanosesquiterpenoids, and thus the sweet potato represents a
unique case of a plant which concurrently produces two skeletally
different series of sesquiterpenoid phytoalexins (Ref. 44).

Ulmaceae — Elm (Ulmus glabra). Eight cadinane-type sesquiterpenes
were isolated from Wych elm (Ulmus glabra) branches which had been
infected with the fungi Ceratocystis ulmi (Causative agent of Dutch
Elm disease), Coriolus versicolor (a white rot fungus) and
Chondrostereum purpureum (causal agent of silver leaf disease in
many trees) (Ref. 45). None of the eight compounds (38) - (45)
were observed in chromatograms of sapwood of healthy branches,
although all compounds (38) - (43) had been previously reported as
heartwood constituents in various elm species. The mansonones E
(42) and F (43) had previously been isolated from U. hollandica
following infection by C. ulmi. The role of these tree phytoalexins
in disease resistance has yet to be determined, but the present
evidence suggests that they provide little effective fungal
resistance (Ref. 45).

Malvaceae - Cotton (Gossypium species). Gossypol (46), a dimeric
sesquiterpene of the cadalane class, is a natural pigment found in
tissues of healthy cotton plants, but, because of certain
properties it is often classed as a phytoalexin. Its biosynthesis
was reviewed in 1979 by Heinstein et al. (Ref. 46). Gossypol
accumulation can be induced by inoculation of cotton tissues with
Verticillium albo—atrum (causative agent of wilt disease) or
Rhizopus nigricans, or by chemical treatment with cupric or
mecuric ions (Ref. 47). Purified gossypol proved active against
fungi as measured by fungal spore germination assays, and similar
amounts of gossypol were accumulated from those cotton cultivars
having gossypol and those which have little or no free gossypol.
Thus, gossypol may be classed as a phytoalexin. Bell et al.

(Ref. 48) confirmed that hemigossypol (47) 1Is the major phytoalexin
formed in both G. barbadense and G. hirsutum upon Verticillium
infection. Hemigossypol, 6-methoxy-hemigossypol (48) and
6-deoxyhemigossypol (49) were the major sesquiterpenoid stress
metabolites from the infected tissue of a range of Gossypium
species (Ref. 48). Russian workers have isolated isohemigossypol
(50) and gossyvertin (51) from stem tissue of cotton plants
infected with V. dahliae (Ref. 47). Very little gossypol was found
in this same tissue. It thus appears that gossypol itself is not
the most important contributor to the phytoalexin response of
cotton even though it has antifungal properties.
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Allelopathic Agents

In his classical paper titled "The Influence of One Plant on
Another-Allelopathy", Molisch in 1937 coined the term ‘'allelopathy’
to refer to bilochemical interactions between all types of plants
including microorganisms. He included both inhibitory and
stimulatory interactions (Ref. 49). Rice, (Ref. 50) in the first
edition of his comprehensive monograph, Allelopathy, used the term
to include only inhibitory interactions. In the recent second
edition of his monograph, Rice reverts to Molisch's use of the term
because the published literature convinced him that most, or
perhaps all, organic compounds that are inhibitory at some
concentrations may be stimulatory at some much lesser
concentrations (Ref. 51).

Most secondary metabolites can be classified into five major
categories: phenylpropanes, acetogenins, terpenoids, steroids, and
alkaloids (Ref. 51). Higher plants produce a great variety of
terpenoids, but only a very few sesquiterpenoids have been
implicated in allelopathy (Ref. 51). Artemisia absinthium produces
three sesquiterpene inhibitors, B-carophyllene (52), bisabolene
(53) and another component which forms chamazulene in the open air
(Ref. 52). Both Ambrosia psilostachya and A. acanthicarpa produce
several sesquiterpene lactones, but none of them have been
confirmed as allelochemicals (Ref. 51). Volatile plant growth
inhibitors isolated from western ragweed (Ambrosia psilostachya) may
be sesquiterpenes.

Komai et al. (Ref. 53) found gc-ms evidence of the
sesquiterpenes B-selinene (54), methyl farnesate, farnesyl acetate
(55), and farnesol (56) present in an inhibitory fraction isolated
from water nutgrass (Cyperus serotinus ). This fraction at
300 ppm inhibited lettuce germination and also inhibited growth of
lettuce and rice seedlings as well as nutgrass itself. The authors
conclude that the sesquiterpenes are responsible for the observed
allelopathic effects.

We (Ref. 54) have recently identified the sesquiterpenes
B-caryophyllene (52), &-cadimene (57), o-bergamotene (58),
B-bisabolene (53), a-copaene (59), calamenene (60) and 4,10-
dimethyl-7-isopropylbicyclo[4.4.0]-1,4~decadiene from the steam
volatiles of the creeping perennial herb Lippia nodiflora (family
Verbenaceae) which 1s known for its rampant growth. Extracts of
L. nodiflora reduced lettuce seedling radical length as compared to
controls suggesting the presence of allelochemicals.
B—-Caryophyllene comprises almost 20% of the identified hydrocarbons.
The steam volatiles of L. nodiflora also contain the monoterpenes
f-pinene and p-cymene which Asplund (Ref.55) found inhibitory
toward radish seed germination. These terpenes may well be acting
as allelochemicals in L. nodiflora, contributing to its ability to
grow rampantly and to inhibit lettuce seedling growth.
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Plant Growth Regulation by Mevinolin and Other
Sterol Biosynthesis Inhibitors
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There 1is conclusive evidence that sterols have
essential roles in the regulation of growth and
development of plants. Mevinolin, a metabolite
produced by Aspergillus terreus, specifically
inhibits HMG-CoA reductase, a rate limiting enzyme of
the isopentenoid pathway. This compound has been
used as a  molecular probe to study the
interrelationships of MVA and sterol biosynthesis in
the developmental events of plants and animals. The
accumulation of other isopentenoids, such as mitochon-
drial ubiquinone(s) or plastidic prenylquinones,
chlorophylls and carotenoids, is less or not at all
affected by mevinolin, thereby emphasizing the
concept of mevalonic acid biosynthesis being present
in these organelles. The effect on growth of several
microbiologically produced or chemically synthesized
inhibitors (including mevinolin) known or expected to
interfere with enzymes that catalyze steps later in
the sterol pathway were evaluated. Generally, the
growth inhibitory reactions of treated radish
seedlings induced by the various test compounds were
quite similar, though some specific reactions induced
by mevinolin, such as inhibition of tillering at
higher concentrations, suggest a requirement for
isopentenoid-derived factors other than sterols to
ensure cell division in meristematic plant tissue or
in cell cultures. The results indicate that
mevinolin may have physiological importance as a
plant growth regulator.

0097-6156/87/0325-0109$08.50/0
© 1987 American Chemical Society
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A basic question in which our laboratory has been interested over
the last few years revolves around the problem of MVA synthesis
and the flow of this compound to the major isopentenoid compounds
in the plant cell. The pathway for the biosynthesis of
polyisoprenoids and the position of the key-regulating enzyme
HMG-CoA reductase is summarized in Figure 1. Our studies and
those of other groups have revealed that the regulatory role of
HMG-CoA reductase does not seem to be confined only to mammals
(1-8), but can also be extended to plants (9-22) and fungi (23-27).

MVA is the ultimate precursor of sterols (28) and
triterpenoids (29), compounds that act as architectural and
functional components of endoplasmic reticulum and plasmalemma,
presumably through specific interaction with fatty acids and
proteins (28, 29). MVA is also the precursor of prenylquinone
components of photosynthetic or oxidative electron transport
chains in the chloroplast and mitochondria (30-33), of isoprenoid
light harvesting accessory pigments such as cartenoids (34), and
the mixed prenylpigments chlorophyll a and b (35).

That the enzyme HMG-CoA reductase plays an important
ecological role in growth of plant and microbial cells is
emphasized through the existence of highly specific antibioties
that bind with and regulate this enzyme. A series of microbially
produced hypocholesterolemic drugs have been 1isolated from
different strains of Ascomycetes (Figure 2). Compactin and the
related ML-236A were first obtained from species of Penicillium as
an antifungal metabolite (36, 37). Mevinolin has been obtained
from Aspergillus terreus (38) and Monascus ruber (39). Recently,
the 1isolation of dihydromevinolin from A. terreus (40),
dihydrocompactin from P. citrinum (41), monacolins J (42) and X
(43) and dihydromonacolin 1. from M. ruber (43) were reported.
These drugs were revealed to be potent competitive inhibitors of
HMG-CoA reductase and hence of mammalian cholestrerol synthesis,
with mevinolin being the most effective inhibitor. Compactin
(ML-236B) and mevinolin have been found to be extremely useful
tools in studying the regulation of vertebrate isoprenoid
synthesis and it has been shown that these fungal metabolites
specifically inhibit a wide variety of prokaryotic and eukaryotic
HMG-CoA reductases (37-54) (Table I). It is interesting to note
that the biosynthesis of mevinolin and presumably that of related
polyketide derived drugs (55-58) seem to begin at a state within
the fungal life cycle where the accumulation of sterols and
possibly that of other essential MVA- derived products have
reached their stationary phase (57).

The possible interference of the mevinolin-type compounds with
microorganisms in the soil raises the question as to whether these
microorganisms are able to make derivatives. In systematic
studies it was recently shown that compactin could be
B~hydroxylated (59) by Mucor hiemalis at position 6 (following the
numbering system for mevinolin as introduced by Alberts et al.
(38) and used in Figure 2). The nearly exclusive 6 a-hydroxy-
lation of compactin by Synecephalastrum nigricans and S. racemosum
(60), however, indicated a high degree of selectivity and
stereospecificity of the microbia enzymes (60). 1In a cell-free
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Figure 1. Role of HMG-CoA reductase-directed synthesis and its
flow into various classes of isoprenoid compounds in
plant cells. The inhibition of HMG-CoA reductase by
mevinolin is indicated.
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Figure 2.
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of related compounds. The correct absolute
configuration is shown using the nomenclature given
by Alberts et al. (38). WNote that one region of the
molecules closely resembles the mevaldyl moiety of
(38,5R)-mevaloyl-CoA thiohemiacetal, the enzyme-bound
intermediate in the two-step reduction of (S)-HMG-CoA
to (R)-MVA.
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system from rat liver the inhibitory activity of
6a-hydroxycompactin carboxylate against cholesterol synthesis
was more potent than that of the 6 B8-hydroxy-derivative (60).
Strain SANK 32772 of Absidia coerulea catalized the conversion of
ML-236B to 3a-hydroxy-iso-ML-236B (6a- in the numbering system
used by the Sankyo group (61)). This latter compound, with
A4,40  and  AS:6,  was similar to the parent compound in
its level of inhibition of cholesterol synthesis (61). Other
microbial strains capable of 6 B8-hydroxylation of ML-236 were
ascomycetes isolated from soil samples collected in Australia and
were identified as substrains of Nocardia autotrophica (62).
Several fungal strains (Circinella nuscae, Absidia
cylindrospora and A. glauca) have been reported to biologically
phosphorylate the hydroxyl group at position & of the open
carboxylic forms of compactin as well as of monacolin K (=
mevinolin), and monacolins L and X (63). The Basidiomycete
Schizophyllum commune was found to transform compactin as well as
mevinolin (monacolin K) to the corresponding 8-a-hydroxy
derivatives (64).The existence of antibioties, other than the
mevinolin-type (65), produced by Cephalosporum caerulens (known
inhibitors of the synthesis of polyketides and of fatty acids
(66)) indicates a complex biochemical and physiological interplay
may exist among organisms throughout the rhizosphere. This
interplay may include higher plants in the rhizosphere. We have
shown that mevinolin, applied as its water-soluble sodium salt,
inhibits the root growth of intact radish and wheat seeedlings by
inhibiting their isopentenoid biosynthesis (7). We have utilized
mevinolin as a molecular probe to study the importance of MVA and
associate products to growth and development of seedlings, bearing
in mind that in vivo inhibition of an enzyme, expected to be at
least close to rate limiting for the pathway, should result in
clear wmorphological and biochemical responses. A logical
consequence was to establish what type of isoprenoid compound
might be affected in its synthesis or accumulation in the presence
of mevinolin (52, 68, 69), thereby yielding information also on
the intracellular localization of HMG-CoA reductase activity in
plant cells which 1is currently a matter of controversy in
literature (70-72). Since it appeared that the accumulation of
phytosterols was primarily affected by mevinolin (52, 68, 69)
(which led us to hypothesize that mevinolin can easily penetrate
the plant cell wall and the plasmalemma, but rather poorly the
envelopes of mitochondria and plastids), we tested other
inhibitors known or expected to interfere with later steps of
sterol biosynthesis, such as squalene epoxidation, squalene-oxide
cyclization, l4a-desmethylation or side chain alkylation, in
order to look for similarities and differences in the
morphological response of radish seedlings upon treatment (73). A
side aspect of these latter studies is to establish a versatile
screening system for hypocholesterolemic drugs or fungicides.

Materials and Methods

Chemicals. Mevinolin was kindly provided by Dr. A. W. Alberts
(Merck Sharp & Dohme Res. Labs.) and was converted to its
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water-soluble sodium salt as described by Kita et al. (74).
Triparanol (MER-29), U 18666 A, A 25822 B were gifts from Merrell
Dow Pharmaceuticals Inc., Dr. Harry Rudney (University of Ohio,
Cincinnati, OH), and Eli Lilly G.m.b.H., respectively.
2,3-Bpiminosqualene was kindly synthesized by Dr. Lunkenheimer
(Bayer AG), Naftifine was purchased from Dr. HOgenauer (Sandoz
Forschungszentrum Wien). Triarimol and imminium salt ("NES") were
gifts of Dr. W. D. Nes (USDA Berkeley). SC 32561 was a gift from
G. D. Searle & Co. Clotrimazole, miconazole, and sodium
deoxycholate were purchased from Sigma.

Cultivation of seedlings and associated test systems. Radish
seeds (Raphanus sativus, cv. Saxa Knacker) were immersed in an
aerated water bath for 30 min. These seeds were then placed onto
a sprouting tray containing 1 1 of Hy0 or Hy0 supplied with
the chemicals and were allowed to germinate and develop for one
week in the 1light (Osram Fluora lamps 65 W at 2.5 Wem—2,
259C, 65% relative humidity). Hydrophobic drugs were usually
dissolved in a system containing DMSO:Triton X-100 in the ratio
3:1 (v:v), maximum 1 ml/l in the growth solution. Controls
contained the same amount of this mixture without inhibitors. 1In
some cases, the addition of a small amount of EtOH was required to
dissolve the compounds. Plant growth was measured daily (25-30
plants per condition).

Wheat seedlings were cultivated from Triticum agestivum cv.
Anza. Etiolated primary leaf segments from one week-old plants
were obtained and used in the test system as previously described
(15, 16).

Celi Suspension Cultures of Silybum marianum. Suspension cultures
were grown from primary calius cultures. Submersed cells were

kept in Erlenmayer-flasks (120 rpm; 25° C; Phillips TL 40W/47,
2000 lux) in a growth medium as described by Murashige and Skoog
(77). Four to six flasks per condition were inoculated with 5 ml
aliquots of a cell suspension from 8 to 10 days old cell cutures
and then supplied with mevinolin to a final concentration of
0.625, 1.25, 1.5, 5 and 10 uM. At day 3 after inoculation the
cells were in the early log phase of evelopment and the plateau
phase was reached between day 5 and 6. Under the culture
conditions employed the cells started to degenerate between day 6
and 9. Thus, cells were analyzed at day 3 and 6.

Chemical analysis. For the extraction of lipids and
prenylpigments the plant material was macerated in the presence of
100% acetone and the lipids partitioned into petrol ether (b.p.
50-70° C). Chlorophylls and total carotenoid content were
determined spectrophotometrically (78). Prenylquinones were
separated by TLC, HPLC and reversed phase HPLC as described in
detail (69). Free 4-desmethylsterols were quantified after TLC on
silica gel (solvent 84 ml petrol ether b.p. 50-70° C and 15 ml
MeyCO, Re = 0.25). Plates were sprayed with saturated
antimony trichloride in Hj0O-free CHCly, and after a short
heating period at 100° ¢, the pink spots indicating
desmethylsterols (with pure stigmasterol as a standard) were
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scanned with densimeter (550 nm) with separate standard curves
being made for each plate.

Results and Discussion

Growth inhibition by mevinolin. To ascertain the specificity of
mevinolin as an enzyme inhibitor and to elucidate the role of
HMG-CoA reductase activity in vivo, its effect on plant growth and
development in conjunction with other isopentenoids has been
examined. Mevinolin induced a strong growth inhibition of the
main root of the dicotyledonous etiolated radish seedlings and of
the roots of the monocotyledonous wheat seedlings (67). A
significant drop in elongation growth was obtained between 10 and
100 ppb (2.5 x 10-8 and 2.5 x 10-7 u).

We suspected that mevinolin inhibited root elongation growth
via the interference with HMG-CoA reductase activity in vivo;
therefore, the effect should have been overcome by the uptake of
exogenously supplied MVA - the direct product of the inhibited
enzyme reaction. 1Indeed, increasing concentrations of exogenous
MVA in the presence of mevinolin gave nearly the same growth rate
of roots of etiolated radish seedlings as found for the control
plants (68). Exogenous MVA at an intermediate concentration of 2
mM did not stimulate root elongation growth but rather led to
weakly decreased values, probably due to a secondary pH effect.

A main branch point within the isoprenoid pathway is located
at the site of farnesyl pyrophosphate (Figure 1). This key
position of Cj)s-prenyltransferase makes it a likely candidate
for fine tuning or rate limitation of MVA flux into the various
end-products, some of which might contribute to normal root (and
hypocotyl) growth. Farnesol was revealed to enhance root growth
in barley (79, 80). This accelerated root elongation, however,
was correlated with increased cytokinin activity as a secondary
effect (79). This appeared to be to some extent contradictory to
the results of Buschmann and Lichtenthaler (81) who demonstrated
an inhibitory effect of exogenously supplied kinetin or
benzylaminopurine on root elongation of dark- and light-grown
radish seedlings. Other related isoprenoid alcohols, however,
failed to enhance the growth of barley roots (80). Furthermore,
other plant species tested for this farnesol-effect did not
exhibit any positive reaction (80).

It 1is possible that mevinolin might interfere with the
synthesis of other 1isopentenoid phytohormones such as the
gibberellins or the brassinosteroids which are known to induce
strong growth promotion ((82-87) and elsewhere in this volume).
We have determined that the growth inhibition of the roots of
etiolated radish seedlings induced by mevinolin could not be
reversed by the addition of gibberellic acid (GA3). Exogenously
supplied concentrations of GA3 up to 37 uM could not overcome
the effect of mevinolin at 2.5 uM or at 0.25 uM (52, 68).
Gibberellic acid itself seemed to slightly stimulate root
elongation growth of etiolated radish seelings, especially in the
later stages of development [68].

To gain further information about the mode of action of
mevinolin, we extended our experiments to light-grown radish
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seedlings. 1In this system, mevinolin proved to be a highly potent
inhibitor of root elongation growth (Figures 3, 4). 1In etiolated
seedlings the elongation growth of hypocotyls needs comparably
high concentrations of mevinolin to be affected, but in
light-cultivated seedlings it induces a clear dwarfing growth
response.

Radish seeds were incubated in Petri dishes on filter paper
with 10 ml solutions of 0O, 2.5 uM, 0.25 uM and .025 uM
mevinolin (68). Even in the presence of the inhibitor at its
highest concentration, there was no clear effect on the
germination rate (68). The fact that even very high inhibitor
concentrations could not prevent a minimal root growth in radish
seedlings (Figure 3) led us to conclude that this minimal root
growth is a function of MVA-derivatives already present in the
seeds and therefore independent from de novo mevalonate
biosynthesis.

It is evident that increasing concentrations of mevinolin
inhibit the elongation growth of main roots in etiolated or
light-grown radish seedlings and also block the formation and
development of lateral roots (Figure 4). This might reflect, as
already discussed, an interaction of mevinolin with the synthesis
of certain isopentenoid phytohormones. In addition to the
examples cited above, Geuns (88) demonstrated that, besides the
stimulation of hypocotyl growth of etiolated mung bean seedlings,
the lateral root number could be increased to 50 and/or 250%,
respectively, by rather high concentrations (25 to 50 mg.l"l) of
corticosterone and cortisol. Cortisol was found to stimulate root
elongation by about 100% and hypocotyl elongation by when
added to the growth medium at a concentration of 0.41 u.m (89).
Due to the low uptake of cortisol by the roots, the concentration
in the plant itself was thought to be in the range of 0.1 to 1
nM. The growth stimulation was found to be a result of cell
elongation rather than the production of more cells (89).

Effect of mevinolin on isoprenoid accumulation in radish
seedlings. Under the conditions in which mevinolin is usually
applied to the seedlings (see Materials and Methods) it would
first be taken up by the roots exposed to the watery solution of
the inhibitor and then distributed to the remaining seedling
parts. The effect of mevinolin on fresh and dry weights, sterol
content, and ubiquinone content in different parts of the
seedlings upon treatment has been determined (Table 1I). At a
maximum concentration of 5 uM, mevinolin reduces the content of
free 4-desmethylsterols in roots to about 20 per cent of the
control. At 0.625 uM, sterol content is reduced by about 20 per
cent, thus indicating a very fast response of sterol accumulation
to inhibition of MVA biosynthesis. These effects are less
dramatic in hypocotyls, and especially in cotyledons. This result
implies that there might exist a gradient in the concentration of
mevinolin present in upper parts of the seedlings. The
possibility of a low transport rate of mevinolin within the tissue
was indicated when excised dark-grown radish seedlings were used
to study the effect of inhibitor on the light-induced accumulation
of isoprenoid compounds (68); the effect on sterol synthesis was
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Figure 3. Radish seedlings (4 days old) grown in the dark
(upper part) or in the light (lower part) in the presence

of mevinolin from onset of germination. Note the lack of

lateral root growth at the high inhibitor concentration.

—» mm root length

Figure 4. Mevinolin-induced growth inhibition of the main root
of light grown radish seedlings. Mean values + SD from 30 to 50
plants per condition. (Reprinted with permission from Ref. 68.
Copyright 1983 Physiologia Plantarum.)
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Table II. Fresh/dry weight, sterol content and accumulation of
the light for 6 days in the presence of mevinolin®

Plant Part, g FwW g DW Free Sterols
Treatment (100 parts) (100 parts) (ug/100 parts)
COtyledonsb

0 UM Mevinolin 4.7 0.62 1640

0.25 uM Mevinolin 4.9 0.66 1647

0.625 uM Mevinolin 4.6 0.63 1569

2.5 UM Mevinolin 3.9 0.63 1453

5.0 UM Mevinolin 3.4 0.63 1091
Hypocotyls®

0 UM Mevinolin 3.9 0.23 593

0.25 UM Mevinolin 4.2 0.25 571

0.625 UM Mevinolin 4.1 0.26 521

2.5 # Mevinolin 3.3 0.25 426

5.0 uM Mevinolin 2.2 0.18 276
Roots®

o UM Mevinolin 2.8 0.15 522

0.25 uM Mevinolin 2.5 0.14 416

0.625 uM Mevinolin 2.2 0.12 274

2.5 UM Mevinolin 1.8 0.11 200

5.0 uM Mevinolin 1.3 0.09 112

8 Mean values of three independent experiments
b 100 Cotyledon pairs analyzed per single experiment
¢ 100 Hypocotyls per analysis
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total ubiquinone (Q-9 + Q-10) in radish seedlings grown in

% of Q-9 + Q-10 % of % Q-9 of total
controls (Ug/100 parts) controls Q-9 + Q-10
100 61.1 100 8.6
100 59.2 97 8.6
96 52.7 86 10.1
89 46.8 77 11.2
67 23.7 39 12.5
100 12.2 100 7.2
96 11.6 95 8.6
88 10.3 84 10.5
72 8.5 69 12.8
47 4.8 39 14.3
100 17.0 100 6.3
79 15.9 94 9.5
52 11.8 69 11.4
39 8.0 47 13.0
22 7.0 41 16.6
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paralleled by an inhibition of elongation of hypocotyl segment
growth. Total ubiquinone content was about 40% of the control at
the maximal inhibitor concentration regardless of what part of the
seedling was analyzed (Table II). However, in radish seedlings
mevinolin treatment did cause a shift towards the synthesis of Q-9
at the expense of Q-10, the predominant homologue in radish (Table
I1). Interestingly, only the fresh weight, but not the dry
weight, of radish cotyledons was affected, whereas in hypocotyls,
and more clearly in roots, fresh weight and dry weight were
diminished upon mevinolin treatment (Table II).

Even though a clear inhibition of sterol accumulation in
cotyledons by mevinolin can be achieved at higher concentrations
as compared to the roots, there was no inhibition of chlorophyll
and carotenoid biosynthesis under these conditions ((68) and Table
III). At low mevinolin concentrations chlorophyll a+b and
carotenoid content was even enhanced as compared to untreated
controls (Table 1II). The synthesis of other isopentenoid
compounds of plastidic origin such as phylloquinone and
plastoquinone appeared to be slightly enhanced at low inhibitor
concentrations and hardly inhibited even at 5 uM (Table TIII).
a-Tocopherol (Table III), which was considered earlier to be
synthesized in the chloroplast as well as in the cytoplasm (90,
91), does not react like sterols (Table II), which are clearly
cytoplasmic products, but rather like phylloquinone, known to be
exclusively synthesized in the plastid (92, 93). This result
agrees with recent findings (94), demonstrating the capacity for
a-tocopherol synthesis in envelope membranes from spinach
chloroplasts.

It appears that sterols, as they are mainly affected, might be
involved in physiological processes governing water uptake and
cell elongation growth (cf. (95)). Evidently, the diminished
synthesis of sterols, needed for biomembrane formation (28, 29),
makes a strong contribution to the growth-retardant effect of
mevinolin. The drastic inhibition of sterol biosynthesis by
mevinolin indicates MVA biosynthesis to be rate-limiting, as has
already been demonstrated in the case of animal cells (cf. 1,
3-7). This may also be true for ubiquinone, but apparently not
for other compounds investigated here. Even though conclusive
evidence is available to indicate an independent MVA-synthesizing
machinery being present in plant mitochondria (10, 14), possibly
regulated differentially from that assayed in the ER (96, 917),
HMG-CoA reductase activity is clearly inhibited, which led us to
conclude that mevinolin can penetrate the mitochondrial envelope.
Of course, we do not exclude the possibility that mitochondrial
MVA utilization - and thereby ubiquinone biosynthesis - might
additionally be linked to cytoplasmic MVA-synthesis, depending on
the need of the organelle for additional IPP units (ef. 72). The
mevinolin-induced shift in the Q-pattern toward homologues
containing shorter isopentenoid side chains (Table 1II) might
reflect the ability of mitochondria to adjust the usage of
isopentenyl units to the available substrate inside or outside of
the organelle, thereby maintaining a basic rate of synthesis
needed for a functional respiratory electron transport. The
slight increase of phylloquinone and, to a somewhat lower extent,
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of plastoquinone, upon mevinolin treatment at concentrations below
2.5 UM might be explained by an increased availability of
acetate to be routed towards plastidic isopentenoid biosynthesis.
This would require that the acetate from the cytoplasm penetrates
the chloroplast envelope.

Effect of mevinolin on isoprenoid synthesis in primary leaves of
wheat. Mevinolin can to some extent inhibit the biosynthesis and

accumulation of chlorophylls and carotenoids when it sufficiently
penetrates the leaf, as shown in experiments with leaf segments of
etiolated wheat seedlings floated on a mevinolin solution of 2 mm
thickness in Petri dishes and then exposed to light. Despite the
extreme in vitro efficacy of mevinolin in inhibiting microsomal
plant HMG-CoA reductase (see Table I), high concentrations were
needed to affect the light-induced in vivo formation of cartenoids
and chlorophylls (Table II). The chlorophyll b accumulation was
inhibited to a higher degree than that of chlorophyll a. This can
be explained by assuming a preceeding formation of
chlorophyll-protein complex containing chlorophyll a present in
reaction centers of photosystem I and II followed by the formation
of (under these experimental conditions where no supply of storage
products from the seeds is possible) rudimentary light harvesting
complexes containing chlorophyll b (12, 98). The light-induced
change in percent composition of carotenoids (especially the
increase of B-carotene levels) appeared to be partially blocked
only at the higher mevinolin level. Because B-carotene is mainly
located in the photosynthetic reaction centers (99) and known to
protect chlorophyll a molecules from photooxidation; this lower
B-carotene level may also account for the apparently diminished
accumulation of chlorophylls.

In contrast to pigments, the sterol accumulation (defined as
increase over dark control) is completely blocked by the lower
mevinolin concentration (Table IV). With primary leaves of wheat,
incubated under comparable conditions but supplied with
[14C]—acetate and [3H]~mevalonate, precursors able to enter
the isoprenoid pathway before or after the HMG--CoA reductase step,
respectively, it was shown (75, 76) that mevinolin could
completely prevent acetate incroporation into phytosterols.
Incorporation of tritium from labeled MVA was unaffected. This
elimination of [l4C}-acetate incorporation into phytosterols was
observed at a mevinolin concentration which had no effect on
chlorophyll and carotenoid accumulation in controls; virtually
identical accumulation 14C in bands of TLC-plates identifed as
pheophytins or B-carotene was found for controls and mevinolin
treatment (Bach & Nes, unpublished). The limited ability of
mevinolin to prevent pigment accumulation in chloroplasts favors
the assumption that plastids contain their own independent enzyme
system for MVA production. The plastidic envelope is apparently
not at all or only poorly permeable to mevinolin. The ability of
plastids to synthesize MVA has been questioned (70, 71). Our
observations, together with in vitro measurements of enzyme
activity (16, 21), support the view that plastids possess their
own HMG-CoA reductase.
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Table IV. Differential inhibition of sterol accumulation and of
the light-induced prenyllipid accumulation at high
mevinolin concentration in excised 9-day-old etiolated
primary wheat leaves during 18 h of continuous white
light. Prenyllipids in ug per 40 leaf segments. Mean
of 2 runs with SD < 10%. X = Xanthopylls; c¢ =
B-carotene; x+c¢ = sum of carotenoids. Chlorophylls and
carotenoids were separated by TLC (1) and determined
photometrically.

Parameter Initial Final value Final value

Value control + Mevinolin (um)
125 500
a) Prenyllipid content
Chlorophyll a 0 273 134 72
Chlorophyll b 0 24 6.6 1.5
Ratio a/b - 11 20 48
Carotenoids 134 165 114 90
Ratio x/c 29 7.1 11.3 19.4
Ratio a+b/x+c - 1.8 1.2 0.8
Free desmethylsterols 230 302 232 229
b) % composition of
carotenoids
B8-carotene 3.3 12.4 8.1 4.9
Violaxanthin 18.6 17.7 17.8 17.0
Antheraxanthin + 17.8 11.2 13.1 15.2
Luteinepoxide
Lutein 58.2 54.8 57.3 59.5
Neoxanthin 3.7 3.9 3.7 3.4
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Effect of mevinolin on the growth and chemical composition of cell
suspension cultures of Silybum marianum. 1In order to test the
inhibitor in a system where extracellular transport from the site
of application to the expected site of action is not an important
factor, we used cell suspension cultures of Silybum marianum
(100). Cell suspension cultures were initiated in flasks
containing growth medium supplemented with mevinolin at various
concentrations. After 3 and 6 days the cells were analyzed (Table
V). The data demonstrate that the effect of mevinolin becomes
more evident at a later stage of growth. Also, in this system the
inhibition by mevinolin of isoprenoid synthesis follows a
gradient: Sterols > wubiquinones > plastoquinone = carotenoids
= cholorophylls, thereby emphasizing the results obtained with
radish and wheat seedlings. Besides an overall inhibition of
ubiquinone accumulation to about 50% (on the basis of dry weight),
mevinolin induced a shift in the homologue pattern towards a
shorter side-chain, e.g., the appearance of Q-8 at the expense of
Q-10 (with Q-9 being the by far predominant Q-homologue formed in
Silybum marianum cells). Ryder and Goad (10l) have demonstrated
using suspension cultures of sycamore (Acer pseudoplatanus L.)
that in the presence of 5 mg/l compactin the incorporation of
(14c)-leucine and [l4C)-acetate into 4-desmethylsterols was
inhibited to 95% and 99%, respectively, while l4c-MvA
incorporation was unaffected. However, sterol synthesis from
endogenous precursors, measured by incorporation of
(Me-14C)-methionine into the side chain, continued at a reduced
rate for at least 6 h after addition of the inhibitor. This
result suggested the presence of a pool of precursors which was
presumably gradually depleted by the process of sterol
biosynthesis but could not be replenished from acetate in the
presence of compactin (10l1). Compactin was also revealed to
inhibit growth of callus cultures of tobacco (102). At 5 uM the
average inhibition (fresh weight of callus) was between 45 and
80%, at 10uM around 95%. Cytokinins such as
N"—isopentenyladenine or kinetin at concentrations from 0 to 1.0
and O to 5uM, respectively, could not substantially counteract
the growth inhibition by compactin (l02). Mevinolin as well as
compactin were recently tested using explants of Helianthus
tuberosus (103). The effects on growth parameters (fresh and dry
weight) were well within the range determined with cell cultures
of Silybum.

Aspects of secondary physiological responses of seedlings and cell
cultures upon mevinolin treatment. Some observations that were

made by the use of our radish growth system provide further
support for the importance of MVA synthesis for normal development
of seedlings. In earlier work (8l1) it was documented that
kinetin, an artificial cytokinin, induced in radish seedlings a
growth response comparable to mevinolin, e.g., shortened main
roots. Cytokinins have been considered to be senescence
regulation factors in many plant systems. By measuring fast end
slow fluorescence kinetics, it was revealed that mevinolin can
inhibit radish seedling senescence, e.g., as indicated by the
maintainence of a functional photosynthetic apparatus (68). Thus,

In Ecology and Metabolism of Plant Lipids; Fuller, G., eta.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



127

Plant Growth Regulation

8. BACH AND LICHTENTHALER

v'o/s1 6y SoT 99 8.1 2°2S 0°ve €°€9 6°8S 8 €°0 2°eEyY v°91 82 oTT 0°01
L'o/ 1 149 91T (43 €81 8°%S [°SE €°69 €°09 12 8°0 8°0S €°61 S€ ovt 0°S
- 1L SST 98 Loz §$°C9 L°OY 9°GL 6769 ve €1 9°'LS 6°12 S9 09¢ s
L't/ 1 68 ve1l T0T ve€2 L'%9 T'¢y 2°6L T°€L €S 0°¢ €19 €°¢€ St 00€ sz°'1
6°C2 /1 v6 L\ 88 012 'L €°8Y 6°98 €°08 9L 6°2C S°06 ¥°ve S8 ove s29°0
6°S /7 1 00T 912 00T ¢2€2 00T T1°S9 00T ¥°26 00T 8°'¢ 00T 0°8¢ 00T 00% (Toajuod) o
19 Xep
1/ 1 €S €ET S9 SST L°0L T°SY €°18 6°9¢ 92 6°0 6°1y €°€C S9 08T 0°0T
v'1/1 L9 1441 €L LT 1°0L 8'%y 9°98 G°18 €€ 11 L'€Y €°%C €9 €LT 0°S
9T /1 28 €LT v6 912 §°28 (L°2S 1°16 (°S8 S€ [ 0°6S 8°C¢ 68 Lve L4
8°T /1 68 261 66 L2 L°98 ¥°SS §$°68 ¢°v8 0S L't L'EL O'T¥ 01T O01¢ se'1
€/ 1 96 €02 16 602 ¥°S8 9°vS 8°26 €°(8 88 0°¢ €°68 0°0S SOT 062 S29°0
9/ 1 00T 112 00T 622 00T 6°¢€9 00T T1°¥%6 00T ¥°€ 00T 9°SS 00T (L!i2 (10a3u02) 0
(%) (%) (%) (%) (%) (%) (%) € Aep
LS 661 v°66 6°9%1 6°C v9¢ TI1 B°oniea Teljtul

0T-0 7 8-0 mp 8 mMp 3 mp 8 mp 8 mp 8 mp 3 *dsns Su 001
ot3ea aefou u-p 18303 31l 6—-0d 31 *303eo 31l q+e Tyd 8 S7{0Jd93S du Ujejoad su Mp Su UTTOUTASK RWri

UnueTJed WNGATTIS JO 2an3Tnd uotsuadsns T[99 B UO UTTOUTASW jJO 393333

‘A 9198l

In Ecology and Metabolism of Plant Lipids; Fuller, G., eta.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



128 ECOLOGY AND METABOLISM OF PLANT LIPIDS

the root growth inhibiting affect by cytokinin was perplexing
since, in plants, roots are regarded to be the main source of
cytokinins (104, 105), cytokinins are then transported to the
shoot via the xylem (106). However, for the complete inhibition
of ,say, N6-isopentenyladenine or zeatin synthesis,
concentrations of mevinolin might be required that are magnitudes
higher than that needed to completely knock out de novo sterol
synthesis. Thus root growth may be inhibited by a lack of sterol
synthesis in the treated roots while the cytokinin synthesis
continues indicating differential inhibition by mevinolin of the
accumulation of various end-products of the multibranched
isoprenoid pathway.

It has been reported (84) that the effect of brassinolide
treatment on senescence of dark-maintained discs of Xanthium
leaves was opposite to equimolar concentrations of kinetin,
promoting senescence (loss of chlorophyll) as compared to the
control. It may well be that the synthesis of brassinolide-type
steroid hormones requires the de novo synthesis of a phytosterol
as has been suggested by work that has been done in Dr. W. David
Nes' lab at Berkeley (107) which supports the thesis of ascribing
different functional or metabolic roles for different sterols by
measuring indivudual turnover rates. In this regard it is
interesting to note that application of steroid hormones to
etlolated mung beans (88) resulted, in the formation of longer
main roots and in a strongly increased number of side roots. 1In
radish, at very high concentrations of mevinolin (> 1 mg per
liter) the formation of lateral roots (see Figure 4) was
completely prevented, an effect that could be observed over the
full cultivation period of 10 days. Mevinolin may induce changes
in the endogenous phytohormone balance: a small amount of
biologically synthesized MVA might be sufficient for the supply of
the isopentenyl derived moiety of isopentenyl-adenine or zeatin
(-riboside?) or the isopentenylation of t-RNA but not for that of
steroid phytohormones, thereby leading to a promotion of
kinetin-like growth responses.

The increased accumulation of anthocyanins in hypocotyls of
mevinolin-treated radish seedlings (69) certainly does not simply
reflect the routing away of acetate units from sterols (cf. Figure
1) but also reflects a more general response of plants upon
treatment with chemicals (95). Inhibitors (see also below)
affecting later steps in phytosterol synthesis seem to affect
various other products of the isoprenoid pathway before and after
squalene formation (95). Secondary effects of such growth
regulators like disruption of the functional integrity of the
endoplasmic reticulum or the plasmalerma, thus leading to changes
in water and ion transport capacity (108) or interaction with
isoprenoid carrier proteins, as suggested by Nes et al. (95), may
additionally account for their mode of action. Since both sterols
and GA3 can independently reverse the retardant action of these
biocides on stem growth (109, 110) it was suggested by Nes et al.
(95) that several end-products of the isoprenoid pathway may act
independently on developmental processes, but produce the same end
response. This emphasizes the more general concept of a
shade-type or sun-type growth response of plants upon biocide
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treatment as proposed by Lichtenthaler (lll). Treatment of yeast
cell cultures with systemic fungicides such as clotrimazol and
triadimefon resulted in an accumulation of lanosterol that, in a
secondary process, proved to be a highly specific feedback
inhibitor of HMG-CoA reductase activity within the yeast cells
(23). Since there is some evidence that plant HMG-CoA reductase
activity might also be regulated by feedback mechanisms, as
demonstrated with pea seedlings (13, 15), similar effects may
account for the inhibitory potency of several biocides which cause
an accumulation of intermediary products of the brached
isopentenoid pathway, a problem which needs further investigation.

Effect of inhibitors affecting late steps in phytosterol synthesis
on growth of radish seedlings. HMG-CoA reductase and enzymes

catalyzing late steps of phytosterol synthesis are

membrane-bound. In cells, membrane-bound enzymes within a
biosynthetic pathway, such as phytosterol synthesis, might be less
abundant than soluble ones. In addition, the methods of

regulating their activity include membrane effects such as induced
changes in the 1lipid composition in the microspheres around
various enzyme molecules. The results obtained with mevinolin
support the view that HMG-Coa reductase plays a key role at least
in the coarse control of phytosterol synthesis. However, this
does not exclude the possibility that membrane-bound enzymes
catalyzing later steps of phytosterol synthesis might be
responsible for fine-tuning substrate flux, Therefore,
site-specific inhibitors of such regulating enzymes should exhibit
in situ, a clear effect on growth.

The compounds (Figure 5) tested in the radish system are
arranged to indicate some structural relationships. However, this
does not indicate per se what enzyme is the target of these
chemicals. It appears reasonable to classify them according to
the enzyme(s) inhibited. Most of these compounds, in particular
the series of substituted imidazoles Clotrimazole, Miconazole and
Bifonazole (typical systemic fungicides) are reported to interfere
with the oxidative 14 a-desmethylation by binding nitrogen to
the haem iron of cytochrome P-450 (112, 113, 114). 1In susceptible
fungi the accumulation of erogsterol precursors retaining the 14
a-methyl group may have led to their being wunsatifactorily
packed with the fatty acyl chains of the phospholipids of the
fungal membranes (115). This could have led to an altered
membrane fluidity (116) which then causes a decreased activity of
the membrane-bound desaturase, resulting in an increase of
saturated fatty acids (l15). This group of 14 a-desmethylation

inhibitors also includes Triarimol and Triadimefon. The 14
a-desmethylation involves several reactions, including al4
reduction (28). Since the azasterol A 25822 B, a natural

antibiotic originally isolated from Geotrichum flavobrunneum and
characterized by Chamberlain et al. (1ll7), was revealed to affect
Al4_reductase in yeast thereby causing the accumulation of
ignosterol (118), this compound may be included in the same
group. It has also been shown that in bramble cells, cultured in
the presence of A 25822 B, 088,14_sterols accumulated at the
expense of AS-sterols (119). Another group (U 18666 A,
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Figure 5. Structures of sterol synthesis inhibitors used and
arranged to indicate some structural relationships.
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Triparanol, epiminolanosterol is comprised of compounds that
affect the reduction of (120-122) or the Cj-transfer to the
A24  of lanosterol and cycloartenol (123). A third group
contains inhibitors of oxidosqualene cyclization (epiminosqualene
(124, 125), U 18666 A (126, 127), "NES"). A known antimycotic
agent, Natifine, was found to inhibit fungal squalene epoxidase
(128). At this point, however, it has to be noted that most of
the compounds mentioned above are able to inhibit more than one
enzyme, including HMG-CoA reductase (1l13), depending on the
concentrations used or organisms tested, in particular in algae
and plant cell cultures (129, 130 and literature cited therein).
Another drug, SC-32561, has been reported to prevent cholesterol
ester accumulation and induction of HMG-CoA reductase in manmalian
tissue cultures and intact animals, presumably through indirect
feedback regulation (131).

Among those compounds being completely inactive in the radish
root test was SC-32561, presumably indicating that oxygenated
sterols or their derivatives might not be as efficient as feedback
regulators as they are in mammalian systems (for a recent review
see ref. (132)), even though conclusive data on this topic are
lacking. 1Iminolanosterol was also completely inactive (data not
shown), but this inability to inhibit growth might be due to its
low solubility in water, thereby reflecting the main limitation of
the radish root system which works best if the compounds are a)
readily water-soluble or b) can be solubilized and kept in
solution by the aid of reasonable concentrations of emulsifying
agents. Bifonazole (data not shown) was less active than
Miconazole, a very hydrophobic compound, and this was less
inhibitory than Clotrimazole, which induced a similar growth
reaction (73) as was found for Triadimefon; both caused a dwarfing
response in radish (lll). U 18666 A, Triparanol, and "NES"
(Figure 6) were comparably effective growth inhibitors with 10 mg
per liter being the critical concentration where no further root
growth over the initial value at day 3 of germination was
observed. Triarimol reached this level at about 50 mg per liter
and was more active than Naftifine (75). 1Iminosqualene was
inhibitory at > 5 mg per liter, a concentration that is at the
limit of its solubility. In addition, the preparation used
contained impurities (inner epimino groups) and was probably
unstable at room temperature. The "best" agent - even though less
effective than mevinolin - was the naturally produced azasterol (A
25822 B) which reached the forementioned level between 1 and 5 mg

per liter (73). The experiments give further evidence that
inhibition of phytosterol synthesis can cause similar
morphological changes in radish, e. g., a decrease in root

elongation growth.

However, one difference between the effects of mevinolin as
compared to that of all other compounds tested has to be noted:
The complete lack of lateral root formation in the presence of
high concentrations of mevinolin was never observed with other
chemicals. It frequently appeared that lateral root growth was
even stimulated as compared to control plants. This may indicate
that at least one further MVA-derivative, other than sterols, is
involved not only in regulation of growth but, more basically, in
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Figure 6. Growth inhibition of the main root of light
cultivated radish seedlings by imminium salt

("NES”). Mean values + SD from 25 to 30 plants per
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cell cycle dynamics. The formation of lateral roots might require
particularly meristematic initials within the root cambium where
cells are rapidly dividing, and mevinolin, at concentrations
higher than 1 mg per liter, presumably inhibits cell division
through arresting the cells within the cell cycle as it does in
mammalian cells (133-136). It should be mentioned that in crown
gall tumors caused by Agrobacterium high concentrations of
isopentenyladenine are synthesized (for literature see ref. (137)
and one gene product of the TI plasmid obviously is coding for a
dimethylallylphrophosphate transferase which is involved in the
formation of isopentenyladenosine from S5'AMP (138, 139). 1In this
tissue the rate of cell division is high and requires an
overproduction of cytokinins (and auxin (137, 140). 1In addition
to 1isopentenyl-derived cytokinins, dolichols are involved in the
regulation of the cell cycle of eukaryotes as cofactors in the
glycosylation cycle of proteins (l4l) and in cell wall
biosynthesis (142). At high concentrations, mevinolin might
affect their synthesis, thereby leading to an inhibition of
regulatory events in the cell cycle which are independent from
sterol synthesis.

Conclusions and Qutlook

From our results and those of other groups, there is strong
evidence that the key-regulating role of HMG-CoA reductase seems
not to be confined only to the animal kingdom, but can also be
extended to plants and fungli. Since mammalian cells contain fewer
classes of isopentenoid compounds and even fewer different cell
compartments, the regulation of mevalonate and isopentenoid
biosynthesis at the step committed by the HMG-CoA reductase
reaction is far more extensively studied and might not be so
complex as compared to plant cells. WNevertheless, the models of
regulation valid for mammalian systems might serve as a basis for
undrstanding the features of regulation of mevalonate biosynthesis
and substrate flow into various classes of isoprenoids possibly
synthesized within different organelles of the plant cell (Figure
1.

The possible interference of mevinolin with the synthesis of
recently described brassinolide-type steroid phytohormones (see
literature cited above) might open new aspects for experimental
designs to elucidate steroid phytohormone-dependent regulation
processes in plants. Moreover, the interaction of mevinolin with
HMG-CoA reductase activity and possibly with the balance of
several growth hormones and how these phytohormones interact with
the regulation of isprenoid synthesis at the enzyme level, may
account for typical growth responses of plants upon biocide
treatment and needs further investigation.

The specificity of the inhibition by mevinolin through its
high affinity for HMG-CoA reductase may also serve as a model to
develop highly effective and specific artificial biocides and to
stimulate research in this topic. For example, citrinin, another
antibiotic having a bicyclic structure produced by Penicillium
citrinum has been shown to inhibit sterol biosynthesis (143) at
the site of acetoacetyl-CoA thiolase (EC 2.3.2.9) and HMG-CoA
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reductase (144), bdut rather high concentrations were required.
This compound was reported to inhibit plant growth (145) which we
suppose is also a result of interference with HMG-CoA reductase
activity. This is further evidence, besides our studies using
mevinolin, to propose HMG-CoA reductase to be a good enzymic
target for biologically active biocides. 1In any case, in our
attempt to shed new light on the physiological role of mevalonate
biosynthesis and metabolism in plants, mevinolin has proved to be
a very suitable tool and can help to further elucidate the role of
a functional isopentenoid and prenyllipid pathway in the
regulation of plant growth and development.
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Legend of symbols
GA, Gibberellic acid;

HMG-COA, 3-hydroxy-3-methylglutaryl-coenzyme A;
MVA, mevalonic acid
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Chapter 9

Synthesis and Fungistatic Activity
of Podocarpic Acid Derivatives

Edward J. Parish!, Susan Bradford/, Victoria J. Geisler’, Patrick K. Hanners?,
Rick C. Heupel?, Phu H. Le2, and W. David Nes?

Department of Chemistry, Auburn University, Auburn, AL 36849
ZPlant and Fungal Lipid Group, Plant Development and Productivity Research Unit,
Western Regional Research Center, Agricultural Research Service, U.S. Department of
Agriculture, Albany, CA 94710

As a class, octahydrophenanthrene lactones, podolactones,
and related podocarpic acid derivatives have been
reported to possess a wide variety of biological
activities, including antileukemic activity, inhibition
of plant cell growth, insect toxicity and antifungal
properties. 1In the present study, a series of synthetic
derivatives of podocarpic acid have been prepared by
chemical synthesis and evaluated with respect to their
ability to inhibit fungal growth. These compounds were
evaluated against the Oomycetes- Phytophthora cactorum ,
Saprolegnia ferax, and Achlya bisexualis and the
Ascomycetes-Gibberella fujikuroi. The results of these
studies indicate that several of these new synthetic
derivatives possess significant antifungal properties.

Podocarpic acid (I) was first isolated from the resin of
Podocarpus cupressins, an important timber tree which is endemic to
Java, and later from Podocarpus dacrydioides ("Kahikatea") and
Dacrydium cupressinum ("Rimu"), trees which are found in the timber
regions of New Zealand (l). Since 1968, more than forty oxygenated
metabolites of podocarpic acid have been isolated from various
species of Podocarpus (2,3).

Interest in these naturally occurring and synthetic lactones,
podolactones, and related podocarpic acid derivatives has been
mainly due to the novel structures of these compounds and the
various types of biological activity possessed by them.
Octahydrophenanthrene lactones (II) and related podocarpic acid
derivatives (III) have been reported to possess hormonal and
anti-inflammatory properties (4). Other similar podolactones have
been shown to inhibit the expansion and division of plant cells (IV)
(5-10), to have antileukemic activity (V) (11), to have
antibacterial activity (12), to have insect toxicity properties
(13-15), and to exhibit antitumor activity (16-19).

0097-6156/87/0325-0140$06.00/0
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I II a, R=H III a, Ry=R,=CH,, R,=H
b, R=CH, b, R =Rﬁ=CH3, R)=Br
¢, R=CH,CH, ¢, R =Cfl;,R)=R %

IV a, R =H, R,=OH v VI
b, R} =CH,,“R,=OH
¢, RI=H, Rz=§ocu

1 3

i

VII VIII IX a, Rl-iPr, R,=R,=H
b, R;~'Pr, R,=Ry=0
c, Rl=1Pr, R,=OH, R,=H
d, R =OH, R,=R,=H

Figure l. Structures I-IX.
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Other reports have indicated that these types of compounds, as a
class, possess significant antifungal properties. The lactone (VI),
first isolated as a mold metabolite, was found to have significant
activity against a number of fungi (20). The momilactones A (VII)
and B (VII1) have been shown to be fungitoxic towards C. cucumerinum
(21,22). 1In a recent report several oxidized resin acid derivatives
of dehydroabietic acid (IX a-c¢) and 13-hydroxypodocarpic acid (IX d)
were found to be highly fungistatic against P. pini, a conifer
pathogenic fungi (23). It was observed that mature trees were more
resistant to fungal infection and contained a greater quantity of
oxidized resin acid derivatives in their resin suggesting greater
resistance.

In view of their documented biological properties, it appeared
worthwhile to evaluate a series of synthetic intermediates derived
from podocarpic acid for fungistatic activity against other plant
pathogens. This report describes the preparation of these
derivatives and the results obtained from incubations of each
compound with cultures of selected species of oomycetous and
ascomycetous fungi.

Chemical Synthesis of Podocarpic Acid Derivatives

Commercial podocarpic acid is derived from natural sources.
Several recent studies have been directed towards the total
synthesis of this resin acid to assure adequate future supplies of
this material for use in agriculture and medicine (24,25).

The goal of the present study was to prepare a series of
derivatives related to podocarpic acid for use in structure/activity
studies designed to reveal functional groups responsible for the
molecules fungistatic properties. Four specific modifications were
planned:

1. Substitution of electron-withdrawing groups onto C (13)
of the aromatic C ring (Scheme 1).

2. Variation of the halogen at C (6) (Scheme 2).

3. Formation of the lactones from each 6 a - bromo methyl
ester derivative (Scheme 3).

4. Substitution of an acetate group for the methyl ester
group at C (16)
(Scheme 4).

The first modification, substitution of the electron-with-
drawing halogen and nitro groups onto C (11) and/or C (13) of the
aromatic ring, was based upon the well-known observation that the
antiseptlc properties of phenols are enhanced by the introduction of
these groups onto the phenolic ring (26).

Nitration was accomplished by reacting podocarpic acid (I,
Scheme 1) with nitric acid in acetic acid (27-30). The number of
nitro groups introduced onto the aromatic ring was controlled by the
amount of nitric acid used in the reaction (one or two
equivalents). The 13-nitro derivative X was methylated with
dimethyl sulfate under basic condition to yield XIV. A similar
methylation of I has been shown to produce methyl o-methyl
podocarpate (XII) (4,16). Bromine was introduced at C (13) by the
electrophilic substitution of bromine into the aromatic ring of XII
using bromine in acetic acid. The fact that this reaction gives
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only the monosubstituted 13-bromo derivative is probably due to
steric hindrance resulting from the angular methyl group in the
axial orientation at position 10 and the large size of the bromine
atom which would prevent substitution at position 11, the other
ortho position on the ring.

In Scheme 2, benzylic oxidation of XII, XIII, and XIV using
chromium trioxide produced the corresponding ketone derivatives
(4,16). It has also recently been shown that XII may be oxidized to
the ketone XV under conditions of ozonolysis (31). Ketones XV and
XVI were brominated using an adapted procedure derived from the work
of Bible and Grove (4,16) to yield the mono-and di-bromoketones
XVIII and XIX. In order to effect the bromination of XVII, an
alternate method was utilized which gave ample quantities of
bromoketone XX (32). The corresponding chloride derivatives (XXI
and XXII) of XV and XVI were prepared by reaction with copper
chloride and lithium chloride in N,N-dimethylformamide (33). The
assignments of the a - configuration to the halogen atoms at C (6)

were verified using known coupling constants from the 1H NMR
spectra which are correlated to the x-ray structure determination of
XVIII (16,34-37).

In Scheme 3, the a-bromoketones XVIII and XIX were converted to
lactones XXIII and XKIV by refluxing in collidine (4,16,38).
By-products of this reaction include the @, B-unsaturated ketone XXV
which results from the dehydrobromination (38,39) of XVIII. Ketone
XXVI results from a one-step dehydrobromination-decarbomethoxylation
(40-43) of XIX.

The acetate series of compounds (Scheme 4) was synthesized by
hydride reduction of methyl O-methyl podocarpate (XII) followed by
acetylation of the resulting alcohol XXVII (44). The acetate KXVIILI
was then oxidized at the benzylic position to ketone XXIX. 1In
contrast to the methyl ester derivatives, halogenation at position 6
(using methods described previously) of the corresponding keto
acetates resulted in two epimers, the 6 a- and 6 B- halogenated
compounds, as well as the dehydrohalogenation product XXXIV. The
assignments of the a- and B-configuration to the halogen atoms at C

(6) were determined from the 1H NMR coupling constants at C (5) and
C (16) as described previously.
Biological Evaluation of Potential Fungistatic Agents

Podocarpic acid (I) and a number of its chemical derivatives
(X-XXXIV) were evaluated for their potential fungistatic activity as
measured by their effects on the growth of the fungi on solid media
(Table 1). All compounds evaluated were of 98% or greater purity
(tlc and glc analysis). Each structure was consistent with its

spectral analysis (1H NMR, 130 NMR, ir, and ms). Each compound was

evaluated against Phytophthora cactorum (both with (B) and without
(A) added cholesterol), Gibberella fujikuroi (C), Saprolegnia ferax
(D), and Achlya bisexualis (both male (E) and female (F) strains).
The fungi were cultured as described in references 45-47. P.
cactorum, unlike the other fungi, fails to synthesize sterols (48)
and requires sterol to complete the reproductive phase of its life
cycle (49).

Compounds (10 ug/ml) evaluated were dissolved in a minimal
amount of ethanol and introduced aseptically into the sterilized
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Table I. Comparison of the fungistatic properties of podocarpic

acid and its derivatives1

Fungal Species

Compound A B [ D E F
I 66 82 94 62 68 74

X 75 97 94 96 96 76

XI 47 50 68 27 0 0
XIII 84 110 97 93 100 100
X1V 97 105 97 73 93 81
XV 97 97 95 19 76 66
XVI 92 104 90 96 88 88
XVII 91 101 100 93 99 -
XVIII 68 83 100 18 18 76
XIX 120 104 94 93 96 88
XX 58 86 102 100 78 80
XX1 72 86 96 91 88 76
XXII 107 110 93 91 96 88
XXIII 94 104 99 73 81 84
XXIV 68 85 94 100 54 74
XXv 115 98 96 8 84 75
XXV1I 77 88 90 100 45 56
XXVII 125 84 87 51 49 60
XXVIII 122 101 93 84 71 87
XXIX 90 99 95 62 65 69
XXX 67 13 100 67 61 71
XXXI 143 99 98 91 74 77
XXXII 121 93 97 18 15 78

1 The values are expressed as a percentage of control's radial

diameter obtained 3 to 12 days (depending on species) following
inoculation with a Smm plug. A -~ P. cactorum_ without added
cholesterol, B - P. cactorum with added cholesterol, C -

Gibberella fujikuroi, D - Saprolegnia ferax, E - Achlya

bisexualis, male strain, F - Achlya bisexualis, female strain.
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agar-supplemented culture medium. The inhibition values obtained
are expressed as percent of control by measurement of the radial

diameter of fungal growth. Values greater than 100% represent an
enhancement or stimulation of growth.

Many of these compounds demonstrated varying degrees of
significant fungistatic (defined as inhibition of growth on solid
media) activity against one or more of the species in the sthdy
(Table I). In particular, dinitro derivative XI demonstrated potent
activity in all assays. This may be due, in part, to its
resemblance to picric acid (2,4,6-trinitrophenol), a substance which
is known to complex with, and cause the irreversible precipation of
protein (50,51). The lack of fungistatic properties of a specific
compound to some but not all fungi tested may be due to the lack of
mycelial uptake, a possibility which is currently under study.
Interestingly, cholesterol supplemented to P. cactorum was
protective to the fungistatic properties resulting from the
inhibition induced by some podocarpic acid derivatives. An
increase, however, in radial diameter induced by other derivatives
does not necessarily imply a beneficial effect, since these mycelia
appeared abnormal (cf. 49).

In conclusion, these studies have indicated that chemical
modification of the basic podocarpic acid structure can produce new
compounds with antifungal activity. The results derived from this
study represent preliminary findings which are subject to further
investigation. We anticipate that more detailed studies will reveal
information concerning the mechanism and mode of action of many of
these compounds. In the meantime, we continue to develop new
antifungal agents using selected natural products as model compounds.
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Chapter 10

The Role of Cutin, the Plant Cuticular Hydroxy Fatty
Acid Polymer, in the Fungal Interaction with Plants

P. E. Kolattukudy, Mark S. Crawford, Charles P. Woloshuk, William F. Ettinger, and
Charles L. Soliday

Institute of Biological Chemistry and Biochemistry/Biophysics Program, Washington
State University, Pullman, WA 99164

Cutin, the structural component of plant cuticle,
is a polyester composed of w-hydroxy-C;g and Cyg
fatty acids, dihydroxy-C,g acid, 18-hydroxy-9,10-
epoxy-Cyg acid and 9,10,18-trihydroxy-C,;g acid.
This insoluble polymer constitutes a major
physical barrier to the penetration of pathogenic
fungi into plants. Pathogenic fungi produce an
extracellular cutinase when grown on cutin as the
sole source of carbon. Cutinase has been isolated
and characterized from many pathogenic fungi.
This enzyme is a "serine hydrolase" containing the
characteristic catalytic triad. With the use of
ferritin-labeled antibodies and electron
microscopy it was shown that cutinase is produced
by the penetrating fungus during the actual
infection of its host. Inhibition of this enzyme
prevents fungal penetration into the plant and
thus prevents fungal infection. Cutinase cDNA has
been cloned from Fusarium f. sp. solani pisi and
Colletotrichum capsici. The complete primary
structure of the Fusarium enzyme and a partial
structure of the Colletotrichum enzyme have been
determined. These two enzymes show conservaticn
of certain structural features. Cutinase mRNA
synthesis is rapidly induced in fungal spores by
the unique monomers of cutin initially generated
by the small amount of the enzyme carried by the
spores. The induction of cutinase is followed by
the induction of polygalacturonase which 1is
presumably used to degrade the pectin barrier
which lies under the cuticle.

Plant cuticle, the boundary layer at which microbial pathogens
come into contact with the plant, is derived entirely from
lipids. Obviously, the cuticle can play an important role in
the interaction between the microbe and the host plant. The
cuticle is composed of an insoluble structural polymer called

0097-6156/87/0325-0152$06.75/0
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cutin which is derived from interesterified hydroxy and hydroxy
epoxy fatty acids. This polymer 1is embedded in a complex
mixture of soluble lipids collectively called wax which is also
secreted onto the plant surface. The soluble components of the
cuticle may play a chemical role in influencing the interaction
between microbes and plants whereas cutin would play a physical
role in that the organism must penetrate this barrier before it
can enter the plant. Although there are many reports that
various wax components may have inhibitory effects on microbial
growth, the specific roles of such components have not been
elucidated. It is possible, if not likely, that some of the wax
components play specific roles in the interaction between
pathogens and plants. On the other hand, the role of cutin as
the first barrier which the pathogen must penetrate to infect
the plant is rather obvious and in recent years the mechanism by
which fungal pathogens penetrate this barrier has been
elucidated. 1In this paper we shall review the progress made in
this area and discuss the recent findings concerning how a
fungal spore senses that it is resting on the plant surface so
that it can induce the appropriate enzymes required to disrupt
the cuticular and underlying barrier layers.

Structure of Cutin

Cutin 1is a polyester composed of 16-hydroxy-Cyg acid, 9 or
10,16-dihydroxy-Cyg acid, 18-hydroxy-Ci1g acid, 18-hydroxy-9,10-
epoxy-Cyg acid and 9,10,18-trihydroxy-Cig acid (122)' The C)g
acids containing an additional double bond at C-~12 are also
usually present whereas components containing additional double
bonds at C-12 and C-15 are less common. The double bond at C-12
is also epoxidized and subsequently hydrated generating
9,10,12,13,18-pentahydroxy-Cyg acids in some plants. 1In some
cases further oxidation products of the above monomers are also
found. For example, 16~ox0-9~ or 10-hydroxy-C;g acid was found
as a major component of Vicia faba embryo cutin (é), and
9,16-dihydroxy-10-oxo-Cyg acid was found in citrus cutin (3).
Besides these common major hydroxy and epoxy acids, a variety of
other fatty acids have been found as minor components in many
cutins as indicated in other reviews (1:2).

The hydroxy acids are interesterified to generate the
insoluble polyester. The precise details of how the monomers
are linked are not understood. Indirect chemical studies have
have been conducted to determine the nature of the linkages
involved and the extent of involvement of the secondary hydroxyl
groups in ester linkages. Mesylation of the free hydroxyl
groups of the polymer followed by depolymerization by LiAlD,
resulted in the substitution of a D atom for each free hydroxyl
group in the polymer whereas the hydroxyl groups involved in
ester linkages retained the hydroxyl groups during
depolymerization. Thus GC/MS analysis of the depolymerization
products revealed the degree of involvement of the alcohol
groups in ester linkages (6). A similar approach was recently
used on cutin from ggercﬁé suber (7). Another approach to
determine the amount and nature of free hydroxyl groups present
in the polymer was oxidation of the free hydroxyl groups in the
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polymer followed by depolymerization by hydrolysis or
transesterification and analysis of the products by GC/MS (8).
Selective reduction of the ester bonds by LiBH, was used to
determine the amount of free carboxyl groups present in the
polymer. The limited amount of such indirect chemical studies
conducted on cutin showed that about one-half of the mid-chain
hydroxy groups and most of the primary hydroxyl groups and
carboxyl groups are involved in ester linkages, suggesting the
presence of branches and/or cross-links in the polymer.

Most plants contain a mixture of the 16- and 18-carbon
family of cutin monomers. Even though there appears to be a
degree of species specificity in the cutin composition, whether
the polymer structure can vary sufficiently to affect major
functional properties of the polymer is mnot known. The
polyester also contains covalertly attached minor components
such as phenolic acids and flavanoids (9,10) which, if released
by the attacking pathogen, can play important roles in the
interaction between the pathogens and the host. However, such
areas have not been explored adequately to draw firm
conclusions.

Isolation and Characterization of Cutinase

How pathogenic fungi penetrate the cuticular barrier has been
debated for the better part of a century (11,12). The
penetration process was considered by some to be mediated
entirely by the physical force of growth of the germinating
spore whereas others argued that the cuticular barrier is
breached by an extracellular enzyme that catalyzes degradation
of cutin. Electron microscopic examination of the penetration
areas suggested that at least in some cases the penetration
involved enzymatic degradation of the cuticle (13-15). Such
ultrastructural evidence constituted apparent dissolution of
cuticle with no obvious signs of physical force such as
depression of the barrier in the penetration area. However,
such an approach could not provide direct proof for the
involvement of a cutin degrading enzyme and the controversy
continued.

To determine whether fungal pathogens can generate enzymes
capable of degrading the plant cutin, Fusarium solani pisi, a
pathogen of Pisum sativum was provided apple cutin as the sole
source of carbon. Since the fungus grew on this carbon source,
it became obvious that this fungus had the ability to produce
extracellular cutinase. This extracellular enzyme was purified
from the extracellular fluid of cutin-grown cultures of Fusarium
solani pisi. Since then a variety of fungal pathogens have been
grown on cutin as the sole source of carbon and cutinases have
been purified from many of the pathogens (3). The procedure
that yields pure cutinase from most fungi is summarized in Table
I. The fungal pathogens so far examined for their ability to
produce cutinase are listed in Table II.

The properties of cutinase obtained from the various fungal
sources appear to be quite similar. The molecular weight is
near 25,000 and the amino acid composition appears to be quite
similar (3,16). Some of the major features shared by the
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TABLE 1 a
Purification of Cutinase from F. solani pisi

Step Total Units % Yield

Culture Filtrate (25%)
+ 200,000

Triton X-100 (0.1%) Wash (75%)

Acetone (75%Z) Precipitate 160,000 80
QAE-Sephadex 130,000 56
Octyl-Sepharose 110,000 55

SP-Sephadex
Isozyme C (95 mg) 72,000 36

Isozyme D (45 mg) 24,000 12

. Koller, C.L. Soliday and P.E. Kolattukudy, unpublished results.
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TABLE 11

Host-Pathogen Interactions in Which Cutinase Has Been Detected

Pathogen Host Remarks
Fusarium solani pisi Pea Cutinase purified; role
in infection conclusively
proven
Fusarium roseum sambucinum Squash Cutinase purified
Fusarium roseum culmorum Wheat Cutinase purified
Ulocladium consotiale Cucumber Cutinase purified
Helminthosporium sativum Barley Cutinase purified
Streptomyces scabies Potato Cutinase purified
Colletotrichum gloeosporioides Papaya Cutinase purified; role
in infection conclusively
proven
Colletotrichum capsici Pepper Cutinase purified
Colletotrichum graminicola Corn Cutinase purified; inhibi-
tors prevent infection
Phytophthora cactorum Apple Cutinase purified
Botrytis cineria Wide Host Cutinase purified
Range
Venturia inequalis Apple Cutinase inhibitors pre-

vent infection
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various cutinases include the presence of only one tryptophane,
one methionine, one or two histidines and two or four cysteines
all of which are involved in disulfide bridges.
Immunologically, the various cutinases from different organisms
appear to be quite different (3,16-19). Only the enzyme from
very closely related organisms show cross-reactivity. All
fungal cutinases are glycoproteins containing 3 to 67
carbohydrates. The carbohydrates are attached to the protein
via O-glycosidic 1linkages (gg). The N-terminus of fungal
cutinases appear to be blocked in a novel manner in that
glucuronic acid is linked by an amide linkage to the N-terminal
amino group (21).

The catalytic properties of fungal cutinases also show
similarities. Cutinase shows specificity for primary alcohol
esters; secondary alcohol esters are hydrolyzed at much lower
rates (3,16). Phospholipids are not hydrolyzed but certain
triglycerides, such as tributyrin and triolein but not
tripalmitin or tristearin, are hydrolyzed by cutinase. In these
cases the enzymes show clear specificity for the primary alcohol
esters. All fungal cutinases alsc catalyze hydrolysis of
p-nitrophenyl esters of short chain fatty acids. The relative
rates of hydrolysis depend upon on the chain length of the acyl
group and the source of the enzyme. In many cases the longer
chain esters such as C;g or C;g are hydrolyzed extremely poorly
when compared to short chain esters such as Cy. On the other
hand cutinase from some genera, such as Colletotrichum,
catalyzes hydrolysis of longer chain esters at rates comparable
to that obtained with the short chain acids (16).

The mechanism of catalysis of ester bonds by fungal
cutinases has been studied using protein-modifying reagents that
are relatively specific to functional groups. The results of
such studies strongly suggest that a catalytic triad involving
serine, histidine and a carboxyl group are involved in catalysis
by fungal cutinase (22). Active serine directed reagents such
as diisopropylfluorophosphate (23) and a variety of other
organic phosphates (24,25) as well as transition state analogs
such as alkyl and phenyl boronic acids (26), inhibit fungal
cutinases. Modification of histidine by diethylpyrocarbonate
and carboxyl groups by carbodiimide also inhibit the enzyme
activity (22). Correlation of the number of residues modified
with the extent of activity loss of the enzyme showed that one
serine, one histidine and one carboxy group were essential for
catalysis by cutinase (22). The presence of the catalytic triad
characteristic of serine hydrolases suggested by these results
also raised the possibility of the involvement of an acyl enzyme
intermediate. To test this possibility cutinase was first
treated with diethylpyrocarbonate to inhibit acyl-enzyme
hydrolysis and this enzyme was then treated with
E—nitophenyl[I—I“C]acetate. Gel filtration of this reaction
mixture  yielded [I—I“C]acetyl-cutinase demonstrating the
existence of the postulated acyl-enzyme intermediate (22). The
mechanism of catalysis by cutinase can be depicted as shown in
Figure 1.
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Figure 1, Mechanism of catalysis by cutinase., (Reproduced
with permission from Ref. 16. Copyright 1984 Elsevier/
North Holland Biomedical Press.)
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Structure of Cutinase

The complete primary structure of the enzyme has been deduced
from the nucleotide sequence of the ¢DNA which was cloned
(Figure 2). The cDNA sequence showed an open reading frame
which could be translated into a protein with a molecular weight
of 23,951 (gl). The enzyme isolated from Fusarium solani pisi
had been shown to have a glucuronic acid attached to a glycine
at the N-terminus. The first glycine residue in the primary
translation product would be at position 32 according to the
nucleotide sequence. Thus the 31 amino acid leader peptide must
be removed during the processing of the primary translation
product into mature enzyme. In fact, the primary translation
product had been shown to be larger than the mature enzyme by in
vitro translation of isolated mRNA (28). The leader sequence
revealed by the nucleotide sequence did show a fairly typical
structure except for the fact that the post-hydrophobic core
region was longer than that found in most leader sequences of
other extracellular proteins (29,30). The biochemistry of the
processing of the precursor into the mature enzyme has not been
studied.

In order to verify the sequence derived from the nucleotide
sequence, proteolytic fragments of the mature enzyme were
isolated and the amino acid sequence of these peptides were
determined. The peptide containing the only tryptophane of the
enzyme was 1solated and sequenced. The active serine was
located by treatment of the enzyme with radiocactive
diisopropylfluorophosphate followed by isolation and amino acid
sequencing of a tryptic peptide containing the radioactivity.
The carboxyl group involved in catalysis was located by labeling
this residue by treatment with carbodiimide and [I“C]glycine
ethyl ester followed by isolation and analysis of the labeled
tryptic peptide (W.F. Ettinger and P.E, Kolattukudy, unpublished
results). These amino acid sequences agreed with the sequences
deduced from the nucleotide sequence. The histidine residue
involved in catalysis was easily located as the sole histidine
residue present in the enzyme. The three members of the
catalytic triad are located far apart in the primary structure
of the protein. Obviously these three residues are held in
juxtaposition so that they can function as a catalytic triad by
the secondary and tertiary structure. The disulfide bridges
must play a significant role in holding the enzyme in the active
conformation because reduction of the disulfide is known to
result in inactivation of the enzyme (16). The importance of
the disulfide bridges is also reflected in the fact that the
positions of the cys residues involved seem to be highly
conserved (W.F., Ettinger and P.E. Kolattukudy, unpublished
results). In the three cutinases, from which homologous
peptides have been sequenced, the conservation of the cys
positions 1s obvious (Figure 3). The high degree of homology
shown by the enzymes from Fusarium and Colletotrichum is
striking.

The structure of the cutinase gene has been determined
using genomic DNA cloned in A-phage. This gene contains one 51
bp intron which has the typical junction and splicing signals
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that are homologous to those found in other filamentous fungi
and yeast. It showed a typical polyadenylation signal but the
CAT box and TATA boxes in the 5'-flanking region were not
obvious.

Role of Cutinase in Pathogenesis

With the availability of pure cutinase, an immunological
approach became possible to test whether cutinase is secreted by
fungi during the penetration of their hosts. F., solani pisi
spores were placed on pea stem surface in a moist atmosphere and
the progress of germination and penetration was followed by
scanning electron microscopy (Figure 4a). At the time when the
germinating spores were found to be penetrating the surface, the
infection area was treated with ferritin-conjugated antibodies
prepared against the enzyme and the tissue was processed for
transmission electron microscopy. The electron micrographs
(Figure 4b,c) clearly showed that the germinating spores
secreted cutinase at the infection area (31). Similar
experiments were subsequently done with Colletotrichum
gloeosporioides and convincing evidence was obtained that this
organism also secreted cutinase during penetration (M.B.
Dickman, S. Patil, C.L. Soliday and P.E. Kolattukudy,
unpublished results). 1If the secreted enzyme is necessary for
penetration, inhibition of the enzyme should stop the
penetration process and therefore infection. Bioassays
performed by placing Fusarium spores on pea stem surface showed
that inclusion of cutinase inhibitors such as antibodies
prepared against the enzyme or chemical inhibitors such as
organic phosphates prevented the lesion formation (32) (Figure
5). Similar experiments were performed also by placing spores
of Colletotrichum gloeosporioides on papaya fruits (18). In
this case also, inclusion of cutinase inhibitors such as the
antibodies against this enzyme or organic phosphates completely
prevented infection. Subsequently, similar experiments were
performed by placing spore suspensions of Venturia inequalis on
the leaves of apple seedlings, Colletotrichum graminicola on the
leaves of corn seedlings and Colletotrichum capsici on pepper
fruits (22). In all of these cases, inclusion of inhibitors of
cutinase prevented infection. These results clearly showed that
at least under the conditions of the bioassay, fungal infection
involves cutinase mediated penetration of the cuticular barrier
and that specific inhibition of this enzyme can completely
prevent infection.

Whether the cutinase-targeted approach to prevent fungal
infection of plants can be an effective method in the field is
yet to be determined. One field trial that was done suggests
that this approach may be feasible. Spraying of an organic
phosphate inhibitor of cutinase on papaya in the field protected
the fruits from infection by Colletotrichum gloeosporioides (W.
Nishijima, M.B, Dickman, S. Patil and P.E. Kolattukudy,
unpublished results), This experiment conducted for an entire
season was designed only to test the feasibility of the approach
under field conditions and therefore parameters such as the
optimal amount of inhibitor or the time of application were not

In Ecology and Metabolism of Plant Lipids; Fuller, G., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



ECOLOGY AND METABOLISM OF PLANT LIPIDS

164

*sn8uny ‘g STTeMm T2 ‘MJ $9TOTInd ) °O pue q uy uoflealzauad jo

93TS 9yl 3Ie uadS 3q ued safnuead urlITiadg 93] ISeuUTINOTIUE ‘palrednfuod-uT3iTIAISF YITM paIeall
seM Bale UOT309JuTl 3ayy °SBurpeas ead a2yl Jo wals 9yl uo sazods Suroerd av931Je Y g sIuaad Jo
9383S 9yl judsaidai saanlTg -IsId °ds *3 Juelos -4 Jo saiods Jurjeurmiald £q 9[OTIND wals ead
Jo uorjeilauad ay3l jo sydei8oadTw uoalda[d® (O pue q) uorssTuwsueil pue () Buruuedg °y 2In31g

In Ecology and Metabolism of Plant Lipids; Fuller, G., eta.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



10. KOLATTUKUDY ET AL. The Role of Cutin 165

Antiserum

Figure 5. ©Pea epicotyl segments 72 hours after inoculation
with conidial suspension of F. solani f. sp. pisi in water
(control), water containing IgG from preimmune rabbit serum
(serum), water containing IgG from antiserum prepared against
cutinase (antiserum) and water containing 10 UM
diisopropylfluorophosphate (DFP).
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studied. 1Instead, the spray program was conducted in alternate
weeks for an entire season and results were positive. It is
likely that antipenetrant chemicals which inhibit cutinase will
work effectively if combined with a low level of a classical
fungicide. 1In this manner, the bulk of the fungal spores will
not be able to penetrate and some which might penetrate through
some breach in the cuticular barrier can be prevented from
setting up infection by the fungicide.

Ability to produce cutinase can determine whether a fungus
can infect a plant. An isolate of Fusarium solani pisi (T-30)
which lacked the zbility to produce cutinase failed to infect
pea stem (34) as indicated below. A wound pathogen of papaya,
Mycosphaerella, could infect papaya fruits when exogenous
cutinace was provided instead of a wound (18). More recently
cutinaseless mutants of Colletotrichum gloeosporiocides (M.B.
Dickman and S. Patil, private communication) and Fusarium solani
pisi (Anne Dantzig, private communication) were isolated after
mutagenesis. These mutants could not infect their hosts when
the cuticular barrier was intact. That the mutation did not
affect elements invovled in pathogenesis other than penetration
was shown by the fact that the mutants were as virulent as the
wild type when the cuticular barrier was mechanically breached
or when exogenous cutinase was provided in the inoculation
medium (M.B. Dickman and S. Patil, private communication).
These results clearly demonstrate that cutinase is essential for
infection by the two pathogens.

To test whether the ability to produce cutinase might
determine the virulence of fungal strains a large number of
isolates of Fusarium solani pisi were tested using bioassays
with pea stem segments. Spore suspensions were placed on intact
stem or, for comparison, on pea stem with mechanically breached
cuticle/wall barrier. 1In this manner, isolates which lacked the
ability to penetrate the barrier but had all the other necessary
elements for pathogenesis could be detected. Thus Fusarium
solani pisi isolate T-8 was found to infect pea stems with or
without the cuticular barrier whereas isolate T-30 could infect
only if the barrier was mechanically breached (34) (Figure 6).
To test whether isolate T-30 lacked the ability to produce
cutinase, the spores of isolates T-8 and T-30 were washed with
buffer and the cutinase activity was measured using a specially
prepared highly radioactive cutin., The results clearly showed
that T-30 lacked cutinase (Table III). 1If this defect were the
only reason for the observed inability of T-30 to infect intact
pea stem, supplementation with exogenous cutinase might make
this isolate as virulent as T-8. Exogenous cutinase did in fact
assist T-30 in infecting pea stem segments in the bioassays.
However, supplementation with pectinase, cellulase and pectin
methylesterase were also required to increase the virulence of
T-30 to a level that was equal to that of T-8 (34) (Figure 7).
From these observations it was concluded that the infection
process involved a set of penetration enzymes to disrupt not
only the cuticular barrier but also the carbohydrate polymeric
barriers that lie under the cuticle. Although these experiments
suggested that T-30 probably lacked the ability to produce all
of the penetration enzymes, no direct evidence was obtained.
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Figure 6. Pea epicotyl segments 72 h after inoculation with
conidial suspension of Fusarium solani pisi isolate T-8 (left)

and isolate T-30 (right). In each case the top and bottom show
the results with mechanically breached and intact cuticle/wall
barrier, respectively.
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Figure 7. 1Infection efficiency of isolate T-30 conidia on pea
eplcotyl with intact cuticle/wall barrier after enzyme
supplementation. A conidial suspension was mixed with (+) or
without (~) indicated enzymes. The mixtures were used to
inoculate intact (W) or wounded (@) surfaces of pea epicotyl
segments, Means followed by the same letter are not
significantly different (P=0.05, Duncan's multiple range test).
(Reproduced with permission from Ref, 34. Copyright 1982
Academic Press.)
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Since the exogenous enzymes used to supplement the spore medium
were from sources other than the pathogen, the particular kind
of enzyme mixtures that were required to get effective fungal
penetration cannot be taken as firm evidence for the involvement
of such enzymes in a natural infection. For example, the
requirement for pectin methylesterase might simply imply that
the exogenous pectinase used worked more effectively in the
presence of this methyl esterase. The nature of the enzymes
produced by the pathogen to disrupt the wall barrier can be
elucidated only by direct studies on the pathogen itself.

The enzymes used to break the cuticle/wall barriers might
either be present in the spore that lands on the plant or these
enzymes might be induced as a result of contact of the spore
with the plant surface. Conclusive evidence was obtained that
cutinase is induced in the spores as a result of contact with
cutin (22). Thus, the presence of cutin was required for
induction of the extracellular enzyme as measured by hydrolysis
of p-nitrophenyl esters, or cutin as substrates, as well as by
immunological techniques. The degree of induction of cutinase
depended upon the amount of cutin added and the level of the
enzyme activity increased with time and reached a plateau in a
few hours. Cutin hydrolysate composed of all of the monomers
also induced cutinase synthesis in the spores (Figure 8).
Isolated monomers were also effective inducers. The most
effective inducers were dihydroxy-Ci¢ acid and trihydroxy-C18
acid, the most unique components of cutin. These results
suggested that the low levels of cutinase present in the spore
at the time of its arrival at the plant surface generated small
amounts of cutin monomers from the plant surface and these
monomers actually induced cutinase production.

To test whether the induction of the enzyme Jnvolved
transcriptional control, thg2 amount of mRNA produced by the
spore was quantitated using P-labeled cDNA as a probe (Figure
9). Such dot blot analysis showed that within 15 minutes after
the spores came into contact with cutin or cutin monomers,
cutinase gene transcripts were detectable and the 1level
increased for the next few hours (22). These results are in
agreement with the observation that the cutinase activity level
increased with a slight lag period. The induction observed by
the presence of cutin in the medium was highly stimulated by the
addition of exogenous cutinase, strongly supporting the
hypothesis that the small amount of cutinase originally present
in the spore was responsible for producing cutin monomers which
then 1induced the production of the enzyme required for
penetration. The fact that the best inducers were the most
characteristic cutin components, which are not found anywhere
else in nature, shows that the induction mechanism is a highly
specific method by which the fungus can sense the presence of
the host plant and thus induce cutinase when needed for the
penetration process.
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Figure 8. Time course of appearance of cutinase as measured by
immunochemical techniques (left) and cutinase activity as
measured by p-nitrophenyl butyrate hydrolysis (right) in the
extracellular fluid of spore suspensions of F. solani f. sp.
pisi induced with either cutin hydrolysate or purified Cig¢
dihydroxy acid. (Reproduced with permission from Ref. 35.
Copyright 1986 The National Academy of Sciences.)
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Figure 9. Cutinase mRNA content from spores of F. solani f.
sp. pisi exposed to either cutin hydrolysate or purified
dihydroxy-C;g¢ acid for various periods of time. Cutinase
[32P]CDNA was used as a probe in the dot blot analysis.
(Reproduced with permission from Ref. 35, Copyright 1986

The National Academy of Sciences.)
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Enzymatic Penetration of the Pectinaceous Barrier

The penetrating fungus comes into contact with the carbohydrate
polymers when the germinating spore breaches the cutin barrier
and these polymers then might trigger the synthesis of
pectinases. In fact, when Fusarium solani pisi spores were
placed in a pectin-containing medium pectinase production was
induced (M.S. Crawford and P.E. Kolattukudy, unpublished
results). The pectin hydrolase activity level reached a maximal
level in about 8 hours after the spores came into contact with
the pectin-containing medium and subsequently decreased (Figure
10). The isolate T-8 which was highly virulent even on intact
pea stem showed a much higher level of pectin hydrolase when
compared with isolate T-30, which was unable to penetrate intact
stems. The maximal level of production of pectin hydrolase
coincided with the onset of germination. Only much later a
pectate lyase began tc appear and in this case also T-8 showed a
much higher level of the enzyme when compared to T-30. Indirect
evidence suggested that the hydrolase, induced early during
germination, produced components which induced the lyase. The
pectate lyase from isolate T-8 has been purified to homogeneity
and rabbit antibodies have been prepared. These antibodies
protected pea stem sections against attack by Fusarium solani
pisi under the bioassay conditions indicated above for cutinase.
However, the protection in this case was not complete.
Presumably the pectin hydrolase also plays an important role in
the enzymatic penetration of the carbohydrate barrier that lies
under the cuticle. However, this pectinase has not been
purified and therefore definitive experiments about the
importance of this enzyme have not been performed.

Since cutin is the first barrier that comes into contact
with the fungal spore, it is tempting to speculate that the
hydrolysis products generated from this polymer might also
trigger the production of pectin hydrolase which in turn
generates small molecular weight compounds which subsequently
induce the synthesis of the lyase. Preliminary experiments have
given indications that cutin and cutin hydrolysate do induce
pectin hydrolase synthesis in spores. It 1s possible that
penetration enzymes might be coordinately controlled and in the
case of T-30 this control is being manifested by the lack of its
ability to produce cutinase as well as high levels of the pectin
hydrolyzing enzymes. In any case, the enzymes involved in
breaching both the cuticular and the carbohydrate barriers might
be used as targets to develop methods to prevent fungal
penetration of plants and thus to prevent infection.
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Chapter 11

Variability in Steroid Metabolism
Among Phytophagous Insects

James A. Svoboda and Malcolm J. Thompson

Insect Physiology Laboratory, Agricultural Research Service, U.S. Department of
Agriculture, Beltsville, MD 20705

Members of the class Insecta require an exogenous
source of sterol to support normal development and
reproduction. Cholesterol will satisfy this need in
nearly all species studied, but many phytophagous and
omnivorous insects thrive on diets containing little
or no cholesterol. Most of these species that have
been critically examined are able to dealkylate and
convert dietary 24-alkyl (C2g and Cpq) phytosterols
to cholesterol. However, significant variations in
the utilization and metabolism of dietary sterols
between phytophagous species have been discovered in
recent years. Thus, it is becoming increasingly
difficult to generalize about sterol metabolism even
among members of the same Order. These differences
in the utilization of neutral sterols can often be
correlated with ecdysteroid (molting hormone)
production. Certain of the most significant
variations in insect steroid utilization and
metabolism in phytophagous insects will be discussed
with respect to phylogenetic relationships.

Since insects lack the capacity to biosynthesize the steroid
nucleus, they generally require a dietary source of sterol for
normal development and reproduction (1). This is an important area
of biochemical difference, between insects and many other organisms,
that might be exploited to develop new pest control strategies.
Cholesterol will satisfy this 9ietary requirement in all but two
known cases in which dietary aA’-sterols are essential (2,3). In
addition, some insects may obtain an adequate supply of sterol from
symbionts or intestinal microorganisms.

For many years, it was believed that phytophagous insects in
general were capable of dealkylating and converting dietary C2g
and C29 phytosterols to cholesterol to satisfy their need for
cholesterol (ﬁ). Also, a number of omnivorous species of insects
are known to be capable of this conversion (5). Thus, cholesterol
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can be made available for structural needs in membranes (1) and for
essential physiological purposes such as serving as a precursor for
the C27 molting hormones (ecdysteroids, Figure 1), e.g.

ecdysone (6).

It has become increasingly evident that considerable
variability in steroid utilization and metabolism exists among
phytophagous species of insects. In recent years, we have
discovered several phytophagous species that are unable to convert
C2g or C29 phytosterols to cholesterol. This includes one
species that dealkylates the C-24 substituent of the side chain but
produces mostly saturated sterols and several species that totally
lack the ability to dealkylate the sterol side chain. Certain
members of this latter group are of particular interest because they
have adapted to utilizing a Cog sterol as an ecdysteroid
precursor and makisterone A (828) has been identified as the
major ecdysteroid of certain developmental stages of these species.

We will discuss some of our comparative sterol metabolism
studies and provide specific examples to illustrate some of these
unusual variations in steroid utilization and metabolism in insects,
and to show how this information is useful in predicting differences
in ecdysteroid biosynthesis in certain species. We will also point
out instances in which these variations in neutral sterol metabolism
can be related to phylogenetic relationships between species.

Phytophagous Insects That Convert Cog and C,q Phytosterols
to Cholesterol - C

Lepidoptera. The most extensive studies of the utilization and
metaboiism of dietary sterols in phytophagous insects have been
carried out with two Lepidoptera, the tobacco hornworm, Manduca
sexta, in our laboratory (7) and the silkworm, Bombyx mori, by
Tkekawa and coworkers in Japan (8). These were pioneering studies
utilizing artificial diets, radiolabeled sterols, and
state-of-the-art analytical tools. Manduca larvae readily convert
Cog and Cpg phytosterols (e.g. campesterol, sitosterol,

and stigmasterol) to cholesterol (Figure 2) and desmosterol is the
terminal intermediate in the conversion of each of these sterols to
cholesterol (9). This was the first intermediate to be identified
in the metaboTic conversion of phytosterols to cholesterol in
insects. Fucosterol was later determined to be an intermediate
between sitosterol and desmosterol and, analogously,
24-methylenecholesterol was found to be the first intermediate
between campesterol and cholesterol (4). Stigmasterol is
dealkylated and converted to 5,22,24-cholestatrien-38-01 which is
reduced, first to desmosterol, and then to cholesterol (4). The
224_bond is necessary for enzyme specificity in order to reduce
the A22-pond. Results from research in our laboratory also
indicate that other Lepidoptera such as the corn earworm, Heliothis
zea, the fall armyworm, Spodoptera frugiperda (10), and the Indian
meal moth, Plodia interpuncfeila, (TT7 metabolize Cyg and

Cog phytosterols in a manner similar to Manduca. These

pathways have been shown to be similar in B. mori and, in addition,
fucosterol 24,28-epoxide has been identified as an intermediate
between fucosterol and desmosterol in B. mori (8).
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Coleoptera. The confused flour beetle, Tribolium confusum, was the
first phytophagous insect we found that produces an appreciable
amount of a sterol other than cholesterol from radiolabeled dietary
Cog and Cog phytosterols. We found this insect produced
large quantities of 7-dehydrocholesterol, equivalent to as much as
70% of the total tissue sterols isolated (12). It was further
determined that cholesterol and 7-dehydrocholesterol were in
equilibrium in this flour beetle. Another new intermediate,
5,7,24-cholestatrien-38-01 was identified as an intermediate between
desmosterol and 7-dehydrocholesterol (Figure 3). We found very
similar pathways of sterol metabolism to exist in the closely
related flour beetle, Tribolium castaneum (13). However, another
flour beetle, Tenebrio molitor, had only about one-third or less of
the levels of 7-dehydrocholesterol as the two Tribolium species, but
sti11 much higher levels of this sterol than has been found in most
species. Fucosterol 24,28-epoxide was also implicated as an
intermediate in the synthesis of cholesterol from sitosterol in T.
molitor (14). -
very unique mixture of sterols was found in the Mexican bean
beetle, Epilachna varivestis, when sterols from insects fed soybean
leaves were analyzed {15). The sterols from bean beetle pupae
consisted of >70% saturated sterols and cholestanol was the major
sterol isolated from the insect. Metabolic studies with
radiolabeled sterols demonstrated that the Mexican bean beetle does
dga]ky1ate C2g and C29 phytosterols, but reduces the
A”-bond first (Figure 4)(16). In addition, the A’-bond can be
incorporated into cholestanol, and tgus appreciable amounts (>10% of
the total sterols) of lathosterol (A/.cholestenol) occur in the
sterols of this species. Recent studies {13) have confirmed that in
the metabolism of sitosterol and stigmasterol, the side chain
dealkylation and conversion to a 24-desalkyl side chain in the
Mexican bean beetle parallels the mechanism in Manduca. A
A28_sterol is involved as a terminal intermediafe in the
metabolism of both sterols, and the side chain of stigmasterol is
first dealkylated to form a 422,28_intermediate, and then the
422-pond is reduced.

Phytophagous Insects Unable to Convert Cog and Coq_
Phytosterols to Cholesterol -

Hemiptera. The large milkweed bug, Oncopeltus fasciatus, was the
Tirst phytophagous insect discovered to be incapable of converting
the major phytosterols {Cpg and Cpq) to cholesterol (17).

Dietary sterols of sunflower seeds were incorporated essentially
unchanged into the tissues and, when injected, neither radiolabeled
campesterol nor sitosterol was metabolized to cholesterol.
Apparently, there was some selective uptake of dietary cholesterol,
indicated by an enrichment of cholesterol in the insect sterols
compared to the cholesterol concentration in the seed sterols. A
C2g ecdysteroid, makisterone A (Figure 1), was identified as

the major ecdysteroid of milkweed bug eggs (18) and, subsequently,
makisterone A was identified as the major ecdysteroid in hemolymph
of last stage milkweed bug nymphs and two other phytophagous species
of the Pentatomomorpha group of Hemiptera (19). Makisterone A was
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also ca. 10 times more active than 20-hydroxyecdysone in

stimulating cuticle synthesis and inhibiting vitellogenesis in adult
milkweed bugs (20). It was later determined that this adaptation to
utilizing a Cog precursor for ecdysteroid biosynthesis

correlated well with neutral sterol metabolism in each of these
three species (21). Similar results on sterol utilization and
occurrence of makisterone A have been reported for the cotton
stainer bug, Dysdercus fasciatus (22). These species all have in
common the inabiTity to dealkylate the C-24 alkyl substituents of
C2g and C29 phytosterols.

Coleoptera. Sterol metabolism studies with another important sgored
products pest, the khapra beetle, Trogoderma granarium, reveale
another phytophagous insect that is unable to dealkyTate and convert
C2g and C29 phytosterols to cholesterol (23). Similar

results were obtained whether a diet consisting of cracked wheat and
brewer's yeast or an artificial diet coated with radiolabeled
sterols was used (24). There was some selective uptake of
cholesterol from the dietary sterols, as indicated by an enrichment
of cholesterol in the pupal sterols (1.2% of total), compared to the
dietary sterols (0.5% of total). Unlike the previously discussed
stored product coleopteran pests, T. confusum and T. castaneum, both
of which had high levels of 7-dehydrochoTesterol, mno

7-dehydrocholesterol could be identified in the sterols from the
khapra beetle.

Hymenoptera. While examining the effects of various dietary sterols
on brood production in honey bees, Apis mellifera, we discovered
that the honey bee utilized dietary Cpg and Cpgq

phytosterols unchanged (25,26). Regardless of the dietary sterol
added to a chemically-defined diet, or even with no sterol added,
24-methylenecholesterol was always the major sterol of the next
generation of bees, and sitosterol and isofucosterol were also
present in appreciable amounts. Detailed studies with either
radiolabeled campesterol, sitosterol, or 24-methylenecholesterol
added to the artificial diet provided no evidence for the metabolism
of any of these phytosterols to cholesterol or other sterols (27).
In fact, “H-24-methylenecholesterol has been traced unchanged
through two generations of bees (28). Thus, there is a very unusual
mechanism that enables the worker bee to selectively transfer
certain dietary sterols or sterols cycled from their endogenous
pools to the brood food to maintain a constant supply of certain
sterols for the brood food. The utilization of neutral sterols by
the honey bee and the inability to produce cholesterol from the
dealkylation of 24-alkyl Cog and Cpq phytosterols is

reflected in the recent iso?ation o? makisterone A as the major
ecdysteroid at peak titer in the honey bee pupa (29).

We have also found another phytophagous hymenopteran, the
alfalfa leafcutter bee, Megachile rotundata, that utilizes dietary
phytosterols similarly to the honey bee {30). As in the honey bee,
24-methylenecholesterol was a major component (34.1% of the total
sterols) of the sterols of newly-emerged adults. In addition, there
was little cholesterol (<0.5% of the total sterols), indicating that
this species also lacks the ability to produce cholesterol from
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dietary Cog and C2q sterols. The alfalfa leafcutter bee,

unlike the honey bee, is a solitary bee but the cells in which the
eggs are deposited are provisioned with honey and pollen before
sealing. Thus, the larval diet of this species is similar to a
major portion of the natural diet of developing honey bee larvae.

Discussion and Conclusions

We have discovered that a number of interesting phylogenetic
relationships can be correlated with steroid metabolism in several
insect species. Certain phytophagous Hemiptera apparently
successfully adapted to the disappearance of Cy7 dietary

sterols in tracheophytes by developing the capacity to utilize a
C2g precursor (e.g. campesterol) in the synthesis of

ecdysteroids. It is of interest to note that a predacious
hemipteran, the spined soldier bug, Podisus maculiventris, which
belongs to the same group (Pentatomomorpha) as the phytophagous
Hemiptera mentioned above, has retained the ecdysteroid synthesizing
capabilities of its phytophagous ancestors. Makisterone A is the
major hemolymph ecdysteroid of last stage soldier bug nymphs (19)
even though their diet consists of other insects and contains high
levels of cholesterol (21).

The khapra beetle, T. granarium, inhabits an environment more
similar to that of the confuse our beetle than to the usual
environment of other members of the family Dermestidae to which the
khapra beetle belongs. However, with respect to utilization of
dietary sterols, the khapra beetle is more similar to other
dermestids such as the hide beetle, Dermestes maculatus, (31) which
usually feeds on animals or animal products rather than plant
derived material. Apparently, the khapra beetle has not had to
alter its sterol metabolism to adapt to living in its stored product
environment. It will be of interest to examine the ecdysteroids of
the khapra beetle to see if the synthesis of molting hormones in
this species has been modified to utilize other than a Cyg
sterol as an ecdysteroid precursor.

The significance of the relatively high concentrations of
7-dehydrocholesterol in the Tribolium species we have studied
remains a matter of conjecture. It may be due to some physiological
adaptation to its normal environment, but the Indian meal moth
inhabits a similar environment and still metabolizes dietary sterols
more similarly to green leaf-feeding species of Lepidoptera than to
these flour beetles. The only known physiological function of
7-dehydrocholesterol is as a precursor for ecdysone (32), but it may
have some specific structural role as well in these insects which
produce high levels of this sterol.

The Mexican bean beetle is another unusual coleopteran with
respect to sterol metabolism. It is a member of the family
Coccinellidae which includes mostly predacious species, that usually
obtain adequate cholesterol from their diet of other insects.
However, the subfamily Epilachninae to which the Mexican bean beetle
belongs is made up of phytophagous species. Members of this
subfamily are apparently secondarily phytophagous and have adapted
to utilizing a diet containing high levels of the usual Cag and Cyg
phytosterols, but produce mostly saturated sterols and
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A7_sterols rather than cholesterol. We know of no other
leaf-feeding insect with similar sterol metabolizing capabilities.
The honey bee has provided some most interesting data on
steroid utilization and metabolism. Finding a hymenopteran that is
unable to dealkylate C-24 alkyl sterols indicated that at least
three orders of insects include phytophagous members that lack this
capability (Coleoptera, Hemiptera, and Hymenoptera). Since the
honey bee evolved from predacious ancestors, it apparently has
modified its ecdysteroid biosynthetic capability but not its ability
to modify the side chain of neutral sterols. The efficient
selective transfer mechanism ensures that an adequate supply of
Cog sterol is available for ecdysteroid production. It will be
of interest to determine whether the normal precursor of makisterone
A is campesterol or some other 28-carbon sterol. The recent studies
with the alfalfa leafcutter bee suggest that there may be a number
of phytophagous Hymenoptera that utilize a Cyg molting hormone
rather than the usual C27 ecdysteroids such as ecdysone and
20-hydroxyecdysone. Certain of these species will be subjects of a
future study. Also, the report of a hymenopteran, Atta cephalotes
isthmicola, in which no cholesterol could be identified in%icates
Eﬁa? unusual ecdysteroids may be important to yet another insect
33).

T Although this discussion has dealt only with some unusual
variations in sterol utilization and metabolism among phytophagous
insects, similar reviews of this area of insect biochemistry in
zoophagous and omnivorous species could include equally interesting
information. Considering the small fraction of the more than one
million identified species of the class Insecta that have been
investigated, there will undoubtedly be many more discoveries of
unique aspects of steroid biochemistry in insects.
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Chapter 12

Free and Conjugated Ecdysteroids
in the Tobacco Hornworm, Manduca sexta,
at Various Developmental Stages

Malcolm J. Thompson, Ruben Lozano, James A. Svoboda, Mark F. Feldlaufer, and
Gunter F. Weirich

Insect Physiology Laboratory, Agricultural Research Service, U.S. Department of
Agriculture, Beltsville, MD 20705

The molting hormones {MHs) and ecdysteroids of the
tobacco hornworm (Manduca sexta L.) at different
developmental stages are discussed. From this insect
nine ecdysteroids have been identified and each has
varying degrees of MH activity. There are also
qualitative and quantitative differences at the
various stages. 20-Hydroxyecdysone is the major
ecdysteroid of Manduca during pupal-adult development
at peak titer of MH activity. Five days later,
20,26-dihydroxyecdysone is the major ecdysteroid.
Meconium of Manduca contains 3-epi-20-hydroxyecdysone
as the major ecdysteroid. In Manduca ovaries and
eggs, 26-hydroxyecdysone 26-phosphate is the major
ecdysteroid occurring at levels of 31 ug/g in ovaries,
25 ug/q and 17 pg/g in 48- to 64- and 72- to
88-hour-old eggs, respectively. Female pupae at peak
titer have a complex mixture of conjugates which
account for nearly 18% of the total ecdysteroids.
Ecdysteroids can now be identified and their fate
followed in Manduca at every developmental stage.

The oligophagous tobacco hornworm, Manduca sexta (L.), has been our
primary insect in studies concerned with molting hormones (MH) and
ecdysteroids (compounds with a common structure and inclusive of
roles other than molting) (1). Manduca, because it has about a six
week 1ife cycle and can be Taboratory-reared on an artificial diet,
has permitted us to study different developmental stages within a
reasonable period of time. As a result, nine ecdysteroids including
an ecdysteroid conjugate {Fig. 1) have been isolated and identified
from various developmental stages of the hornworm, and seven of them
were first characterized in our laboratory. It also has allowed us
to isolate sufficient quantities of the ecdysteroids so that others
could be provided with standard samples.

With the development of new and improved instrumentation,
techniques, the availability of ecdysteroid standards, together with
knowledge acquired on the biosynthesis and metabolism of
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188 ECOLOGY AND METABOLISM OF PLANT LIPIDS

ecdysteroids of Manduca and insects in general, we are now able to
identify and folTow the fate of ecdysteroids and their conjugates at
every developmental stage of the tobacco hornworm. Thus, current
methodology combined with the efficient conversion of radiolabeled
cholesterol to labeled ecdysteroids or ecdysteroid conjugates in
Manduca at different developmental stages has permitted us to work
with far less biological material and derive more useful
information. In this symposium paper we will discuss the
ecdysteroids of the tobacco hornworm at different developmental
stages, and will report on some of our most recent studies
concerning the fate of labeled cholesterol, ecdysteroids, and
ecdysteroid conjugates at two different developmental stages of
Manduca.

Since our initial and most recent studies of MHs of Manduca
focused on the pupal-adult development period, the discussion will
begin with this period and then proceed in reverse sequence to the
immature stages of Manduca development.

Pupal -adult

To insure maximum yield of molting hormone({s) from a minimum
quantity of biological material, the MH titer was determined prior
to isolation of the MHs {2). The peak titer of MH activity occurred
between 6 and 8 days after the larval-pupal ecdysis or 14 days prior
to adult emergence. Thus, 7-day-old hornworm pupae were selected
for the isolation of the MHs (2). The average titer was 425 house
fly units (HFU; for ecdysone 5.0 ng = 1 HFU) or 2 pg of ecdysone per
gram of tissue, the highest titer reported up to that time for any
species. From kilogram quantities of pupae milligram quantities of
crystalline ecdysone and 20-hydroxyecdysone were obtained, and a
small but significant amount of a more polar ecdysteroid was
detected. 20-Hydroxyecdysone accounted for 60 to 80% of the total
ecdysteroids in 7-day-old pupae (2).

After processing a larger group of 7-day-old pupae the more
polar ecdysteroid was isolated and identified as
20,26-dihydroxyecdysone {3). This ecdysteroid was only 1/10 to 1/15
as biologically active as ecdysone or 20-hydroxyecdysone in the
house fly assay. The structures and biological activity of the
ecdysteroids indicated the sequence of conversion shown in [1]

Ecdysone ===—=3» 20-hydroxyecdysone = 20,26-dihydroxyecdysone [1]

The fact that 20,26-dihydroxyecdysone was less active than
ecdysone suggests that it was an inactivation product and that we
could expect an increase in the quantity of this compound at a later
period of pupal-adult development. Indeed, 20,26-dihydroxyecdysone
was the major ecdysteroid during pupal-adult development five days
after peak titer of MH activity, followed by lesser amounts of
3-epi -20-hydroxyecdysone, 20-hydroxyecdysone,
3-epi-20,26-dihydroxyecdysone, 3-epiecdysone and ecdysone {4).

While the increased concentration of 20,26-dihydroxyecdysone was
anticipated as a result of 20-hydroxyecdysone metabolism, it cannot
be ruled out that 20,26-dihydroxyecdysone has a physiological role
of its own in insect development (3). This assumption was supported
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by the fact that ecdysone, 20-hydroxyecdysone, and
20,26-dihydroxyecdysone were all epimerized to the far less active
3-epi-ecdysteroids (4).

Five days after peak titer, the 3a-ecdysteroids quantitatively
surpassed their 3B-isomers. 3-Epiecdysone and
3-epi-20-hydroxyecdysone are approximately 1/10 as active as
ecdysone (4) in the house fly assay (5).
3-Epi-20,26-dihydroxyecdysone is 1/20 as active as
20, 26-dihydroxyecdysone and 1/300 as active as ecdysone (4). Thus,
the biological activity of the 3a-ecdysteroids strongly indicates
thgt epimerization is a means of inactivation of the more active
B-forms.

The following scheme [2] shows the metabolic interrelationships
between the 3B-ecdysteroids and their 3a-epimers
( =», known conversions; - - -3, presumed conversions; = =>assumed
two-step reactions),

ecdysone —> —_— 3-epiecdysone [2]

20-hydroxyecdysone —>» —> 3-epi-29-hydroxyecdysone
20,26-dihydroxyecdysone~-> -~§>3-epi-3%,26-dihydroxyecdysone

When the first 3-epiecdysteroids were isolated (6,7), we
postulated that the conversion of 3g-ecdysteroids to their
3a-isomers could proceed through their respective
3-dehydroecdysteroids (Fig. 2). During that year there were reports
that labeled ecdysone and 20-hydroxyecdysone were converted to
3-dehydroecdysone and 3-dehydro-20-hydroxyecdysone respectively in
Calliphora vicina Robineall-Desvoidy (8) and Locusta migratoria (L)
(9). More recently the formation and TFate of 3-dehydroecdysteroids
were studied in vitro in tissue extracts from Pieris brassicae
(L)(10). The authors showed that three cytosolic enzymes are
invoTved: an ecdysone oxidase converts 3g-hydroxyecdysteroids into
3-dehydroecdysteroids, and two different reductases, requiring
NADPH as cofactors, transform 3-dehydroecdysteroids into 3a-hydroxy
or the 3B-hydroxy forms, respectively. Interestingly, the
hydroxyecdysteroid formation is only detected in the gut (10). It
indeed appears that conversion of 3B-hydroxyecdysteroids to
3a-hydroxyecdysteroids proceeds through the 3-dehydro compounds.

We recently developed a method for purification of an extract
of Manduca eggs that has permitted us to obtain an ecdysteroid
conjugate of high purity (11). With this method in hand and the
fact that the ecdysteroid conjugates have not been searched for
during pupal-adult development in Manduca and that their role as
well as the relationship between free and conjugated ecdysteroids in
insects in general are not clearly understood, we are further
examining the ecdysteroids of Manduca pupae at peak titer of MH
activity. Since radiolabeled cholesterol is converted to Tabeled
ecdysteroids in Manduca injected as pupae (12), we injected THW
larvae (early 5th instar) with [4-14C])cholesterol and examined
its fate when injected earlier in development.

In order to determine whether the pattern of ecdysteroids
differed in males and females, the 8-day-old pupae were separated
into groups of males and females. The pupae were partially slit up
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Figure 1. Ecdysteroids isolated from Manduca.

Metabolic scheme for the production of 3-epiecdysone.

Figure 2.
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the middle and immediately placed in and stored in methanol at -20°C
until work-up.

The analyses thus far have only been conducted with female
pupae and are incomplete and the scheme of isolation is shown in
Figure 3. The butanol phase which contained the free ecdysteroids
was further fractionated by counter-current distribution (CCD) [60
transfers in a system of cyclohexane-butanol-water (4:6:10) with 10
ml of each phase]. The material from CCD tubes 23-42 was subjected
to three C1g SEP-PAK fractionations (13). Quantitative RP-HPLC
and radioassay analyses of fractions ¥ and 5 resulting from using a
SEP-PAK elution system as in Figure 3 yielded 200 pg of Tabeled
20-hydroxyecdysone. The combined residues from CCD tubes 43-57 when
fractionated over a Florisil SEP-PAK cartridge and chromatographed
over 4 g of Silica gel yielded 22 pg of labeled ecdysone.

After applying the 3.74 g of residue from the aqueous phase to
the XAD-16 column better than 92% of the impurities were removed
from the column with water (Fig. 3). The SEP-PAK fractionation
removed additional impurities. A refractionation via SEP-PAK of
combined SEP-PAK fractions 3-5 (Fig. 3) followed by ion suppression
RP-HPLC and radioassay analyses of 2% of the most radioactive
fraction having the least amount of mass gave the chromatogram
shown in Figure 4. The peaks eluting between 5 to 7 min and the
shoulder at 11.0 min as well as the peak at 13.3 min were highly
radioactive. Thus, female THW pupae at peak titer have a complex
mixture of conjugates which accounts for nearly 18% of the total
radioactive ecdysteroids. HP-TLC and RP-HPLC analyses indicate that
the conjugates are phosphates. Also in our Laboratory, recent
incubation studies with h;gh-speed supernatant of Manduca midgut
homggenates showed that [ HJecdysone was converted to

[°Hlepiecdysone and tritium-labeled highly polar metabolite
(14) From the highly polar metabolite fraction four ecdysone
conjugates and two epiecdysone conjugates were resolved by ion-pair
high-performance 1iquid chromatography. These ecdysteroid
conjugates were demonstrated to be phosphates. The studies further
demonstrated that midgut cytosol contains several ATP:ecdysteroid
phosphotransferases (14).

Before we can begin to understand the fate and the
physiological significances of free and conjugated ecdysteroids and
their interrelationship in the tobacco hornworm during pupal-adult
development, we need to continue to isolate and identify the labeled
free and conjugated ecdysteroids of both male and female pupae
before and after peak titer of MH activity. Even though the task
appears to be a tedious and difficult one, the progress will be
rapid.

Meconium Fluid

The meconium, which serves as a depository of metabolic waste
products, was collected from tobacco hornworms of mixed sexes
shortly before eclosion and analyzed for its ecdysteroid content.
3-Epi-20-hydroxyecdysone was the major ecdysteroid isolated in
crystalline form, followed by 20-hydroxyecdysone and what appeared
to be 3- -epiecdysone (15). 3-Epiecdysone was also identified as the
product of an in v1tro enzyme system from Manduca midgut. These two

In Ecology and Metabolism of Plant Lipids; Fuller, G., eta.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



192 ECOLOGY AND METABOLISM OF PLANT LIPIDS

FEMALE TOBACCO HORNWORM PUPAE (130 g)
Homogenized in MeOH, then in 70% MeOH
AQUEOQUS MeOH EXTRACTS

Reduced in voluine under vacuum,
partitioned between hexane and 70% HeOH

APOLAR STEROLS IN HEXANE ..___L__> POLAR STEROIDS, CONJUGATES IN 70% MeOH

5.80 X 108 dpu & 1.46 x 10° dpn

Dried under vacuum

RESIDUE (4.98 g)
Partitioned between BuOH and water

FREE ECDYSTEROIDS IN BuOH ﬁ-I—>C0NJUGATED ECDYSTEROIDS IN H)0

1.2 x 10% dpn (413 mg) 0.26 % 10° (dpm)

Reduced to dryness under vacuum,
RESIDUE (3.74 g)

&

XAD-16 Column (2.5 x 23 cm)

1) H 0 (500 wt)
(Discarded)

2) EtOH (500 ml)
Dried under vacuum

RESIDUE (300 mg; 2.6 x 10° dpm)

C1g SEP-PAX (150 mg; 1.3 x 10° dpm)

. 1) 5 ml 10% MeOH
Discarded 3§ 5 1 10% MeOH

5

3) 5 ml 30% MeOH (14.& mg; 0.56 x 10° dpm)
4) 10 m1 30% MeUH (3.8 mg; 0.43 x 10° dpn) ESR}ﬁEﬁ?@;“
5) 5 ml 40% MeOH (5.0 mg; 0.23 x 109 gpm)

Figure 3. Procedure used for the isolation of ecdysteroid
conjugates from Manduca pupae.
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11
! s
‘ 0.005 AU
l A 12 1%
TIME (min)

Figure 4. Ion suppression reversed-phase HPLC trace indicating
radioactive peaks of partially purified ecdysteroid conjugates
from 8-day-old Manduca pupae, on IBM C, column (4.6 mm x 15 cm)
by isocratic elution with 30% methanol in 0.03 M aqueous
NaH2P04 solution (pH 5) at flow rate of 0.8 ml/min.
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lines of research led to the first isolation and identification of
3a-ecdysteroids. Since the first sterol conjugate from an insect
source was isolated from the meconium of the tobacco hornworm (16),

we are currently conducting qualitative and quantitative comparative
studies of free and conjugated ecdysteroids of the meconium of male

and female pupae injected with [14C]cholesterol on day 13.

Embryonated Eggs of the Hornworm

Young eggs, 1- to 4-hour-old contain negligible MH activity (17),
whereas older embryonated eggs, 24- to 44-hour-old (18) or 48-"to
64-hour-old (17), have relatively high molting hormone titer.

In both The 24- to 44-hour-group and 48- to 64-hour-group,
26-hydroxyecdysone was the major ecdysteroid accounting for nearly
80% of the total free ecdysteroids, whereas the three MH's isolated
during pupal-adult development, ecdysone, 20-hydroxyecdysone, and
20,26-dihydroxyecdysone, were included in the remaining 20% of the
ecdysteroid of eggs. 26-Hydroxyecdysone was also the major
ecdysteroid in younger embryonated eggs (4- to 18-hour-old)
accounting for about 90% of the total ecdysteroids (19).

In addition, ecdysone, 20-hydroxyecdysone, and
20,26-dihydroxyecdysone were also present in 4- to 18-hour old eggs.
These accounted for all of the MH activity though comprising less
than 2% of the total recovered ecdysteroids. Interestingly,
26-hydroxyecdysone was shown to be devoid of MH activity in the
house fly assay and ecdysone was the major MH-active ecdysteroid in
hornworm eggs (19).

In addition to the 3B-ecdysteroids, two 3a-ecdysteroids,
3-epi-26-hydroxyecdysone, and 3-epi-20,26-dihydroxyecdysone were
isolated and identified from 4- to 18-hour-old eggs.
3-Epi-26-hydroxyecdysone comprised 3% of the total recovered
ecdysteroids and was the second major component isolated from this
groups of eggs. Thus, from these eggs, six ecdysteroids were
conclusively or tentatively identified and six other unidentified
ecdysteroids were isolated.

In our recent studies concerned with ecdysteroids in developing
ovaries and eggs of the THW (20), and the fate of radiolabeled
steroids in ovaries and eggs of the THW (12), we encountered some
interesting and conflicting results. In Table I we show that in 1-
to 18-hour-old eggs more than 63% of the ecdysteroid existed in the
free form. The proportion was similar in 48- to 64-hour-old eggs,
though the sum of the free and conjugated ecdysteroid was far less
in 48- to 64-hour-old eggs. In our latest study, we showed that
following injection into Manduca female pupae (day 16),
[14C]cholesterol was converted to labeled ecdysteroid
conjugates (12), of which the latter is mainly 26-~hydroxyecdysone
26-phosphate‘7}l). In this study, however, 48- to 64-hour-old or
72- to 88-hour-old eggs were found to contain 1ittle if any free
ecdysteroids (Table II). The absence of free ecdysteroids in these
egg groups was unexpected and completely different from results of
our earlier studies (20). In our search for an explanation for the
differences between the results of this study and those of our
earlier studies (20), we determined that, in this study, we had
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Table I. Titer of Free and Conjugated Ecdysteroids of Ovaries and
Eggs at Various Developmental Stages of the Tobacco Hornworm (20)

Free Conjugated
Ecdysteroids Ecdysteroids
ug/g fresh ug/g fresh
e weight* weight*+

Ovaries” ™ from 93-hour-old

AduTt Females

Ecdysone not detected 0.58

26 -Hydroxyecdysone not detected 20.20
0- to 1-hour-old Eggs**

Ecdysone not detected 0.73

26 -Hydroxyecdysone 0.96 21.00
1- to 18-hour-old Eggs*+

Ecdysone 0.38 0.22

26 -Hydroxyecdysone 13.40 7.80
48- to 64-hour-old Eggs**

Ecdysone 0.02 not detected

26-Hydroxyecdysone 6.90 6.0

“Determined by RP-HPLC
Expressed as Free Ecdysteroids Recovered After Enzymatic
*Hydro1ysis of Conjugates
**Tissues Stored in MeOH AT -20°C
++Tissues Stored at -20°C

immediately placed and stored all biological material in methanol at
-20°C (Table II). Previously, this was done only with ovaries and
0- to 1l-hour-old eggs. Older eggs were routinely placed in glass
bottles and kept at -20°C until work-up. Perhaps certain
phosphatases of these eggs were activated by the lowering of the
temperature and subsequent hydrolysis of the ecdysteroid conjugates
caused an accumulation of free ecdysteroids. There could also have
been a sudden burst of enzyme activity at a critical temperature
during cooling of the eggs to -20°C. Undoubtedly, the low
temperature destroyed the normal embryonic developmental processes,
but did not eliminate this hydrolytic activity. Efforts are in
progress to determine the exact conditions that cause the
hydrolysis. We are also accumulating large quantities of eggs (1-
to 18-hour-old), stored in methanol, from which the free (if any)
and conjugated ecdysteroids will be isolated. The conjugates will
then be enzymatically hydrolyzed to determine if the six
ecdysteroids previously identified in 4- to 18-hour-old eggs (12)
are indeed the natural ecdysteroids of this age group.

Our results of analyses of ecdysteroids of ovaries in both
studies (12,20) agree in that no free ecdysteroids were detected
although improvements in the method of analyses of ecdysteroid
conjugates could account for the greater amount of the
26-hydroxyecdysone conjugate (31 ug/qg of ovaries) (Table II) being
found in the radiolabeled study compared to 20 ug/g found previously
(20)(Table I). We would advise that every effort be made to destroy
or eliminate any potential for initiation or continuation of enzyme
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Table II. Titer of Free and Conjugated Ecdysteroids of Ovaries

and Eggs at Various Developmental Stages of the Tobacco Hornworm™

Free Conjugated
Ecdysteroids Ecdysteroids
ug/g fresh ug/g fresh
. weightst weights+
Ovaries = from 93-hour-old
Aduit remales
ecdysone not detected trace
26 -Hydroxyecdysone not detected 31
48- to 64-hour-old Eggs**
Ecdysone not detected trace
26-Hydroxyecdysone not detected 25
72- to 88-hour-old-Eggs**
Ecdysone not detected trace
26-Hydroxyecdysone not detected 17

*14C_Cholesterol Injected Into Pupae (Day 16)
- Determined by RP-HPLC
Tissues Stored in MeOH at -20°

action before storing any biological material. This is very
important if analytical results or final conclusions derived from
such material are to be considered valid. On the other hand, if
eggs initially had been stored in methanol at -20°C, the discovery
of 26-hydroxyecdysone in M. sexta eggs (17) would have at least been
delayed. —

Unlike conjugates in eggs of other insect species, the
conjugates in eggs of the THW contain, primarily, 26-hydroxyecdysone
(Tables I and II). This enhanced the isolation and identification of
the major conjugate of eggs of the THW. For this work we used 48-
to 64-hour-old eggs that had been stored frozen at -20°C although
this age group of eggs contained only about 6 pg of the
26-hydroxyecdysone conjugate per gram of eggs (Table I).
Approximately 750 ug of a chromatographically pure conjugate was
isolated from 120 g of 48- to 64-hour-old eggs (11). Enzymatic
hydrolysis of the conjugate with acid phosphatase from human seminal
fluid gave 26-hydroxyecdysone. The conjugate was identified as
26-hydroxyecdysone 26-phosphate (Fig. 1) by NMR and fast atom
bombardment mass spectrometry. The compound is also the major
conjugate of newly-laid eggs (0- to l-hour-old)}. Thus, large
quantities of this conjugate are readily available from a relatively
small quantity of 1- to 18-hour-old THW eggs (25 to 31 pg/g of eggs)
providing that when they are collected they are immediately stored
in methanol at -20°C until work-up (Table II). This age group of
eggs is easily collected and accumulated.

Though the ratio of 26-hydroxyecdysone to other ecdysteroids in
eggs and ovaries of the THW can be as high as 20:1 (20), it was not
ant1c1pated that the C-26 hydroxyl would be the only position
involved in conjugate formation. In a study in which the conjugate
was labeled, RP-HPLC and radioassay analyses showed a radioactive
peak preceding the peak of 26-hydroxyecdysone 26-phosphate. This
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peak was also present in the chromatogram of eggs from which we
isolated 26-hydroxyecdysone 26-phosphate (11). We have now
accumulated enough of this material to determine whether it is a
phosphate conjugate of ecdysone or 26-hydroxyecdysone and the
position of conjugation.

It has been surmised that formation of conjugates allows for
storage of large quantities of ecdysteroids in insect eggs to be
subsequently released during a developmental stage (i.e.
embryogenesis) incapable of steroid uptake and/or conversion
(21-24). Our results with eggs stored in methanol at -20°C (Table
IT) suggest that controlled release of free ecdysteroids in M. sexta
eggs is more limited than previously thought (20). Certainly no
significant amounts of free ecdysteroids could be detected. In
fact, RP-HPLC and radioassay analyses of the ecdysteroid conjugate
fraction of 72- to 88-hour-old eggs show the presence of additional
and substantial quantities of more polar conjugates (12).

Presently, the fate of 26-hydroxyecdysone 26-phosphate in THW eggs
will have to await the identification of these more polar
conjugates.

Our isolation of ecdysone, 20-hydroxyecdysone,
20,26~dihydroxyecdysone, 3-epi-20,26-dihydroxyecdysone, and
26-hydroxyecdysone from THW eggs led us to suggest that there were
at least two biosynthetic pathways for ecdysteroids during embryonic
development of the hornworm: the pathway through 26-hydroxyecdysone
as the principal route and the formation of 20-hydroxyecdysone as a
minor pathway, with ecdysone serving as an intermediate in both
pathways (17). There still is no direct evidence that ecdysone
serves as a prscursor for 26-hydroxyecdysone. In fact, following
injection of [°Hl]ecdysone into female pupae (day 16), there was no
incorporation of radioactivity into ovaries or eggs (12). On the
other hand [14C]cholesterol was readily incorporated and
metabo]izeg to 26-[14CIhydroxyecdysone 26-phosphate (12).

Perhaps, [“H]ecdysone should be injected in tobacco hornworms at

an earlier stage of the life cycle (5th instar) to determine whether
it is incorporated and metabolized to 26-hydroxyecdysone, the major
ecdysteroid of ovaries and eggs of Manduca.

The ecdysteroid composition of eggs indicates that there are at
least two ecdysteroid conjugates present in ovaries and O- to
1-hour-old eggs and several in older eggs (72- to 88-hour-old) and
very little if any free ecdysteroids (_1_2). 26-Hydroxyecdysone
26-phosphate is the major conjugate of ovaries and is by far the
predominant conjugate throughout embryogenesis. Thus, our present
knowledge of no known intermediates in the incorporation of
[14C]cholesterol into the ovarian ecdysteroids in Manduca can
only be expressed as shown in [3]:

[14CIcholesterol--> --> - - 26-[14CInydroxyecdysone
26-phosphate [3]

Though 26-hydroxyecdysone is without molting hormone activity
in the house fly assay, the exceptionally high concentration of
26-hydroxyecdysone conjugate in ovaries and eggs, together with the
assumption that it is uniikely that ovaries and eggs only serve as a
depository of waste for inactivated ecdysteroids, certainly indicate
some physiological role for 26-hydroxyecdysone.
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Conclusions

The isolation and identification of free ecdysteroids from Manduca
and insects in general has not been too difficult, because we had
partition systems that effectively separated free ecdysteroids from
their impurities. For example, from processing 130 g of pupae, the
ecdysteroids which partition into the butanol phase are now present
in only 413 mg of residue (Fig. 3). This material could be further
purified by column and thin-layer chromatography and countercurrent
distribution. On the other hand, the ecdysteroid conjugates are
present in 3.74 g of residue that is water-soluble which presents
additional obstacles to further purification. The nature of the
conjugation or the impurities present quite often prevented
successful column or thin-layer chromatography of the conjugates.
More recently, however, a method was described for the separation of
free and conjugated ecdysteroids and the isolation of ecdysteroid
conjugates (21?

We have now successfully employed Amberlite XAD-2 (11) and
XAD-16 resin in the purification of our conjugates. After applying
the 3.74 g of residue from the aqueous phase to the XAD-16 column
better than 92% of the impurities were removed from the column with
water (Fig. 3) and the partially purified conjugates were eluted
with ethanol. The Cjg SEP-PAK fractionation removed additional
impurities. Final purification can now be achieved by ion
suppression RP-HPLC followed by desalting on SEP-PAK.

Thus, with the present-day instrumentation and techniques we
are now routinely able to isolate and identif{ both free and
conjugated ecdysteroids. The conversion of [ 4cJcholesterol to
labeled free and conjugated ecdysteroids in Manduca during various
developmental stages further enhances our capabilities for
determining the fate of ecdysteroids in Manduca at any developmental
stage. Tremendous progress is being made in following the fate of
ecdysteroids in Manduca eggs during embryogenesis. The mixture of
ecdysteroid conjugates of Manduca pupae at peak titer (Fig. 4) also
awaits identification. We are now in a position to investigate the
interrelationship between free and conjugated ecdysteroids.

Certainly, the continued identification of free and conjugated
ecdysteroids at various developmental stages will enhance our
understanding of the physiological control of ecdysteroids in
Manduca and insects in general as well as our knowledge and
understanding of the various enzymes involved. With each stage of
insect development representing a possible target for selective
disruption of steroid metabolizing pathways, inhibitors of these
pathways (molting hormone metabolism) offer potential means of
insect control. It is also possible that one could develop insect
resistant crops by introducing the capability of producing certain
of the insect inhibitors in the plant.
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Chapter 13

Metabolism and Function of Sterols in Nematodes

David J. Chitwood, Ruben Lozano, William R. Lusby, Malcolm J. Thompson, and
James A. Svoboda

Insect Physiology Laboratory, Agricultural Research Service, U.S. Department of
Agriculture, Beltsville, MD 20705

Current knowledge of sterol biochemistry and
physiology in nematodes is reviewed. Nematodes
possess a nutritional requirement for sterol because
they lack the capacity for de novo sterol
biosynthesis. The free-1iving nematode Caenorhabditis
elegans has recently been used as a model organism for
investigation of nematode sterol metabolism. C.
elegans is capable of removal of the C-24 alkyT
substituent of plant sterols such as sitosterol and
also possesses the remarkable ability to attach a
methyl group at C-4 on the sterol nucleus. An
azasteroid and several long-chain alkyl amines disrupt
the phytosterol dealkylation pathway in C. elegans by
inhibiting its a24-sterol reductase. These

compounds inhibit growth and reproduction in certain
parasitic nematodes and provide model compounds for
development of novel nematode control agents.

Nematodes are nonsegmented roundworms which include several diverse
groups. Free-living nematodes include microscopic soil-dwelling or
aquatic species that feed on microorganisms and dead organic matter.
Of greater economic importance in the soil are plant-parasitic
nematodes, which cause an estimated annual loss of six billion
dollars to American agriculture (1). Because of their frequently
larger size as well as their threat to human health,
animal-parasitic nematodes are more familiar to the general public
and include ascarids, hookworms, pinworms, the dog heartworm, and
the causal agents of trichinosis, elephantiasis, and river
blindness. Readers with further curiosity about the 1ife history or
biology of nematodes are referred to recent monographs by Poinar (2)
and Maggenti (3).

The present difficulty in routine culture of parasitic
nematodes through their entire 1ife cycles away from their plant or
animal hosts has severely hindered investigations of their
biochemistry and physiology. Consequently, most studies of sterol
nutrition and metabolism in nematodes have necessarily involved the
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use of free-living genera such as Caenorhabditis, Turbatrix and
Panagrellus. These can be easily propagated upon bacteria or in
sterile Tiquid media containing semidefined components such as yeast
extract and soy peptone or, with greater difficulty, in chemically
defined liquid media.

Historically, parasitic nematodes have been difficult to
control for several reasons, including the resistance of the
nematode cuticle to penetration by potential nematicides, the
resistance of the soil to the migration of nematicides applied to
it, the high mammalian toxicity of many anthelmintics, and the
general similarity of the metabolic pathways found in these
parasites and their hosts. However, the existence of key
differences in sterol metabolism between nematodes and their animal
or plant hosts have presented the possibility that nematode sterol
metabolism could be selectively inhibited. Moreover, the likely
function of nematode steroids in the hormonal regulation of
important life processes such as molting and reproduction together
with the potential benefit of selectively disrupting these life
processes have provided further impetus for the recent
intensification of research efforts in the area of nematode steroid
biochemistry.

Nutritional Requirement for Sterol in Nematodes

Interest in nematode sterol metabolism was stimulated by the
discovery that the DD-136 strain of Steinernema feltiae, an insect
associate, would not grow and reproduce upon bacterial cultures
unless a sterol was present (4). Several compounds were capable of
satisfying this nutritional requirement, including cholesterol,
cholestanol, sitosterol, stigmastanol, 22-dihydrobrassicasterol,
cholest-4-en-3-one, 7-dehydrocholesterol, and lathosterol. Growth
and reproduction did not occur in cultures supplemented with
stigmasterol or ergosterol, two sterols containing A22-bonds.
Hieb and Rothstein (5) demonstrated a similar requirement in
Caenorhabditis propagated upon the bacterium Escherichia coli;
addition of cholesterol, 7-dehydrocholesterol, ergosterol,
stigmasterol or sitosterol resulted in excellent growth and
reproduction. Turbatrix aceti reproduced successfully upon Bacillus
subtilis supplemented with cholesterol, cholestanol, desmosterol,
Tathosterol, 7-dehydrocholesterol, 25-norcholesterol,
cholest-4-en-3-one, cholest-5-en-3-one, campesterol,
24-methylenecholesterol, stigmasterol, sitosterol, or fucosterol;
two sterols with a cis-A/B ring configuration, coprostanol and
coprost-7-enol, were not utilized (6). In other experiments,
squalene or lanosterol increased T. aceti and Caenorhabditis
populations in chemically defined media supplemented with casamino
acids and myoglobin or cytochrome ¢ (7). Similarly, some population
increase occurred in cultures of the snail associate Rhabditis
maupasi in chemically defined media containing lanosterol, although
the reproductive rate was greater in cholesterol or
ergosterol-supplemented cultures (8).

Difficulties in interpretation of the results of some of these
nutritional experiments are a consequence of possible sterol
contaminants in media ingredients, possible impurities in the added
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sterols, possible bacterial metabolism of the supplemented sterols,
or the potential ability of many sterols to substitute for
cholesterol in a structural role and free small quantities of
endogenous cholesterol in such cultural systems for use as a
specific precursor of steroid hormones or other metabolites by a
“sparing" process, as can occur in many insects (9). In order to
minimize these effects, we have propagated Caenorhabditis elegans in
a chemically defined axenic culture (CbMM, T0) suppTemented with
chloroform/methanol (2:1, v/v)-extracted bovine hemoglobin and
various highly purified steroids at 6 ug/ml (unpublished).

Nematodes were initially transferred to a sterol-deficient medium,
incubated two weeks, and then transferred to media supplemented with
the appropriate steroid. Two subcultures were performed at two-week
intervals to greatly minimize the amount of residual sterol. At the
conclusion of these experiments, thriving populations were present
in cultures supplemented with cholesterol, lathosterol, desmosterol,
7-dehydrocholesterol, campesterol, ergosterol, sitosterol,
stigmasterol, stigmastanol, isofucosterol and cholesteryl acetate.
Interestingly, 29-fluorostigmasterol, a compound which is toxic to
the insect Manduca sexta by virtue of the generation of
fluoroacetate during C-24 dealkylation (11) satisfied the sterol
nutritional requirement in these experiments. (Toxicity did appear
at concentrations of 50 ug/ml.) In the same experiments,
reproduction and movement eventually ceased in media containing
coprost-7-enol, 4a-methylcholest-8(14)-enol, lanosterol,
22,23-dihydroxysitosterol, progesterone, ecdysone, or
20-hydroxyecdysone. Although additional steroids should be
investigated in this sterile, highly defined system before
conclusions can be drawn, apparently, 4a-methyl-, 4,4-dimethyl-,
heavily hydroxylated, or cis-A/B sterols cannot satisfy the sterol
nutritional requirement in C. elegans in continuous culture.

Among parasitic nematodes, a sterol requirement has been
investigated in only Nippostrongylus brasiliensis, a rat parasite
whose eggs will develop into third-stage, infective larvae in a
culture medium containing formalin-killed E. coli and cholesterol,
7-dehydrocholesterol, ergosterol, sitosterol, stigmasterol,
lanosterol, or cholestane, but not coprostanol or coprostanone (12).
In addition, in vitro development of third-stage juveniles of -
Ascaris to fourth-stage juveniles and the size of the resultant
%ggini1es are markedly increased by the addition of cholesterol

Lack of De Novo Sterol Biosynthesis in Nematodes. The dietary
requirement for sterol results from the Tack of de novo sterol
biosynthesis in nematodes. Species in which radiolabeTed acetate or
mevalonate are not converted to radiolabeled sterol include T. aceti
(14, l%), Caenorhabditis (15) and the animal pargsites Ascaris 167,
DirofiTaria immitis (17), and Brugia pahangi (17). On occasion,
radioTabeTed sterols Tdentified by th;n-layer chromatography have
been detected from nematodes incubated with radiolabeled acetate; in
the lone case in which such compounds were further characterized by
gas-1iquid chromatography, the radiolabeled components possessed
retention times much earlier than cholesterol (16).

It is not known which enzymes in the typical de novo
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biosynthetic pathway are absent in nematodes. Nutritional
investigation revealed that in T. aceti and Caenorhabditis the block
occurs subsequent to farnesol (7). Panagrellus redivivus was
reported to possess the interesting ability to convert tritiated
2,3-oxidosqualene to lanosterol; tritiated C7 sterols were not
detected (18). Experiments with additional radiolabeled precursors
are necessary to further investigate this interesting subject.

Sterol Composition of Parasitic Nematodes

Because of the previously described problems in culture of parasitic
nematodes, investigation of sterol metabolism in these organisms has
been largely limited to comparison of the sterol compositions of
host and parasite. For example, lathosterol and cholesterol were
the major sterols of N. carpocapsae DD-136 propagated in wax moth
larvae, organisms that contained cholesterol as their principal
sterol. Radiolabeled cholesterol injected into host larvae was
recovered as radiolabeled lathosterol and cholesterol in the
nematode (19).

Not unéxpectedly, cholesterol is the major sterol of the few
vertebrate-parasitic nematodes examined thus far (16, 20, 21).
Fleming and Fetterer (22) have demonstrated recentTy via occlusion
of the digestive tract, continuous perfusion of the pseudocoelom and
collection of perienteric fluid from Ascaris incubated in the
presence of tritiated cholesterol that Transcuticular and
transmuscular transport is the primary means of short-term
cholesterol absorption. The intestine of this animal selectively
absorbs cholesterol at about twice the rate of sitosterol (23).
Absorption of phytosterols is undoubtedly responsible for the
frequent occurrence of substantial quantities of these 24-methyl or
24-ethyl substituted compounds in many parasitic nematodes,
including digestive-tract parasites whose host diets can include
substantial quantities of phytosterols. Because all of the
phytoparasitic nematodes examined thus far contain substantially
greater relative proportions of cholesterol and/or lathosterol than
their hosts (24-27) and because most (but not all) phytophagous
insects (28) as well as certain free-l1iving nematodes (subsequently
described] are capable of converting phytosterols to cholesterol via
a C-24 dealkylation process, it has been speculated that
plant-parasitic nematodes are capable of a similar dealkylation (24,
25, 27). Obviously, experiments with radiolabeled 24-alkylsterols
are needed to conclusively establish whether the existence of
cholesterol or other 24-desalkylsterols in phytoparasitic nematodes
is due to dealkylation rather than some selective uptake mechanism,
as in some_insects (29, 30). Ascaris adults did not convert
injected [14C]sitostérol To any other sterol (16); it is
unknown if the C-24 dealkylation pathway is similarly not functional
in other stages of this intestinal parasite or in other
animal-parasitic nematodes.

Metabolism of Sterols in Free-living Nematodes

Definitive evidence for existence of dealkylation and other
metabolic pathways in nematodes has been obtained through extensive
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experimentation with axenically propagated free-living nematodes.
Cole and Krusberg (14) conc]usive1§ demonstrated C-24 dealkylation
in T. aceti by its conversion of [°H]sitosterol to tritiated
choTesterol and 7-dehydrocholesterol. More recently, our laboratory
has undertaken a comprehensive investigation of the metabolism of
eight different sterols by C. elegans in sterile, semidefined 1iquid
media containing chloroform/methanoT-extracted ingredients (31-35).
Dietary desmosterol, sitosterol and stigmasterol were radiolabeled;
when possible to measure, all sterols recovered from C. elegans in
such experiments contained approximately the same specific activity
as the original supplemented sterol and hence were true metabolites
of the dietary sterol and not trace media contaminants or the
products of de novo synthesis. These experiments have demonstrated
that C. elegans performs several different gtero] metabolic
processes, including C-7 dehydr??enation, A°-reduction,
4a-methylation, A’-stero] to A8 4)_sterol isomerization,

C-24 dealkylation, and A22-reduction.

Initial experiments with supplemented cholesterol demonstrated
that C. elegans can gntroduce a double bond at C-7 and, to a lesser
extent, reduce the A>-bond of the resulting A5, 7-diene, as
7-dehydrocholesterol and lathosterol were major and minor
metabolites (Table I). Unexpectedly, we detected substantial
quantities of two different 4a-methylsterols in C. elegans fed
cholesterol, and the steryl ester fraction was especiaily rich in
these compounds. Because 4a-methylsterols are generally regarded as
intermediates between lanosterol (or cycloartenol) and cholesterol
in organisms with de novo sterol biosynthetic capability, our
initial reaction was that these compounds were endogenous media
contaminants. However, attempts to isolate them from incubated,
nematode-free media failed. Subsequent experiments with
[14CJdesmosterol and [14C]sitosterol revealed that the
4a-methylcholest-8(14)-enol and 4a-methylcholest-7-enol contained
approximately the same specific activity as the original dietary
sterol and were produced by a direct nuclear methylation pathway.
The biosynthesis of 4-methylsterols from methylation of a
4-desmethylsterol precursor has not been suggested to occur in any
other organism.

The nuclear methylation pathway is not unique to C. elegans.

We have recently discovered similar but not identical pathways in T.
aceti and P. redivivus (Chitwood et al., unpublished). Cysts of ~
Heterodera zeae did not contain 4-methylsterols (27), but possibly
other Tife Stages of H. zeae or other parasitic nematodes may
contain 4-methylsterols.

Experiments with sitosterol-supplemented media demonstrated the
C-24 dealkylation of a 24a-ethylsterol by C. elegans (Table I). The
ability of this nematode to produce 24-desalkylsterol metabolites
from campesterol, 22-dihydrobrassicasterol, 24-methylenecholesterol,
stigmasterol and stigmastanol (Table I) indicates that 24a-methyl,
24g-methyl, and 24-methylene substituents are effectively removed
and that C-24 a-ethyl group_removal is not dependent upon lack of a
A22-bond or presence of a AS-bond. However, the fact that
substantially larger quantities of campesterol remained
unmetabolized in C. elegans, as compared to the other five
phytosterols, indicates either that substrate specificity for the
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C-24 dealkylation enzyme system occurs or that different enzymes are
utilized for different substrates (34).

Several other interesting observations were noted during our
comparative investigations (Tablg I). For example, stigmastanol-fed
C. elegans did not contain any A>- or AS5,7-sterols;
therefore, it is 1ikely that this nematode lacks a
AY-dehydrogenase. Although nuclear modification of dietary
24-ethylsterols did not occur prior to dealkylation, the nucleus of
dietary 24-methylsterols was directly metabolized to a surprisingly
large degree, resulting in production of significant quantities of
24-methylcholesta-5,7-dienol, 24-methylcholest-7-enol, and
4a,24-dimethylcholest-8(14)-enol. Apparently, the nuclear
modification enzymes have little affinity for 24-ethylsterols but
might indeed bind to sterols with a less bulky 24-methyl group.
Alternatively, separate enzymes for nuclear metabolism of
24-methylsterols and 24-desmethylsterols could exist concurrently.

Rothstein (15) originally demonstrated the esterification of
[14C]cholesterol By Caenorhabditis and T. aceti. In our
investigations, esterified sterols comprised from 7.3% to 21.3% of
the total sterol from C. elegans and were radiolabeled when
radiolabeled dietary sfér5T§gWEFé employed (32, 34). Steryl ester
fractions consistently contained larger proportions of
4a-methylsterols than free sterol fractions. Speculative
explanations for the abundance of 4a-methylsteryl esters include an
esterification requirement for 4a-methylsterol synthesis or
transport or a specific hormonal, pheromonal or other physiologic
role for a 4a-methylsteryl ester or metabolite.

Inhibition of Sterol Metabolism in Nematodes

Like nematodes, insects nutritionally require sterol because they
lack the capacity for de novo sterol biosynthesis (9). Many
azasteroids and nonsteroidal alkylamines and amides interfere with
steroid metabolism, growth and development in insects and have
provided model compounds for development of novel agents for insect
control (36). Consequently, several investigators have evaluated
these as well as related compounds for toxicity or growth-inhibitory
activity towards various nematodes, Cole and Krusberg (14)
demonstrated the accumulation of [3H]-desmgster01 in T. aceti
sterilely propagated in media containing [°H]-sitosterol and
triparanol succinate, a vertebrate hypocholesterolemic agent by
virtue of its inhibition of A2%-sterol reductase, an enzyme
that converts desmosterol to cholesterol. Feldmesser et al. (37)
demonstrated the toxicity of many different N-substituted long=chain
(C11 to C15) alkyl amines and amides to P. redivivus and
the root-knot nematode Meloidogyne incognita; 100% Tethality
occurred at concentrations of g-IU ug/ml. Other related amines
possessed in vitro toxicity against the pinewood nematode,
Bursaphelenchus xylophilus (38). Douvres et al. (39) found toxicity
of many of these alkyTamines and amides to be as low as 1.0 to 2.5
ug/ml in vitro against the cattle stomach worm Ostertagia
ostertagi.

Less is known about the effects of azasteroids upon nematodes
because of their undesirable resemblance to human steroids as well
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Table I. Relative percentages of sterols in free sterol (FS) and steryl ester
sterols

Cholesterol Desmosterol Campesterol

Recovered sterol FS SE FS SE FS SE
Cholesterol 52.3 41.2 26.9 18.7 3.9 3.7
7-Dehydrocholesterol 40.5 26.7 31.2 39.0 29.4 10.9
Lathosterol 3.6 5.7 1.7 1.4 3.7 1.8
Cholesta-5,7,9(11)-trienol 1.4 1.5 1.4 1.4 1.9 -
Cholest-8(14)-~enol - - - - - -
Cholestanol - - - - - -
Desmosterol - - 32.3 22.8
Cholesta-5,7,24-trienol - - 2.4 4.5 - -
Campesterol - - - - 35.8 53.3
Dihydrobrassicasterol - - - - - -
24-Methylenecholesterol - - - 3.1 3.7
24-Methylcholesta-5,7-dienol - - 14.1 12.9
24-Methylcholest-7-enol - - - - 0.6 1.1
24-Methylenecholesta-5, 7-dienol - - - - 1.3 -
24-Methylcholesta-5,7,9(11)-trienol - - - - 1.0 0.3
Sitosterol - - - - - -
Stigmasterol - - - -

Stigmastanol - - - - -
Fucosterol - - - -
4a-Methylcholest-8(14)~enol 2.1 23.4 3.8 10.6 3.6 9.7
4a-Methylcholest-7-enol 0.1 1.3 0.3 1.6 0.2 0.2
4a,24-Dimethylcholest-8(14)-enol - - - 0.7 1.4
4a,24-Dimethylcholestanol - 0.4 0.8

dContained 1.5% campesterol.
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(SE) fractions from Caenorhabditis elegans propagated with different dietary

Supplemented sterol
Dihydro- 24-Methylene-
brassicasterol cholesterol Sitosterol? Stigmasterol  Stigmastanol
FS SE FS SE FS SE FS SE FS SE
5.1 8.5 8.6 12.2 6.7 9.3 8.6 11.3 - -
45.0 21.5 49.6 43.8 66.5 30.5 55.6 26.5 - -
3.5 1.6 5.0 2.5 4.4 3.6 3.9 9.4 68.3 28.6
6.5 3.4 2.1 2.5 0.8 0.3 5.8 2.4 - -
- - - - - - - - 3.7 6.4
- - - - - - - - 3.8 5.6
- - - 0.6 - - - - - -
- - - - 0.7 1.3 - - - -
24.2 31.7 - - - - - - - -
1.3 8.8 31.0 16.5 - - - - - -
5.4 7.1 - - - - - - - -
0.2 - - - - - - - - -
0.3 - 2.5 6.3 - - - - - -
1.1 1.3 - - - - - - - -
- - - - 16.0  30.3 - - -
- - - - - - 20.5 21.9 - -
- - - - - - - 14.2  30.1
- - - - 0.1 0.1 - - - -
6.7 14.7 1.1 14.9 4.2 23.3 5.4 27.5 9.3 27.0
0.3 0.6 0.1 0.7 0.7 1.4 0.2 1.0 0.7 2.3
0.3 0.4 - - - - - -
0.1 0.4 - - - -
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as their complex structure and resultant expensive chemical
synthesis. The azasteroid 25-azacoprostane strongly inhibited
reproduction in C. elegans (32) and in vitro development of
first-stage to third-stage juveniles of N. brasiliensis and the
mouse parasite Nematospiroides dubius (40). Specific biological
effects in nematodes of many alkylamines and alkylamides were
described in detail in 0. ostertagi, where effects included reduced
survival, decreased moti1ity or induced paralysis, delayed
development, lowered yields of advanced stages, delayed or blocked
or incompleted third or fourth molt, and decreased or nonexistent
egg production (39). A similar paralysis and inhibition of motility
and reproduction occurred in C. elegans treated with various
alkylamines (33) or 25-azacoprostane {32). The latter compound or
25-azacholestane induced N. brasiliensis juveniles to develop
morphological abnormalities observed in juveniles cultured in
sterol-deficient media, including degeneration of intestinal cells,
abnormal dispersion of 1ipid globules, and small length (40).

Effects of inhibitors on sterol metabolic pathways in C. elegans.
The most specific effects on nematodes of the azasteroids, amines
and amides have been obtained through our investigations of C.
elegans propagated in media supplemented with one of several™
different inhibitors (31, 32, 33, 35). Our results have
demonstrated that these inhibitors can act at several different
metabolic sites; moreover, the accumulation of many previously
undetected sterols has led to the discovery of several key
intermediates in the sterol metabolic pathways of this organism
(Figure 1).

Initially, C. elegans was propagated in media supplemented with
5.0 pg/ml 25-azacoprostane hydrochloride, a concentration previously
shown to decrease reproductive rate in C. elegans by about 50%.
Excluding dietary sitosterol, nearly 96% of the sterols from such
organisms were A2%_sterols normally present in no more than
trace quantities: cholesta-5,7,24-trienol, desmosterol,
cholesta-7,24-dienol, and fucosterol (Table II). The abundance of
these compounds indicated that the azasteroid significantly
inhibited A2%-sterol reductase in C. elegans and that
A24_sterols are major intermediates im the T. elegans pathway
fgr sitosterol dealkylation. In addition, the predominance of
A’ -4a-methylsterols revealed that the azasteroid inhibits the
isomerase that converts A’- to a8(14)_4a-methylsterols.

Four nonsteroidal dimethylamines similarly inhibited the
A24_sterol reductase in sitosterol-fed C. elegans, but to a
lesser extent (Table II). Among these compounds, maximal inhibition
occurred upon addition of N,N,3,7,11-pentamethy?dodecanamine,
followed by N,N-dimethyldodecanamine, N,N-dimethyltetradecanamine,
and N,N-dimethylhexadecanamine. Although inhibitory to growth and
reproduction in C. elegans, the corresponding Cj2 dimethylamide
possessed 1itt1e_éfTEE%'Eﬁ sitosterol (Table II} or stigmasterol
(Table III) metabolism; perhaps substitution of an amide group for
the amine group destroyed the ability of the inhibitor to
competitively bind to the C. elegans A24_sterol reductase. The
branched-chain alkylamine resufted in an accumulation of
unmetabolized dietary sitosterol, possibly because its greater

In Ecology and Metabolism of Plant Lipids; Fuller, G., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



209

Sterols in Nematodes

13. CHITWOOD ET AL.

-sdols uaaouadun 3nq a|qLssod juasaudad saui| pajjog -sueba|o
S} Lpqeydoude) uL wspjoqejauw |o433s Jo sAemyjed uofey 7 aunbir4

TON3-(¥1)8-1S3T0HO
=TAHL3NWIa-v2' DY

/

JONVLS3ITOHO

=TAHL3NIC-Ve'DY
N

AN

S~

TON3-2-LSITOHITAHLIN-+2
|

TON3I0-2'S-V1SITOHD
=TAHL3N-¥C

TON3-(¥1)8-1LS3TOHOTAHLIN-PY

)

TON3-2-1SITOHOTAHLIN- DY

)

\ T0H3LSOHLVYT

I0H31S3T0HOOHOAHIA-2 ~+——— TON3Ia-¥2'L-V1SITOHD

\ 0H3LS3TOHO

TON3IYL TON3VH13L
-¥2'L'S-V1SITOHO ~——— -$2'22'L'S-V1S3TOHO

TON3IQ-2'S-V1S3TOHD

=3NITAHLIN-VC +
\ JON3IHL
__— I0H3LSONSIQ ~— ~$2'22'G-V1SITOHD
/ _— +
OH3LSITOHOINITAHLIN-PZ q
* TON3IYL
70431s00N4 -(82)¥2'22'S-VLSVNOILLS

!

T0H3LSITOHDTAHLIN-VC 70Y31SOlls TOYILSVWOILS

TON3~(¥1)8-1S3TOHD

)

JONVL1S3TOHD

JTONVLISVAOILS



210

ECOLOGY AND METABOLISM OF PLANT LIPIDS

Table II. Relative percentages of total sterols from Caenorhabditis

metabolic inhibitors.

Dietary sitosterol contained 1.5% campesterol.

¢25-azaco-

prostane Ci2
Recovered sterol None « HC1 amine?

(5 pg/ml) (25 ug/ml)
Cholesterol 8.1 0.4 9.0
7-Dehydrocholesterol 56.4 1.2 23.1
Lathosterol 5.5 0.2 7.7
Cholesta-5,7,9(11)-trienol 2.0 0.1 0.7
Desmosterol - 9.0 4.7
Cholesta-5,7,24-trienol - 44.5 14.8
Cholesta-7,24-dienol - 2.1 1.2
Cholesta-5,7,9(11),24-tetraenol - 1.2 1.4
Cholesta-8,24~dienol - 0.1 0.1
Campesterol 0.6 0.9 1.5
Fucosterol 0.1 2.3 0.4
Sitosterol 18.2 29.8 19.6
4a-Methylcholest~8(14)-enol 8.6 0.2 4.1
4a-Methylcholest-7-enol 0.5 0.5 2.9
4a-Methylcholesta-8(14),24-dienol - 2.5 2.2
4a-Methylcholesta-7,24-dienol - 3.1 1.7
Others - 1.9 4.9
Total A24-sterols 0.1 64.8 26.5
Total 24-alkylsterols 18.9 33.0 21.5
gN,N-Dimethy1dodecanamine

N,N-Dimethyltetradecanamine
CN,N-Dimethylhexadecanamine

d

N,N-Dimethyldodecanamide

N,N-Dimethy1-3,7,11-trimethyldodecanamine
Trans-1,4-bis(2-chlorobenzylaminomethyl)cyclohexane dihydrochloride
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elegans propagated with 25 pug/ml sitosterol and various

branched
Ci1a C C1 c
amineP am%gec amiged am%%ee AY-9944f
(25 ug/m1) (25 mg/m1) (35 pg/ml) (25 pg/ml) (50 pg/ml)
9.3 8.5 - 9.0 2.6 6.8
33.7 29.0 47.0 3.7 71.1
6.1 7.2 6.0 2.0 4.6
3.8 11.0 6.4 0.5 0.6
- 0.8 - 11.8 -
9.7 2.4 - 7.4 -
1.2 1.1 - 6.9 -
1.6 - - - -
- - - 3.3 -
1.3 2.2 1.0 3.6 0.6
2.7 1.7 1.1 3.8 0.2
16.8 20.0 20.1 35.7 10.2
5.3 11.4 6.7 2.8 1.9
2.6 2.9 0.7 2.1 3.1
1.0 1.4 - 9.1
0.9 0.4 - 4.5 -
4.0 - 2.0 0.2 0.9
17.1 7.8 1.1 46.8 0.2
20.8 23.9 22.2 43.1 11.0
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resemblance to the side chain of sitosterol than the straight-chain
amines results in competition with sitosterol for binding to the
C-24(28) dehydrogenase.

Table III. Relative percentages of total sterols from
Caenorhabditis elegans propagated with 25 ug/ml stigmasterol either
alone or suppTemented with 25 pg/ml N,N-dimethyldodecanamine or
35 ug/ml N,N-dimethyldodecanamide

Suppfemented Inhibitor

Recovered sterol None C12 amine Cj12 amide
Cholesterol 9.1 3.7 10.9
7-Dehydrocholesterol 50.6 23.3 47.2
Lathosterol 4.8 4.4 7.3
Cholesta-5,7,9(11)-trienol 5.2 5.6 5.3
Desmosterol - 4.2 -
Cholesta-5,7,24-trienol - 14.8 -
Cholesta-5,7,9(11),24-tetraenol 3.2 -
Cholesta-5,22E, 24-trienol - 3.0 -
Cholesta-5,7,22E, 24-tetraenol - 4.1 -
Cholesta-5,7,9(11),22E,24-pentaeno]l - 0.6 -
Stigmasta-5,22E, 24(28)-trienol 0.9 0.4
Stigmasterol 20.8 17.8 18.9
4a-Methylcholest-8(14)-enol 9.2 5.0 8.7
4a-Methylcholest-7-enol 0.3 1.7 0.5
4a-Methylcholesta-8(14),24-dienol - 1.8 -
4a-Methylcholesta-7,24-dienol - 0.9 -
Other sterols (unidentified) - 3.0 0.8

In stigmasterol-supplemented cultures (Table III),
N N d1meth§1dodecanam1ne caused the accumulation of a number of

and 422,24_sterols, including the
A22 24-ana]ogue of fucosterol: stigmasta-5,22E,24(28)-trienol.
Presence of _this compound and lack of detection of fucosterol and
45,220, A5,7,22., or a7,22-dealkylated sterols
1nd1cates that A22-reduction (F1gure 1) probably occurs prior
to a2%-reduction, as it does in insects (41-43).

In campesterol-supplemented cultures {Table IV),

N-dimethyldodecanamine similarly caused an accumulation of

A2 -sterols; however, A24-sterol reductase inhibition was
much less than in st1gmaster01- or s1toifsgg1-supp1emented media.
Production of the analogous 424- and A2 -sterol
intermediates indicates that campesterol dealkylation proceeds via
the pathway depicted in Figure 1. In addition, high concentrations
of the amine caused a curious accumulation of unmetabolized dietary
campesterol that was reflected by a greater total sterol content in
such nematodes (35). It is unknown if this increase results from a
direct stimulation of campesterol uptake as opposed to inhibition
of the C-24(28) dehydrogenase.
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Table IV. Relative percentages of total sterols from Caenorhabditis
elegans propagated with 25 ug/ml campesterol and different
concentrations of N,N-dimethyldodecanamine

N,N-dimethyTdodecanamine concentration

Recovered sterol 0 ug/ml 10 ug/ml 25 pg/ml
Campesterol 38.9 37.0 60.0
Cholesterol 4.0 2.6 0.8
7-Dehydrocholesterol 26.3 26.8 12.5
Lathosterol 3.4 2.1 0.7
Cholesta-5,7,9(11)-trienol 1.5 1.6 0.8
Cholesta-5,7,24-trienol - 1.7 5.4
Campesta-5,7-dienol 13.9 14.2 12.5
Campest-7-enol 0.7 0.7 -
Campesta-5,7,9(11)-trienol 0.9 1.3 0.6
24-Methylenecholesterol 3.2 3.8 1.9
Campesta-5,7,24(28})-trienol 1.1 1.0 0.2
4a-Methylcholest-8(14)-enol 4.6 4.3 1.6
4a-Methylcholest-7-enol 0.2 0.8 0.9
4a,24-Dimethylcholest-8(14)-enol 0.8 0.9 0.4
4a,24-Dimethylcholest-7-enol - 0.2 0.3
4a,24-Dimethylcholestanol 0.5 0.6 0.3
4a-Methylcholesta-8(14),24-dienol - 0.3 0.4
4a-Methylcholesta-7,24-dienol - 0.1 0.3
Other sterols (unidentified) - - 0.4

Our findings demonstrate that the azasteroids, alkylamines and
alkylamides can block one or more of several different sterol
metabolic sites in C. elegans 1n$1uding its A24-reductase,
C-24(28) dehydrogenase and a8(14) _jsomerase. Because these
and related compounds can alter ecdysteroid metabolism in insects
(28), one should expect future discovery of additional sites of
action of these compounds.

Table II also contains previously unpublished results of
experiments in which medium was supplemented with AY-9944, a
compound originally dev91oped as a hypocholesterolemic agent due to
its inhibition of the A’/-sterol reductase involved in the
conversion of 7-dehydrocholesterol to cholesterol in de novo sterol
biosynthesis in mammals (44). In other biological sy_gé S (bramble
syspension cells, a1gae and yeast), AY-9944 inhibits A
A’ -isomerases and, in one case, a Al4-sterol reductase
(45-47). When s1tostero1-conta1n1ng media was supplemented with
AY-9944, the 4-desmethylsterol COmpOS}t10n of C. elegans was not
substant1a11y altered; however, the A’-4q-methylsterol was in
greater abundance than 1t§ 8(14 -analog. Thus, AY- 9944
apparently inhibits the a’/- to A8(14}_sterol isomerase in C.
elegans. Nematode growth and reproduction was not inhibited by
AY-9944 at 50 pg/ml.

Function of Sterols in Nematodes

One should expect sterols to function similarly in nematodes and
other animals; consequently, sterols should be integral structural
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components of nematode membranes as well as metabolic precursors to
steroid hormones. In the only investigation of the structural role
of sterols in nematodes, freeze-fracture electron microscopic
examination of T. aceti propagated in a medium supplemented with
cholesterol and fiTipin revealed the occurrence of filipin/sterol
complexes in intracellular membranes (48).

With respect to a possible hormonal function of steroids, the
small size of free-living and plant-parasitic nematodes has confined
investigation of nematode endocrinology to the larger animal
parasites. Endocrine control of nematode development has been
associated with exsheathment of third-stage, infective
trichostrongylid juveniles (49, 50) and in ecdysis of a cod and seal
parasite, Phocanema decipiens (51, 52). The identity of the
hormones invoTved in these systems is unknown; greater attention has
been focused on possible involvement of analogs of insect juvenile
hormones (epoxyfarnesoic acid methyl ester derivatives) rather than
steroids.

The probability that nematode endocrine control involves some
compounds similar in structure to vertebrate or insect steroid
hormones has prompted several investigations of the effects upon
nematodes of exogenous application of various concentrations of
several of these compounds (53-62). When observed, effects have
consisted primarily of inhibition or stimulation of growth,
reproduction or molting. Although the high concentrations of added
steroid or the nature of the assay system in some of these
experiments might lead to speculation about the in vivo
extrapolation of such results, the body of work s compatible with
the hypothesis that steroids are hormonally active within
nematodes.

Several investigators have taken an alternative approach and
have attempted to isolate from nematodes steroids with hormonal
function in other animals. No typical vertebrate steroids have yet
been isolated from nematodes, except for a recent preliminary report
of isolation from Trichostrongylus colubriformis of testosterone in
worms from male (but not Temale) goats and progesterone in worms
from female (but not male) goats (63). Efforts to isolate
ecdysteroids from nematodes have been more successful. Initially,
extracts from nematodes were discovered to have molting hormone
activity in various insect bioassays (64-66). Subsequently, Horn et
al. (66) isolated from 15.5 kg of Ascaris adults about 4.5 pg of
20-hydroxyecdysone, identified by reversed phase partition
chromatography and UV spectroscopy. Material that reacted
positively in a radioimmunoassay (RIA) for ecdysteroids was found in
homogenates of P. redivivus, Haemonchus contortus, and the
fungal -feeding ApheTenchus avenae (67). In a major contribution
towards nematode steroid biochemistry, Mendis et al. (68) identified
ecdysone, 20-hydroxyecdysone, and possibly 20,26-dihydroxyecdysone
and ponasterone A from highly purified extracts from male and female
Dirofilaria immitis by gas-liquid chromatography-mass spectrometry
and by RIA of fractions purified by high-performance liquid
chromatography (HPLC). Each sex contained both free and conjugated
ecdysteroids. The same researchers have similarly identified free
and conjugated ecdysteroids from A. avenae, C. elegans and Ascaris
suum (69), a species in which Fleming {70) has recently identified
ecdysteroids by HPLC and RIA.
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The presence of ecdysteroids in nematodes and the previously
described molt-promoting or growth-stimulating activity of some of
these compounds at low concentrations indicate that these compounds
are strong bioactive substances within nematodes, if not hormones in
the classic sense. Given the widespread occurrence of ecdysteroids
in nature, it would be of further interest to determine that
ecdysteroids are indeed synthesized by nematodes from a sterol
precursor rather than merely assimilated from the diet or
environment as well as to identify the anatomical location of such a
synthesis {69, 71). A combination of an organ-specific bioassay
system with classical analytical chemistry would result in true
endocrinological investigation of nematodes and thereby directly
establish that some nematode hormone is in fact a steroid.
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Chapter 14

Fatty Acids and Esters as Antimicrobial/Insecticidal
Agents

Jon J. Kabara
Department of Biomechanics, Michigan State University, East Lansing, MI 48824

Structure-function relationships of fatty acids and
monoesters are reviewed. Many of the generalistics
found concerning chain length, unsaturation,
esterification and geametrical isamerism hold whether
germicidal or insecticidal properties are being
considered.

Saturated fatty acids reach their optimal effects
with chains 12 carbons long. Monounsaturation
increases the activity of long (C,, or greater) but
rot short (<C,,) chain fatty acids. Cis
unsaturated fa%ty acids are more active than trans
acids. Adding a second double bond further increases
activity while the addition of a third double bond
does not substantially improve activity.
Esterification to monohydric alcohol causes
deactivation of the fatty acid while esterification to
polyhydric compounds (glycerol, polyglycerol, sucrose,
etc.) generally leads to a more active derivative.

While the potency of these lipid derivatives are
not as strong as many current germicides/insecticides,
they offer greater safety in their application. For
the most part, these chemicals are approved in food
applications. Because of this safety factor, these
lipids need to be further exploited.

Soap (oils heated with alkali) was first mentioned on a 4000
year old clay tablet unearthened at Tello in Mescpotamia. Even
before the Christian era, scap was used by the "barbarous™
people of Gaul and Germany. Roman legions brought the cleaning
product to “civilized" people prior to 79 A.D, when Vesuvius
overwhelmed Pampeii, From Rome the value of scap spread to the
Greeks. The pharmacological application of socaps followed its
detergent uses. The germicidal value of soaps was probably
recognized much earlier than meager records show. In more
recent history, the earliest (1899) mention of scap as an
antifungal agent can be found in a paper by J. R. Clark (1l).
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14. KABARA Fatty Acids and Esters 221

Much of the modern history of fatty acids as germicidal agents
can be found in a few excellent reviews (2-4). Until more
modern times, the literature between 1920 and 1940 covers the
period of greatest research with fatty acids as germicides
(5).

A considerable number ot chemicals used as insecticides
were early recomrended by Pliny the Elder (23-79 A.D.) in his
Natural History. These were largely collected fram folklore and
Greek literature of the previous three or four centuries.

Again, while soap must have been used for insecticidal purposes
by the so-called barbaric peoples of northern Europe, the first
early (1787) mention of soap as an insecticide was made by Goeze
(6). In 1822, fish oil by itself was advocated for the control
of certain caterpillars. A money prize was offered in 1842 by
the Massachusetts Horticulture Society for the cheapest and most
effective insecticide to destroy the rose chafer. This prize
was awarded for the recommendation of whale-oil soap.

From the above it is obvious that fatty acids and
saponified products of socap production have played an important
role in the history of germicidal and insecticidal agents.
Through the modern study of structure-function relationships, it
has been possible to better identify those lipid products which
are most active against microorganisms and insects.

Interestingly, although bacteria and insects have few
characteristics in cammon, a review of the literature and our
own efforts in this field suggest certain universal traits to
lipid activity and structure. The following review attempts to
collate the known facts and to emphasize structure-function
relationships of lipids which maximize their biological effects.

Lipophilic Antimicrobial Agents

A camplete review of the subject has recently been published
(7). Sufficient for our discussion are the variables in fatty
acid structures that influence antimicrobial activity: chain
length, unsaturation and esterification.

Saturated Fatty Acids. Fatty acids represented by low members
of the series C,-C, have little or no germicidal etfects.
Slightly longer (Clo—Cl4) fatty acids endow much higher
antimicrobial activity while saturated fatty acids greater than
Cl are usually inactive (Table I), This effect of saturated
faéty acids is most pronounced on gram-positive bacteria;
Streptococci being more effected than Staphylococci. Fungi,
yeast and molds are also inhibited whereas gram negative strains
(Ps aeruginosa and E. coli) are generally not affected.

Wwhere reports are given for the antibacterial eftect of fatty
acids on gram-negative organisms, the effects are weak and
usually only static. By contrast, the action of lauric acid

(Cl ), the most active of the =maturated fatty acids on
grax%—positive bacteria, is both static and cidal. The optimum
chain length (C 2) found against bacteria is longer by one or
two carbons tha;i the optimal size for fungi, i.e. C 01
Branching of the carbon chain decreases the activit§ of %.he acyl

In Ecology and Metabolism of Plant Lipids; Fuller, G., eta.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



222 ECOLOGY AND METABOLISM OF PLANT LIPIDS

chain particularly if one considers the total number of carbon
atoms in the acid. The effect of branching is less when only
carbon atoms of the largest chain are considered.

TABLE I. Minimal Inhibitory Concentration (mM) of Saturated and
Unsaturated Fatty Acids

Fatty Acid Gram(-) Gram(+) Yeast
Pseudo- Strepto- Staphylo- Candida
monas coccus coccus albicans

aeruginosa Group A aureus

Caproic N1l Nl Nl Nl

Caprylic N1 Nl N1l N1

Capric NL 1.45 2.9 0.9

Lauric N1 0.12 2.5 2.5

Myristic N1 0.55 4.4 4.4

Myristoleic N1 0.11 0.44 0.55

Palmitic N1 3.9 N1 N1

Palmitoleic N1 0.1 1.0 0.5
Stearic N1l N1 N1 N1
Oleic N1l 1.77 Nl N1
Elaidic N1 N1l N1 N1
Linoleic N1l 0.35 1.79 N1
Lincelaidic N1 N1 Nl N1
Arachidonic N1 N1 N1 N1

Source: Reproduced with permission from Ref. 5. Copyright 1972
American Society for Microbiology.

Keeny et al. (8) showed that the optimum chain length was
apparently determined by the resistance of the organisms and the
solubility of the fatty acids in question. Thus for Asper-
gillus niger the optimum chain length was ll-carbon atams,
but for the more sensitive Trichophyton interdigitale the
13-carbon acids were most active. Trichophyton purpureum
was even less resistant and was inhibited by the l4-carbon
acids. Longer-chain compounds fail to show antimycotic effects
because, owing to lack of solubility, a static concentration
cannot be obtained. The data showed that the fatty acids
increase in activity with decreasing pH, provided that the low
pH values do not make the compound so insoluble that a static
concentration for the organism under test cannot be obtained.
The change in activity with hydrogen ion concentration was much
greater for the short-chain acids, suggesting that the ion of
the long-chain compound - or some aggregate or micellar form of
it which may exist in solution - exerts additional action.

It should be emphasized that while fatty acids can be
campounded into effective topical agents, their systemic action
is nil, This is due to their being readily metabolized by the
host through the usual fatty acid pathways. In general, they
may be esterified to form glycerides and/or may be degraded to
small fragments by beta-axidation. Asami et al. (3) have
demonstrated that ll-iodo-10-undecencic acid was esterified, in
part, in the rat to a glyceride. Although the specific effect
of flwrine in the 2-position of fatty acids on esterification
has not yet been reported, these fatty acids are believed not to
undergo beta-oxidation (10). Thus the 2-flwro fatty acids
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possess at least one potential advantage over the nonfluorinated
analogs which would be useful for systemic antifungal activity
(11). Taking advantage of this fluorine structure's inability
to undergo metabolism, the 15 (2-fluoro) fatty acids were
synthesized. Parallel study with the corresponding
nonfluwrinated analogs against four fungi (11): Aspergillus
niger, Trichoderma viride, Myrothecium verrucaria, and
Trichophyton mentagrophytes were carried out. Both series

of campounds were about equally active, except that the
nonfluwrinated fatty acids showed maximal activity at chain
lengths of 4-10 carbons, whereas the 2-fluoro fatty acids were
most active at chain lengths of 8-14 carbons. Eggerth (12-15)
found that the a- bramo fatty acids were usually more germicidal
than the unsubstituted soaps.

The effect of a hydroxyl in the y-position was to increase
the selective germicidal action of saturated scaps and to
diminish that of unsaturated species. Larson (16) found that
Pneumococci and Streptococci would not grow in the presence of
even small amounts (<0.1%) of sodium ricinoleate. Larson and
Nelson (17) reported that Pneumococci instantly lost their
pathogenicity on treatment with castor oil scap at a final
dilution of 0.1%. Scarlet fever Streptococci was inhibited
after 5 min in 0.5 % sodium ricinoleate. Miller and Castles
(18) found the same fatty acid to inhibit the growth of
Gonococei on artifical media in dilutions of 1:20,000. Violle
(19) studied the effect of a 1:1000 solution of hydraxy fatty
acids on many kinds of bacteria. The cammon and pathogenic
bacteria of the intestinal tract were unaffected. Strepotococci
were killed, but Staphylococci were not. Barnes and Clarke
(20) determined that 0.004% sodium ricinoleate and 0.0004%
sodium oleate were appraximately the minimal Pneumococcidal
concentrations of the soaps against three types of Pneumococci.
In other words, the oleate was much more effective by a factor
of 10. Kolmer et al. (21) reported that a 20% solution of
sodium ricinoleate was campletely bactericidal for S. aureus
in an exposure of 5 min, yet a 10% solution was not campletely
bactericidal in exposures as long as 1 hr when tested according
to the Reddish method. The hydroxylated salts, gluconate and
trihydroxy stearate, seamed to lack any ability to kill the
Pneumococci under the conditions employed (2). The stearate
was peculiar in that the addition of a fourth hydraxyl group
restored the power to destroy this organism in fairly low
concentrations. The hydroxyl group, in the case of the
ricinoleate, enhanced the bactericidal activity against the
Streptococcus, whereas there was a decrease in activity against
the Pneumococcus.

Since early times sulfur has been considered efficacious in
the treatment of fungus diseases. Since a sulfur atom is
considered structurally equivalent to a -CH=CH- moiety,
n-heptylmercaptoacetic acid may be regarded as the isostere of
an unsatuated ll-carbon fatty acid. However neither this
campound nor a variety of other substituted mercaptoacetic acids
showed activity of the same magnitude as the fatty acids (4).

With the exception of 1ll-thiohendecanoic acid, none of the
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other thiohendecanoic acids approached undecylenic acid in
activity. The latter fatty acid was found by Rothman et al.
(22) to be responsible for the spontaneous cure of ringworm of
the scalp during puberty.

Unsaturated Fatty Acids: Whereas lauric acid is the most
active of the saturated fatty acids, palmitoleic (c 6 ) is
the most active of the monounsaturated series. Bo ti'lie type of
unsaturation, geametrical configuration, bond position and chain
length are important to conferring antimicrobial activity.
Unsaturated fatty acids with acetylenic linkages were
reported to be less active against some types of bacteria as
compared to ethylenic fatty acids (2). In a more detailed
comparative study of the problem, we found acetylenic
derivatives to be slightly more active (23). It is emphasized
that cis-unsaturated isamers were active while the trans
isamers were always less active or inactive when compared to the
more "common® unsaturation form.

Esterification of Fatty Acids. It was earlier discovered that
while the esterification of a fatty acid leads to an inactive
species, esterification of a hydroxy fatty acid still yielded an
active ester (Table II). From these and other experiments,
(24-26), a free single or multiple hydroxy group was necessary for
effective biological activity. One of the more common
polyhydric alcohols, glycerol, was esterified and found to be
more active than the corresponding fatty acids (see Table III).
Details of these findings have been confirmed by others

(27-30). There seems to be same controversy or confusion as

to which fatty acid ester is the most biocidal. As a general
statement, the fatty acid used to esterify the polyol determines
the potency of the ester. The structure-function relationship
for saturated and unsaturated esters follows the activity of
their respective fatty acids as reviewed in an earlier section.
This means that lauric acid (Cy5) and palmitoleic acid

(Cig.1) form the most active sa%urated and unsaturated
de}ﬁ\'ratives, respectively (25, 28).

TABLE II. Minimal Inhibitory Concentrations

Microorganism (gram-positive)

Group A
Pneumococci Streptococcus

Dodecyl (mM) (mM)
derivative
Lauric acid 0.06 0.12
Lauryl alcohol 0.07 0.07
Lauryl aldehyde 0.14 0.14
Methyl laurate >4.6 >4.6
Cholesteryl laurate N1l N1
Dodecanedioic acid N1 N1
Hydroxy Lauric acid - 0.23
Hydroxy Methyl laurate - 0.54

Source: Reproduced with permission from Ref. 5. Copyright 1972
American Society for Microbiology.
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Beuchat (30) and Shibasaki (31) have supported the
finding that the lauric acid derivative is the most active
monoglyceride even in the presence of potential inhibiting
materials. Beuchat (30) campared the effects of glycerides,
sucrose esters, benzoate, sorbic acid, and potassium sorbate
against Vibrio parahaemolyticus. His remarks indicated that
the Cl monoglyceride was more active than lower (C8, Clo)
or hig%er (C,,) chain length derivatives. Also, the low
Minimum Inhthor Concentration (MIC) value for Monolaurin (5

G/ml or less) indicated it to be more effective than sodium
benzoate (300 G/ml) or sorbic acid (70 MG/ml).

Antimicrobial activity was also found for esters of more
canplex polyhydric alcchols (25, 32). Kato and Arima (32)
reported that the sucrose mono ester of lauric acid was active
against a gram-negative organism, whereas Conley and Kabara
(25) and shibasaki and Kato (29) indicated that these and
other esters are primarily active against gram-positive bacteria
and fungal organisms. In contrast to data generated for
glycerides, the diester of sucrose rather than the moncester was
more active. Swcrose dicaprylate possessed the highest activity
of the sucrose esters tested, but was still less active than
monolaurin (30,33,34).

The monoesters of glycerol and the diesters of sucrose not
only have higher antimicrobial activity than their corresponding
free fatty acids, but also compared favorably in activity with
commonly used antiseptics such as parabens, sorbic acid, and
dehydroacetic