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[. INTRODUCTION

Ecdysteroids are the active principles in arthropod molting or ecdysis and are the subject of extensive
literature.®* These molecules are involved in ecdysis of insects (Insecta), spiders and ticks (Chelicerata),
and crustaceans (Crustacea) and appear likely to be the molting hormone of al arthropods.®> Various
ecdysteroids may also be isolated from non-arthropods, including certain roundworms (Nematoda),
mussels and snails (Mollusca), and soft coral (Cnidaria).® Inthe soft coral Lobophytuny and the zooanthid
Gerardia,® the high levels of ecdysteroids isolated would argue against their function as a hormone.
Recently, in the Pycnogonids (Arthropoda, Pycnogonida) 20-hydroxyecdysone, 20-hydroxyecdysone-2-
acetate, and other ecdysteroids were identified at high levels in cuticular glands.® Upon mechanical
disturbance these animals secrete ecdysteroids from the gland to the environment and, since these com-
pounds have a strong antifeedant effect, the pycnogonids avoid being consumed by crabs (Crustacea).®

Among the plants, the ecdysteroid 20-hydroxyecdysone was identified in the mid-1960s, and was
demonstrated to be structurally identical to that isolated from insects.? Plant ecdysteroids are often present
at 1039%-10"% of the dry weight of the plant, which is 2-5 orders of magnitude greater than that
reported in arthropods.® These phytoecdysteroids do not appear to have any appreciable hormonal
function within the plant,'°!! as tested in several plant bioassays. Phytoecdysteroids, however, were
proposed to be nontoxic feeding deterrents to certain insectst?!® and to affect growth and devel opment
upon ingestion from artificial diets“?® by certain insects.

The biosynthesis of ecdysteroidsin plantsand their distribution within the plant is not well understood.
Yet the control of these processes is of importance if we are to understand the role of phytoecdysteroids
as defense mol ecul es agai nst nonadapted insect herbivores. The function of thisreview isto bring together
the limited information available on these processes, and to attempt a synthesis and an integration of
our knowledge of plant biosynthetic capabilities with the assumed function of these phytoecdysteroids
as defense compounds against insect herbivory.

II. STRUCTURE

Phytoecdysteroids have a varied chemical structure and appear to be derived from C,;, C,4 or C,q Sterols.
Several modifications of the sterol structure are required to produce ecdysteroids. The major transfor-
mations are conversion of the trans A/B ring juncture in sterols to a cis A/B ring juncture in the
ecdysteroid, the introduction of a 7-en-6-one chromophore and the introduction of 14a-hydroxy group.*
Additional hydroxylations at C-2, C-20, C-22, and C-25 are required to produce the most commonly
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identified phytoecdysteroid, 20-hydroxyecdysone (20E), Figure 1, with the addition of a C-5 3-hydroxy
group producing the often reported Polypodine B (5,20E). Additional sites and actions of metabolism
are identified in Figure 1. Metabolic modifications of the basic structure have led to the identification
of over 100 phytoecdysteroid compounds, which are well reviewed.>'° These phytoecdysteroids may
exist in either free form or as polar conjugates of glucosides, sulfates, and phosphates or nonpolar
conjugates as acetates or benzoates.'*? In addition to these true ecdysteroids, plants often make ecdys-
teroid-related compounds which are loosely defined™ based upon their structure and biological activity.
The reader should note that in older studies 20E was referred to as ecdysterone.
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Figure 1 Structure and sites of biochemical modification of phytoecdysteroids. The structures of the most
commonly reported phytoecdysteroid, 20-hydroxyecdysone, and a 24-alkylphytoecdysteroid, cyasterone. Some
common sites of biochemical modifications reported for phytoecdysteroids.

[ll. DISTRIBUTION OF PHYTOECDYSTEROIDS

A. PHYLOGENETIC OCCURRENCE
Within the vascular plants, phytoecdysteroids are characterized from evolutionarily older plant families
as well as more recently evolved plants. Among the evolutionarily older groups of plants, phytoecdys-
teroids are reported in 20 families of ferns (Polypodiophyta), one species each from both the whisk-
ferns (Psilophyta) and the club-mosses (Lycopodiophyta), and 9 families of gymnosperms (Pinophyta).
Within the flowering plants phytoecdysteroids are identified in plants derived from evolutionarily ances-
tral families (e.g., Magnoliaceae and Ranunculaceae) as well as those more recently evolved (Asteraceae
and Liliaceae). The recent review by Lafont and Horn'® provides a concise table on this occurrence
within plants. Overall the flowering plants are reported to possess phytoecdysteroids in various species
within 78 families.!® Some of these reports represent sampling of only one species within a family,
whereas other families were extensively examined.

Several families of flowering plantsin the order Caryophyllales were examined for phytoecdysteroids.
Individual speciesin 9 out of the 12 families in this order, based on the classification by Cronquist,®
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contain phytoecdysteroids. These are well documented from multiple species in the families Amaran-
thaceae, Caryophyllaceae, and Chenopodiaceae.’® The families Aizoaceae, Basellaceae, Cactaceae,
Nyctaginaceae, Phytolaccaceae, and Portulacaceae are all reported to possess a least one species
containing ecdysteroids.’® There has been no systematic examination of this order for phytoecdysteroids
in spite of the general agreement among taxonomists as to the relatedness of these families?* Severa
other orders contain these compounds in several families.'® These include the Ranunculales (4 families),
Urticales (3 families), Malvales (4 families), Violales (7 families), Capparales (3 families), Rosales
(3 families), Sapindales (5 families), Polemoniales (3 families), Scrophulariales (3 families), and Liliales
(5 families). Thus, 51 of the 78 families of flowering plants reported to possess ecdysteroids are found
in only 11 orders of plants. In spite of the fragmentary distribution data for phytoecdysteroids reported
within the flowering plants, several orders appear to maintain this biosynthetic capacity. Assuming that
the presence of phytoecdysteroids in the plant is of some defensive advantage, the strategy has been
maintained over an evolutionarily diverse array of plants.

The presence of phytoecdysteroids within a plant family will likely be genus as well as species
dependent. Examination of speciesin the family Chenopodiaceae by Dinan??2 has provided someinsight
into this occurrence. The family Chenopodiaceae is composed of two subfamilies, the Chenopodioideae
and the Salsoloideae,?* with no species in the latter found to be ecdysteroid-positive in its seed extract.
Among the six tribes of the subfamily Chenopodioideag, the Salicorniae is ecdysteroid negative, whereas
representatives of the other five tribes possess ecdysteroids. However, not all species within each genus
possess ecdysteroids. High levels of ecdysteroids were detected in species of the tribes Chenopodieae
and Atripliceae, whereas species in the Camphorosmae and Corispermae possess low levels. Thus, the
ability to produce phytoecdysteroids, although related to phylogeny, is not predictable at the species
level. The specific genetics and environmental conditions from and in which a species evolves are likely
the major factors that control or influence this biosynthetic capability.

B. ONTOGENETIC OCCURRENCE

The distribution of phytoecdysteroids within an individual plant is related to the organ type (e.g., leaf)
and position of organ on the plant as well as the state of development of the organ. The presence of
phytoecdysteroids within a specific organ may fluctuate over the time course of growth, depending upon
cycles of biosynthesis and transport. In general the growth strategy that the plant has adopted, i.e.,
whether perennia or annual, appears to provide a basis for sorting out the physiological distribution
data reported in the literature.

Many of the early isolations of phytoecdysteroids were made from perennia plants, and often the
perennial structures of these plants were analyzed. Thus, the rhizomes of ferns, as well as bark and
perennial root structures of other plants, were reported to possess significant quantities of these com-
pounds.® Levels of ecdysteroid range as high as 2% dry weight from the rhizome of the fern Polypodium
wulgare.?>? Among the fern species, six families are known to produce significant quantities of phyto-
ecdysteroids with 8 of the 18 compounds identified not reported in higher plants.?”2 The gymnosperms,
specifically those in the families Podocarpaceae and Taxaceae, were a so reported to possess high levels
in the dry bark and moderate levels in leaves:®

Few analyses of the fluctuation of ecdysteroids between plant parts were reported in the early period
of phytoecdysteroid discovery, since the major emphasis was on isolation and structural characterization.
Recent work in the gymnosperm Taxus cuspidata (Taxaceae) demonstrated that the phytoecdysteroid
levels fluctuated in the vegetative shoots at different developmental stages during shoot growth.® The
new vegetative shoots, one to four weeks old, possessed 20-hydroxyecdysone (20E) at 50 mg kg fresh
weight with only trace levels of ponasterone A present. As these shoots matured (18-37 weeks old) the
20E level increased to 120 mg kg, whereas the ponasterone A level was 20 mg kg™?. In 52- to
104-week-old leaves, i.e., 2-year-old leaves, the level of 20E returned to 45 mg kg and ponasterone A
was present at 20 mg kg. These data suggest a dynamic control of ecdysteroid accumulation within
the leaves of this plant. The 20E never dropped below 45 mg kg fresh weight over the life of the leaf,
and ponasterone A levels, once they reached 20 mg kg, were maintained in spite of a decrease in 20E
content between 37 and 52 weeks. Upon shoot emergence 20E transport from older leaves to young
emerging leaves would explain the drop observed in older leaf 20E content. Developmental onset of
ecdysteroid biosynthesis produces the high levels of 20E and ponasterone A observed at 18-37 weeks.
These observations in the gymnosperm Taxus appear to follow a pattern of transport and biosynthesis
recently observed in the annual spinach.®°
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Among the flowering plants, woody and herbaceous perennials were also screened for ecdysteroids
early in the history of phytoecdysteroid discovery.> Most of these reports belong to species of the families
and orders listed earlier. The genera that served as good sources of phytoecdysteroids are Achyranthes
and Cyathula (Amaranthaceae), Helleborus (Ranunculaceae), and Ajuga (Lamiaceae). Early reports by
different investigators quantitated the ecdysteroid content from entire plants of the same species, e.g.,
Ajuga decumbens, at substantially different levels.31-% Subsequently, studies on the distribution of ecdys-
teroids during the growth of herbaceous perennials have demonstrated a general pattern of ecdysteroid
cycling within some perennia plants. In Lychnis chalcedonica (Caryophyllaceae) the roots maintain a
relatively constant level of 0.27-0.33% dry weight of ecdysteroid during the growing season.® The aerial
parts, however, possess 0.79% dry weight in the spring, and decrease the ecdysteroid level to 0.18% dry
wt during seed ripening. Rhaponticum carthamoides (Asteraceae), also known as Leuzea carthamoides,
possesses the highest levels of ecdysteroids in newly developed shoots in spring, and appears to cycle
these from the subsurface parts to the devel oping shoots.3*% Ajuga reptans (Lamiaceae) maintains high
concentrations of ecdysteroids (1.5-31 x 10° ug g dry weight) in the roots throughout the growing
season. These Ajuga plants maintain a concentration gradient of ecdysteroids throughout their aeria
parts, with the most distal leaves having the highest concentration and the proximal leaves the lowest
concentration. The profile of the six phytoecdysteroids produced did, however, vary depending upon
organ and growth conditions of the plant.®® Two perennia species in the Chenopodiaceae were recently
examined for ecdysteroid content, Rhagodia candolleana, a Slow growing woody perennial, and Beta
patellaris, an herbaceous perennial.?2 All members of the genus Rhagodia examined were reported to
possess high levels of ecdysteroids,?? whereas the magjority of species in the genus Beta do not contain
ecdysteroids. The Rhagodia candolleana had the highest levels of ecdysteroids in newly developing
side-shoots, reaching a 2- to 4-fold increase in ecdysteroid concentration compared to that found in the
leaves of the main shoot or root. In Beta patellaris the highest levels of ecdysteroids were present in
the older, larger leaves lower on the stem and the apical-most |eaves. The root concentrations are not
reported. Both of these perennials maintain a concentration gradient of ecdysteroids, Rhagodia between
young side shoots and central shoots, and Beta between oldest and youngest |eaves and those centrally
located on the stem. Both species concentrate ecdysteroids in young, developing tissues and Beta also
maintains a high concentration in its oldest leaves, perhaps because this is the site of ecdysteroid
biosynthesis, as observed in some annuals. These two species should be studied over a seasona time
course to determine if the levels of ecdysteroids increase in young tissues with growth flushes and
decrease with senescence of various organs as observed with other perennials. The high levels of
ecdysteroids in the side-shoots of Rhagodia could be a manifestation of the growth state of the plant,
as in many plants the side-shoots have delayed growth, post growth of the main plant axis.

The overall pattern of phytoecdysteroid distribution in the herbaceous perennias would alow for a
generalization of ecdysteroid cycling from perennia portions of the plant to the deciduous organs.
Presumably, these ecdysteroids are recovered by transport back to the perennia structures prior to
shedding the deciduous parts with perhaps the exception of seeds or fruits, which may maintain a high
level of ecdysteroids. This cycling of ecdysteroids with periods of biosynthesis on a yearly basis would
help explain the high levels of ecdysteroids present in the perennia structures of these plants. These
high levels of ecdysteroids are the accumulation of many years of ecdysteroid production. As the plant
size increases with age, the ecdysteroids present in the newly emerging organs (usually aeria parts)
would be maintained at levels sufficient to act as a feeding deterrent for non-adapted herbivores. With
the increase in plant biomass, accumulated during the current year's carbon fixation process, an appro-
priate amount of new ecdysteroid biosynthesis would occur, providing adequate levels for the current
year's growth and the next year's early growth flush of aeria parts.

The distribution of ecdysteroids in annual flowering plants is similar in many ways to the patterns
observed in perennia plants. The major differences are that a) the only stored ecdysteroid available at
the onset of seed germination isthat stored in the seed as compared to perennial organ storage and b) the
plant's ability to complete its reproductive cycle (i.e., set seed) within the growth period is paramount for
species survival as compared to the long-term growth and survival strategy of a perennial, i.e., perennial
plants as a species can survive a bad seed-producing year. The best characterized annua plant for
ecdysteroid content and distribution during ontogeny is spinach (Spinacia oleracea L.).3° Spinach seeds
possess 17 g ecdysteroid per seed embryo whereas only 1 pg ecdysteroid is present in the seed coat.
Young plants redistribute this ecdysteroid from the seed and at 11 days of age possess 8 g ecdysteroid
in the cotyledons and 6 g ecdysteroid in the first true leaves. This ecdysteroid mass is concentrated in
the first leaves, which constitute only 20% of the plant biomass and thus possess an effective dose level
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to a herbivore of 120 ug ecdysteroid g fresh weight of leaf.*° As leaves are initiated on the plant the
ecdysteroid level in these new leavesis high, peaks, and then drops as the next apical leaf set develops.®
Onset of ecdysteroid biosynthesis occurs between 11 and 20 days after seed planting (see Section 1V).
The spinach plant concentrates the ecdysteroids (20-hydroxyecdysone and polypodine B) in its apical-
most leaves through ontogeny.*° Dinan recently confirmed this distribution profile using radioimmunoas-
say in Spinacia oleracea, Atriplex oblongefolia, Chenopodium ficifolium, and Chenopodium album, all
annual plants in the Chenopodiaceae.?>233" Flowers of Chenopodium album accumul ate ecdysteroidsin
the anthers,?® and Kochia scoparia (Chenopodiaceae)® accumulates intermediate levels in the flower. 1t
is argued that protection of wind-blown pollen during its development in the anthers of C. albumis an
important feature for the ecdysteroid concentrating there.® The pollen grains themselves have <3% of
the ecdysteroid present in the anther and the anthers contain 4 to 5 times the level (500 pg g fresh
weight) of ecdysteroid reported in the other flower parts. Interestingly, three chenopod species that are
presumed to be insect pollinated by virtue of the small amount of pollen produced, have low levels of
ecdysteroids in their growing tips (0-3 pug g fresh weight).?® With regards to seed production, spinach
has a high level of ecdysteroid (90 ug g* fresh weight) in its one-seeded fruits, with 95% of the
ecdysteroid in the seed,® whereas Kochia scoparia accumulates intermediate levels.® Both annual and
perennial plants are known to possess ecdysteroids in their seeds and fruits.33° Presumably ecdysteroid
sequestered in such seeds is used to protect young seedlings from herbivores as the ecdysteroid is
redistributed in the developing seedling, as is the case in spinach.®

IV. BIOSYNTHESIS AND REGULATION

Unlike insects, the plants possess a complete sterol and ecdysteroid biosynthetic capability. Insects are
unable to biosynthesize sterals; thus, they require dietary sterols for membranous sterol regquirements
and as precursorsto ecdysteroids.® The insects have evolved several biosynthetic pathways to metabolize
typical C,3 and C,, phytosterols to the C,, sterol required for insect metabolism to ecdysone and
20-hydroxyecdysone.* A series of studies prior to 1985 on plant biosynthetic capacities supported the
conversion of mevalonic acid and cholesterol to ecdysteroids, and provided evidence that the mechanism
of A/B ring inversion is different from that observed in insects.*>*> Recent studies in spinach, Spinacia
oleracea, have demonstrated that phytoecdysteroid biosynthesis is both vigorous and a highly controlled
pathway as demonstrated by the incorporation of [2-*4C] mevaonic acid, MVA, and other putative
ecdysteroid biosynthetic intermediates.?2304647 |n the germinating spinach plant prior to the onset of
ecdysteroid biosynthesis, the ecdysteroid to sterol ratio is 1:1, but after the onset of biosynthesisin the
first leaves the ratio can reach 10:1 on a microgram of steroid/per gram fresh weight basis.*® Thus, the
synthesis of ecdysteroids represents a major metabolic sink for sterols produced by these leaves. The
biosynthesis and regulation of ecdysteroids in spinach proceeds via the scheme presented in Figure 2.
From radiolabel incorporation studies, the C,; reduced side chain sterol, lathosterol, is the proposed
intermediate to the 24-desalkyl-ecdysteroids found in spinach.*¢ All the sterols in spinach are A’-sterols
as compared to the AS-sterols found in many higher plants (e.g., sitosterol).*® Subsequently, ecdysone is
formed and is present at 0.004% of the total free ecdysteroid, yet contains 6% of the total radioactivity
from [2-*C] mevalonic acid incorporation.?° Ecdysone is converted to ecdysone-3-phosphate and then
to 20-hydroxyecdysone. The C-20 hydroxylase is putatively a cytochrome P-450-based enzyme
(Grebenok, unpublished). Biosynthesis of ecdysteroids proceeds in the leaves immediately subtending
the most apical leaf set early in plant devel opment. The apical-most leaves contain the highest levels of
ecdysteroid up to 800 pg ecdysteroid g* fresh weight in spite of their inability to biosynthesize
ecdysteroids. These apical leaf ecdysteroids are transported from leaves lower on the plant that are
biosynthetically active.®® These young apical-most leaves are incapable of converting [2-1*C] MVA into
either lathosterol or ecdysteroid.®® Lathosterol is undetectable by mass, or by radiolabel from [2-1C]
MVA, even when cold-carrier lathosterol is added. Presumably, the A?*-reductase is not active in these
apica leaves at this stage of ontogeny, and al sterol biosynthesis is toward the 24-akylsterols. In
biosynthetically active leaves [4-1“C] cholesterol, the AS analog of lathosterol and a nonindigenous sterol
to spinach, can be converted to ecdysteroids, but only after a substantial time course of incubation,
suggesting that cholesterol is not an optimal substrate.

Biosynthesis of ecdysteroids from various plants using plant tissue culture techniques is reported
from callus cultures of Achyranthes (Amaranthaceae),*® Trianthema (Portulacaceae),® Ajuga turkestan-
eca (Lamiaceae),> and Agrobacterium rhizogenes transformed hairy root cultures of Ajuga reptans var.
atropurpurea.>? Not al tissue cultures from ecdysteroid producing plants, however, actively biosynthesize
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Figure 2 The pathway of biosynthesis and putative regulation for ecdysteroids in spinach. The in vivo incor-
poration of radiolabeled mevalonic acid (MVA), solid lines, produces radiolabeled 20-hydroxyecdysone, ecdysone,
and ecdysone-3-phosphate. Ecdysone incorporation in mass, dashed lines, produces ecdysteroid polyphos-
phates, ecdysone polyphosphate, and 20-hydroxyecdysone polyphosphate, and causes inhibition of MVA incor-
poration into ecdysteroids (see text).

ecdysteroids. When callus cultures from Ajuga reptans leaves and roots were examined, no phytoecdys-
teroids were detected with a lower detection limit of 5 ppm dry weight.® The capacity to produce
phytoecdysteroids appeared to reside in differentiated cells organized into tissues of A. reptans.® Thus,
in vitro root cultures were capable of phytoecdysteroid biosynthesis, whereas leaf cultures were not.5354
Similarly, callus and cell cultures of Serratula tinctoria (Asteraceae) possessed phytoecdysteroids with
guantities variable depending upon growth conditions.>® Thus, the biosynthesis of phytoecdysteroids is
expressed in different organs, and the organization of tissues in these appears to influence expression.
Our understanding of the regulation of phytoecdysteroid biosynthesisisfragmentary at best. In spinach
the intermediacy of phosphorylated intermediates in the ecdysteroid pathway appears to be important
to the overall regul ation scheme. Ecdysone and ecdysone-3-phosphate can beisolated from leaves actively
biosynthesizing ecdysteroids® with the sequence of the pathway suggested in Figure 2. However, when
exogenous carrier ecdysone was added to actively biosynthesizing leaves, all of the ecdysone and
20-hydroxyecdysone mass dissappeared from the ecdysteroid reverse phase high performance liquid
chromatograph profile. This ecdysteroid could eventually be recovered following wheat germ acid
phosphatase treatment of the intact butanol fraction.?® The ecdysteroids had been converted to ecdysteroid
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polyphosphates which were cleaved by the enzyme action. A time course of disappearance and reap-
pearance of free ecdysteroids following their entry into the polyphosphate pool was aso observed in
intact leaves.?® The presence of other putative ecdysteroid precursors, 2-deoxy-20-hydroxyecdysone,
polypodine B, and 22,25-dideoxyecdysone, also demonstrated a similar regulatory response.® The
production of the polyphosphorylated end product from these nonconjugated ecdysteroids aso appeared
to downregul ate theincorporation of [2-1*C] MVA into end-product ecdysteroids,® thus providing anegative
feedback (Figure 2). In addition, a search for nonconjugated ecdysteroids in spinach, following [2-“C]
MVA incorporation, was able to detect only the presence of three ecdysteroids, ecdysone, 20-hydroxy-
ecdysone, and polypodine B. The other endogenous intermediates, which must exist, are perhaps present
in conjugated forms such as the ecdysone-3-phosphate. The data, to date, provide arather intriguing picture
of how the overall regulation of ecdysteroids may be accomplished within plants (Figure 2). Ecdysteroid
phosphates are known to accumulate within some insect tissues, particularly ovaries and eggs, and are
potentially biosynthetic precursors to insect ecdysteroids.* Plants may use ecdysteroid phosphates in reg-
ulating the endogenous biosynthesis of ecdysteroids from the sterol precursor.

V. ECDYSTEROID FUNCTIONS IN INSECTS

Ecdysteroids are endogenously synthesized steroid hormones used by insects to regulate growth, devel-
opment, and reproduction. Insect embryonic and postembryonic maturation is defined periodically by
molting episodes that are initiated by the production of ecdysteroids, the specifics of which are well
reviewed.12557 General conclusions regarding the physiological function of ecdysteroids can be drawn
from these data. The ecdysteroid, 20-hydroxyecdysone, appears to be the molting hormone utilized by
arthropods to regulate the physiological events surrounding the molting cycle. A myriad of tissue types
are known targets for ecdysteroid action. Ecdysteroids exert their effects by a receptor-mediated process
similar to that described for steroid responsesin vertebrates, in which the steroid-receptor complex binds
to nuclear chromatin and alters gene transcription, and finally, insect development occurs in a highly
ordered cascade that depends upon the timely cycling of ecdysteroid titers.5® At the molecular and cellular
levels, ecdysteroids are responsible for tissue-specific increases and repression of ribosomal and non-
ribosomal RNA synthesis, induced DNA synthesis, and cellular morphology changes during insect
developmental processes, e.g., epidermal molts and imaginal disc development.

The insect cuticular molting process involves the rise and fall of ecdysteroids, which coordinate
various cellular events. The cellular responses are initiated by the binding of ecdysteroid to externa
cellular receptors, with subsequent movement of the receptor complex to the chromatin of the nucleus.
These receptor sites appear to be tissue specific and transient in their ecdysteroid binding capacity,
suggesting that morphological changes in insect development are dependent on both ecdysteroid titers
and receptor availability.>® Examination of the molting process under artifically modified ecdysteroid
titers demonstrates severa titer and time-dependent considerations.® Prolonged maximal ecdysteroid
titers during cuticle formation cause abnormal cuticle morphology and delay further pigmentation and
sclerotization.t-62 Additionally, elevated ecdysteroid titers inhibit the activation of secreted molting fluid
that prevents endocuticular breakdown and stalls ecdysis.?® The highly regulated temporal and titer-
dependent processes of the epidermal molt may expose insects to potential fluctuations of hemolymph
ecdysteroid titer from exogenous sources, with significant morphological consequences. During meta-
morphosis of the larva to the pupa and then to the adult form, the imaginal discs, clusters of undiffer-
entiated epidermal cells, differentiate, producing numerous adult cuticular structures, e.g., wings, legs
and eyes.® Imagina disc differentiation is induced by the synthesis of ecdysteroids, which may be
accompanied by the reduction of juvenile hormone titers. The mechanism of ecdysteroid action issimilar
to that observed for the epicuticular molting process.®>% Although the metamorphosis of imaginal disc
tissueisdirectly mediated through ecdysteroids,25° the disc tissue does not have the ability to metabolize
ecdysteroid structures. Various ecdysteroids with divergent structures have varied inductive activities.”
20-Hydroxyecdysone demonstrates approximately 450-fold greater stimulatory activity of imaginal disc
differentation than does ecdysone, whereas ponasterone A, a phytoecdysteroid, demonstrates a 20-fold
greater activity than 20-hydroxyecdysone.®® These results suggest the ability of various ecdysteroid (and
phytoecdysteroid) structures to have a profound impact on growth and development of imaginal disc-
derived tissues.

Insects contain an open circulatory system in which the hemolymph carries molecules (e.g., protein,
lipids, and carbohydrates) between organs and tissue types. The nature of the circulatory system allows
for dietary compounds to be passed from the midgut to numerous carrier proteins that were identified

Copyright© 1999, CRC Press LLC — Files may be downloaded for personal use only. Repro-
duction of this material without the consent of the publisher is prohibited.
259



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/05/12
For personal use only.

for severa hemolymph constituents (e.g., fatty acids, vitamins, and steroid hormones). Feyereisen®®.7
demonstrated the occurrence of the ecdysteroid carrier protein that appears to regulate free ecdysteroid
levels in the hemolymph. The regulation of ecdysteroid-mediated developmental effects by the carrier
protein complex is not well understood. It is likely that the carrier protein complex removes excess
ecdysteroid from active participation in developmental processes or, conversely, only ecdysteroid carrier
protein complexes are useful in mediating ecdysteroid-dependent developmental responses. Ecdysteroids
from numerous plant sources were observed to pass into the hemolymph and act upon target receptor
sites, creating inappropriate physiological responses during insect development.’>1> However, the titer
of carrier protein complexes or the level of tissue-specific ecdysteroid receptors during these responses
has not been addressed. It appears clear from the susceptibility of major developmental processes (e.g.,
molting and imaginal disc differentiation) that unmetabolized phytoecdysteroids (e.g., 20-hydroxy-
ecdysone and ponasterone A) absorbed into the hemolymph could possibly have major repercussions
on several aspects of insect development.

VI. INSECT AND PHYTOECDYSTEROID INTERACTIONS

Physiologically, non-adapted herbivorousinsects appear susceptible to dietary levels of phytoecdysteoids,
as discussed above. However, if phytoecdysteroids are to be considered defensive compounds, ecological
examples of plant and insect interactions should be available to support this premise. Insect pest
populations are well documented for numerous crop species.”>”2 The ecdysteroid content of spinach
dynamically cycles ecdysteroid (20-hydroxyecdysone and polypodine B) throughout its development
with apical leaf concentrations reaching 800 mg ecdysteroid/kg fresh weight of plant. Although these
ecdysteroid titers appear dramatically high in some tissues, several insect species utilize spinach as a
food source, the spinach leaf miner Pegomya hyoscyamia, the spinach aphid Myzus persicae, and the
afafa looper Autographa gamma californica.’>7 The precise feeding locations and plant ecdysteroid
content of those locations would necessarily have to be investigated to determine if these insects
specificaly avoid or tolerate plant parts with elevated ecdysteroid content. However, few other insects
have been observed utilizing spinach as a primary food source.”"? In comparison, the major agronomic
crops, corn and cotton, which are not known to produce high levels of phytoecdysteroids, have been
observed to host some 20 different major insect pests.”>72 In particular the fall armyworm (Spodoptera
frugiperda), which is a major crop pest of both cotton and corn, appears not to prefer spinach as a
primary host. Purified 20-hydroxyecdysone, when administered to the fall armyworm larvae in artificial
diets, dicits significant physiological abnormalities during maturation,”>” suggesting that phytoecdys-
teroids potentially play a defensive role and limit the number of primary insect pests in plants such as
spinach.

However, for ecdysteroids to function as defensive compounds in higher plant systems, not only must
plants contain appropriate structures (e.g., 20-hydroxyecdysone, ponasterone A) but the plant also must
produce sufficient levels so that insects encountering the plant could either ingest a physiologicaly
significant dose or be deterred from feeding. Of equal importance, however, insects must also be ingesting
or absorbing the phytoecdysteroid at a developmental state at which the insect is sensitive to ecdysteroid
action. Although few observational experiments utilizing intact phytoecdysteroid-producing plant organs
and known insect pest species have been attempted, severa isolated phytoecdysteroids have been tested
in artificia diets for antifeedant and hormonal responsesin several insect species.'® Results from severa
studies present a varied picture of ecdysteroid action (Table 1).

Many insect species demonstrate physiological responses to low levels of dietary ecdysteroid (0.03
to 100 mg ecdysteroid/kg fresh weight) during particular growth phases. Ingestion of ponasterone A at
1.5 and 100 mg/kg fresh weight of diet by the silkworm, Bombyx mori, produced accelerated prepupal
maturation and fourth instar larval mortality, respectively.” Similarly, exposure of 2.5 mg/kg fresh weight
of 20-hydroxyecdysone in artificial diet to Plutella xylostella produced 80% mortality of first instar
larvae and a 95% reduction in oviposition of surviving females (Grebenok, unpublished). Additional
insect species, Ornthodous monbata, Drosophila melanogaster, Halotimes favicollis, and Glossia mori-
tans, also demonstrate detrimental physiological responses to these phytoecdysteroid titers.'® Although
not as sensitive, Musca domestica, Tribolium confusum, Prodenia litura, Pierisrapae, Leucania separata,
and Blatella gemanica al demonstrate detrimental physiological responsesto phytoecdysteroids at levels
from 1002000 mg/kg fresh weight of diet.*® Significantly, all insects listed have a developmental period
in which some level of dietary phytoecdysteroid would affect an aspect of growth, development, or
reproduction. The literature on the occurrence of various ecdysteroidsin plantsis extensive, with reported
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Table 1 Effect of Ingested Ecdysteroids on Some Herbivorous Insects

Insect Treatment Major Effects Ref.
In ppm
Pectinophora gossypiella Artificial diet feeding Elgg EDq,
Pink bollworm Ecdysis inhibition (Elg;)  Ponasterone A 2 1 74
Ecdysterone 50 35
Effective dose (EDs) Cyasterone 40 25
Ajugasterone 45 14
Growth inhibition Ajugalactone N.D. 430
Fpodoptera frugiperda Ecdysterone Failed molting cycle, 74
Fall armyworm feeding entrapped organism
Bombyx mori Feeding Unable to feed or locomote 74
Silkworm
Schizaphis graminum Feeding Feeding Inhibition 74
Aphid In ppm EDg,
Ajugasterone C 62
Ecdysterone 650
Cyasterone 2000
Heliothis complex Ecdysterone No effect 74
Corn earworm feeding at 3000 ppm
Spodoptera litura Ingestion of 2—6 g 1) Abnormal and malformed pupae 75
Armyworm ecdysterone by 5th and  2) Decreased fecundity (60%; 90%)
6th instar and fertility (33%; 60%) females
emerging treated (5th; 6th instar)
Dacus tryoni Administered in food Ecdysterone no effect on fecundity 76
Queendland fruit fly or fertility
Epilachna varivestis Feeding on bean plants Precocious molting 7
Mexican bean beetle dipped or sprayed with  Emerged females sterile

22,25-bisdeoxyecdysone  Oviposition stopped

concentrations of these compounds ranging up to 2 x 10* mg ecdysteroid/kg fresh weight of plant.
Phytoecdysteroid contents of many higher plant species®!® significantly exceed the sensitivity levels of
the above insects and would suggest that these phytoecdysteroid levels have the potential to disrupt
physiological processes of susceptible insect species. Susceptible insect species would absorb such
phytoecdysteroids into the hemolymph in an unregulated manner where these would bind to existing
receptors and act to produce abnormal physiological situations during insect growth and development.
A small alteration in the fitness of the organism to its environment may be all that is necessary to effect
a detrimental effect on the insect population.”™ Insects adapted to exogenous ecdysteroids would pre-
sumably conjugate and excrete® these exogenous compounds in a fashion to minimize developmental
aterations. The structure-function relationship of phytoecdysteroids, their obvious fundamental physi-
ological roleininsect development, and the documented sensitivity of numerous insect speciesto purified
phytoecdysteroids providesthe basisfor areasonabl e argument for phytoecdysteroid function as aspecific
defense by numerous higher plant species against herbivorous insects.

VII. SUMMATION

Plants and insects over the course of time have developed a co-evolutionary arms race for survival. In
plantsthe biosynthesis of ecdysteroids, which have aknown site of action in insects, provides a structure-
function basis for phytoecdysteroid use as putative regulatory agents to alter insect predation. This
putative regulation could be either immediate, halted feeding, or long-term, reduced fecundity or fitness
of the insect herbivores. Proof of this hypothesis will ultimately require the availability of variants of a
plant species that do not biosynthesize ecdysteroids as well as those that do biosynthesize ecdysteroids.
The recent developmentsin our fundamental understanding of the biochemistry, regulation, and transport
of ecdysteroids in plants provides a starting point for the experimental design of the requisite investi-
gations. The physiological distribution and apparent cycling of ecdysteroids within perennial plants
would likely limit hypotheses testing to genetically modified annuals. Unfortunately, Arabidopsis
thaliana does not biosynthesize any detectable nonconjugated phytoecdysteroids (Grebenok and Adler,
unpublished). Thus, analysis would likely require a different host species. Severa potential sites for
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controlled ateration of phytoecdysteroid biosynthesis are becoming more evident as our fundamental
knowledge of the ecdysteroid pathway is elucidated.
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