Chapter 1
Phytoecdysteroids: Diversity, Biosynthesis
and Distribution

Laurence Dinan, Juraj Harmatha, Vladimir Volodin, and René Lafont

Abstract We review the current status of knowledge on phytoecdysteroids, with
particular emphasis on their occurrence, diversity, functions, biosynthesis and
biotechnological production. We also consider evolutionary aspects with regard to
their probable role in the deterrence of phytophagous invertebrates and in respect
to their relationship to other classes of phytosteroids.
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Abbreviations 2dE: 2-deoxyecdysone; 22dE: 22-deoxyecdysone; 2,22dE:
2,22-dideoxyecdysone; 2,22,25dE: 2,22,25-trideoxyecdysone; 20E: 20-hydroxy-
ecdysone; BR: Brassinosteroid; DAH: Diacylhydrazine; E: Ecdysone; LBD:
Ligand-binding domain; makA: Makisterone A; NMR: Nuclear magnetic reso-
nance; poA: Ponasterone A; polB: Polypodine B.

1.1 Introduction

The discovery of ecdysteroids in plants (phytoecdysteroids) followed soon
after the elucidation by X-ray analysis of the structure of ecdysone (Huber and
Hoppe, 1965). Almost simultaneously, four independent laboratories reported
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the isolation of closely related molecules from two gymnosperms (Galbraith
and Horn, 1966; Nakanishi et al., 1966), one fern (Jizba et al., 1967) and
one angiosperm (Takemoto et al., 1967a). Such an unexpected finding was
the impetus for extensive investigations of many plant species to examine the
distribution of these molecules in the plant kingdom (see Ecdybase [Lafont
et al., 2002] for an extensive bibliographic survey of >2,350 species; Dinan
and Lafont, 2007). At that time, there was great hope that ecdysteroids would
form the basis for a new class of safe and specific endocrine disruptors for con-
trolling insect pests. Indeed, these molecules are able to interfere with insect
development/reproduction (see Chapter 6), but for various reasons (the complex-
ity of the molecules, the difficulty of their chemical synthesis, environmental
and metabolic lability, penetration problems) this has not led to any practical
use of ecdysteroids per se in the area of pest control (which is not the case for
synthetic ecdysteroid agonists [e.g. diacylhydrazines], which have much simpler,
and unrelated, structures).

These extensive investigations allowed the isolation of a wide array of
molecules (see Ecdybase), i.e. more than 300 different phytoecdysteroids,
and showed the surprisingly wide distribution of these molecules in the plant
kingdom (Dinan, 2001). The presence of ecdysteroids is not restricted to
terrestrial species, and several aquatic plants also contain ecdysteroids
(Chadin et al., 2003), which may be ecologically relevant (see Chapter 23 of
this book).

Ecdysteroids are also present in fungi (reviewed in Kovganko, 1999), and closely
related molecules (pinnasterols) have been isolated from a red alga (Fukuzawa
et al., 1981, 1986).

Ecdysteroids are somewhat related to brassinosteroids (BRs), i.e. plant growth
steroid hormones, in their chemical structures, although it is apparent that this
similarity is not so strong when one considers 3D-representations of the mol-
ecules. While BRs may act as weak ecdysteroid antagonists in insects (Dinan
and Hormann, 2005), the reverse is not true, since ecdysteroids do not appear to
be active on BR receptors. This makes biological sense when considering (i) the
uneven distribution of phytoecdysteroids in the plant world and (ii) the huge
concentrations of ecdysteroids reached in certain plant species, when compared
with the minute amounts of BRs (Adam and Marquardt, 1986). This does not
however preclude other biological activities of ecdysteroids in the plant itself
(Lehmann et al., 1988), although convincing experimental evidence for this is
lacking (Dinan, 2001).

In this chapter, we shall first consider the diversity and the distribution of
ecdysteroids. We will then discuss in detail the biosynthesis of these molecules
and identify the remaining open questions. We will then consider the in vitro sys-
tems developed for the production of ecdysteroids. The putative allelochemical
functions of phytoecdysteroids will then be examined. Finally, we shall consider
phytoecdysteroids in relation to the diversity of non-ecdysteroidal plant sterol
derivatives.
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1.2 Distribution and Diversity of Phytoecdysteroids

1.2.1 General

The literature concerning this aspect has been comprehensively reviewed
recently (Lafont, 1997; Dinan, 2001). Thus, the main features of the distribu-
tion of phytoecdysteroids within the world flora and their distribution within
plants will be just briefly summarised, with emphasis on publications appear-
ing since 2001, and attention will be drawn to the larger surveys of plant spe-
cies to aid those wishing to ascertain if particular species have already been
investigated for the presence of ecdysteroids. A good resource in this respect is
Ecdybase (http://www.ecdybase.org), which provides chemical and biological data
for ecdysteroid analogues and listings of the literature concerning the occur-
rence of ecdysteroid in plants, their effects on various organisms and their
applications.

Ecdysteroids or ecdysteroid-like compounds have been found in gymnosperms,
angiosperms, fungi, algae and certain marine organisms, in addition to arthro-
pods and other invertebrate groups (see Chapter 2). The most extensive studies
of ecdysteroid distribution within these categories of organisms have focussed
on terrestrial plants, but even here only a very small percentage of the world’s
250,000 species have been analysed, and, of course, the published literature tends
to report only the ecdysteroid-positive species, rather than those not found to
contain them. Additionally, one needs to take the method and protocol used to
detect ecdysteroids into account, since they can possess very different thresholds
for detection, as plants can contain vastly different levels of ecdysteroids, and
the method may detect only particular types of ecdysteroids. Thus, a new class of
ecdysteroid conjugate (glucosyl-ferulate) has recently been detected in the fern
Microsorum membranifolium (Ho et al., 2008), which could easily have been
missed in earlier studies on other species. Also, one has to ask if the ecdysteroids
are naturally produced by the organism. For example, do fungi produce myco-
ecdysteroids de novo, or do they represent modifications of phytoecdysteroids
taken up by the fungus? Only in a few terrestrial plants has the biosynthetic capac-
ity properly been demonstrated (see later).

1.2.2 Phytoecdysteroid Distribution Within the Natural World

Within the higher plants, ecdysteroids are found in gymnosperms and
angiosperms (mono- and di-cotyledonous plants). It appears that 5-6%
of terrestrial plant species contain significant levels of ecdysteroids (Imai
et al., 1969; Dinan, 1995). However, use of sensitive immunoassays has
suggested their presence in the leaves of 40% of randomly selected species
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(Dinan et al., 2001a). Additionally, individual ecdysteroid-positive plants in
species generally regarded as ecdysteroid-negative (e.g. Arabidopsis thalliana;
Dinan et al., 2001a) can be found. Put together, this suggests that most, if not
all, plants retain the genetic capacity to produce ecdysteroids, but that the
accumulation is suppressed in most species. It was originally thought that there
was a preponderance of ecdysteroid-containing species amongst the ferns, but
it has come to be realised that this just reflected the large number of ferns in
early surveys (Hikino et al., 1973; Yen et al., 1974). Few plant families do
not contain at least some ecdysteroid-positive species; where none has been
found, it is probably because the family is very small, or that too few spe-
cies have been examined. Levels of phytoecdysteroids in ecdysteroid-positive
plant species vary enormously, from the barely detectable to the staggeringly
high, where ecdysteroids can make up 2-3% of the dry weight (e.g. seeds
of Rhaponticum [Leuzea] carthamoides [Koudela et al., 1995] or stems of
Diploclisia glaucescens [Bandara et al., 1989]). Even low concentrations may
be ecologically significant in the deterrence of invertebrate predators, since
they may act in synergy with other classes of secondary compounds to bring
about effective deterrence. Equally, there is not a simple relationship between
the frequency of occurrence of ecdysteroid-positive species in a genus/family
and the levels found in individual species. Thus, there are a few individual
species in the Compositae (Leuzea carthamoides, Serratula coronata), which
contain very high levels of ecdysteroids, but in general the vast majority of
composites are ecdysteroid-negative (Dinan, unpublished). On the other hand,
in the genus Silene, where there is a high preponderance of ecdysteroid-positive
species, there are several ecdysteroid-rich species (Zibareva et al., 2003). As
more species are examined within certain large families/genera, patterns are
beginning to be discerned between their presence/absence and the taxonomic
position of the species e.g. in the Chenopodiaceae (Dinan et al., 1998) or the
genus Silene (Zibareva et al., 2003).

1.2.3 Phytoecdysteroid Distribution Within Plants

Phytoecdysteroid levels are not uniform in ecdysteroid-positive species. Rather,
they vary from organ to organ, and can undergo changes according to season
or geographical location. Further, the ecdysteroid profiles of different organs
may vary. It is not known where in the plant cell or tissue that ecdysteroids
accumulate, although it is often speculated that it is in the vacuole. Data on
the relative biosynthetic capacity of different plant organs are also scarce, as
is information about the kinetics and mechanisms of synthesis and distribution
around the plant.

It has been suggested that the qualitative and quantitative aspects of ecdysteroid
presence or profiles could be used for chemotaxonomic purposes (Zibareva, 2000).
However, the fluctuations associated with organ type, season and geographical
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location may confound this. In spite of this, levels and profiles in seeds may truly
have some potential in this regard (Dinan et al., 1998; Zibareva, 2000). The taxo-
nomic value of ecdysteroids in the chemosystematics of mushrooms, particularly
in genera Paxillus and Tapinella, has been discussed and used as an additional
chemosystematic character (Vokac et al., 1998a, b).

Evidence is gradually accumulating that ecdysteroid concentrations are
highest in tissues which are most important for the survival of the plant, or, in
the case of annuals, of the species into the next generation. Thus, in the wind-
pollinated annual Chenopodium album, high levels of ecdysteroids are found
in the anthers protecting the developing pollen, in the seeds and in young
leaves (Dinan, 1992).

1.2.4 Large-Scale Surveys of Phytoecdysteroid Distribution

It is estimated that there are more than 250,000 species of terrestrial plants, but
only a small percentage of these has been surveyed for the presence of phyto-
ecdysteroids. Further, since the possibility for varietal, developmental, ecological
or geographical variation of ecdysteroid content exists within a species, very few
species indeed have been examined under different circumstances, and certainly not
enough to be able to state categorically that a particular species does not accumulate
ecdysteroids under any circumstances.

The first large-scale survey was conducted by Imai et al. (1969) who assessed
methanolic extracts of 1,056 taxonomically diverse species and 351 crude drug
preparations by means of the lepidopteran Chilo suppressalis ‘dipping’ test. They
found that 24 (from 47) pteridophytes, 7 (from 42) gymnosperms and 30 (from
967) angiosperms were positive. The publication names and presents data only
for the positive species. Hikino et al. (1973) examined methanolic extracts of 283
species (871 specimens) of Japanese ferns by means of the dipteran Sarcophaga
peregrina test, whereby the plant extract is injected into the abdomen of ligated last
instar larvae to see if pupariation is induced (positive response). 170 species proved
positive, of which 51 gave high activity. The paper reports the data for all positive
and negative species. The Sarcophaga test was also employed by Yen et al. (1974),
who assessed methanolic extracts of 115 species (164 specimens) of Taiwanese
ferns. Sixty-four species were positive, of which 18 were highly so. Again, all the
tested species are named.

During the period 1995-2002, the Insect Biochemistry Group at Exeter
University conducted a survey for the presence of ecdysteroid agonist and antago-
nist activities in a large number of plant extracts. The plant material (25-30mg dw)
was extracted with methanol, partially purified by addition of water (30%) and
partition of the aq. methanol phase against hexane. The aq. methanol phase was
then assessed by means of the dipteran Drosophila melanogaster B, cell-based
microplate assay for ecdysteroid agonist and antagonist activities (Clément et al.,
1993) and in two or three ecdysteroid-specific immunoassays (Dinan, 1995).
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Phytoecdysteroid-containing extracts were positive in the agonist bioassay and in
the immunoassays. The plant material surveyed consisted of:

e 2,454 randomly selected seed samples

e 2,111 targeted seed samples

e Parts of plants grown from 180 randomly selected species (Dinan et al., 2001a)

e Seeds of 290 species assessed for the presence of hydrolysable ecdysteroid con-
jugates (Dinan et al., 2001a)

e Circa 200 species of the Chenopodiaceae (Dinan et al., 1998)

e Seeds and plant parts of 128 species of the Solanaceae (Savchenko et al., 2000)

e Circa 110 species of the Caryophyllaceae (Zibareva et al., 2003)

e 470 species of the Compositae

Some of this data has been published over the years in the scientific literature (e.g.
Savchenko et al., 1997, 1998, 2001; Whiting et al., 1998; Dinan et al., 2001b, c,
2002), and detailed summary tables of the findings have now being incorporated
into the Ecdybase website (http://www.ecdybase.org), which permits one, with
significant certainty, to identify the species which contain (i) phytoecdysteroids
(agonist bioassay positive, RIA-positive; 5-6% of species based on seed extracts),
(i) ecdysteroid antagonists (antagonist bioassay positive, RIA-negative; 2% of spe-
cies), or (iii) non-steroidal agonists (agonist bioassay positive, RIA-negative; very
rare), and to use the data to consider the taxonomic significance of the distribution
of ecdysteroid agonists/antagonists.

The approach of the Exeter Survey has been extended by the Biochemistry and
Biotechnology Laboratory of the Komi Research Centre to examine the ecological
and geographical distribution of ecdysteroid-containing plant species in a specific
geographical region (European North-east Russia). The findings of this study have
been published (Volodin et al., 2002; Volodin, 2003). Seven hundred samples col-
lected from eight geographical locations and representing 411 species were inves-
tigated. Four percent of the species tested positive for phytoecdysteroids. All the
data are presented and analysed for the impact of ecological/geographical factors
on phytoecdysteroid distribution.

1.2.5 Diversity of Phytoecdysteroids

To date, somewhere in the region of 300 different phytoecdysteroids have been
identified (Lafont et al., 2002). Ecdybase provides an up-to-date listing of all
their structures, together with spectral and biological data, where available. The
diversity of ecdysteroid analogues has also been reviewed previously (Lafont
and Horn, 1989; Lafont, 1997, 1998; Dinan, 2001). They differ in the number of
C-atoms present (24C-29C), the number, position and location of hydroxyl and
keto groups on the steroid skeleton, whether the ecdysteroid is free or conjugated
and, if conjugated, whether the conjugating moiety is polar or non-polar. Multiple
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conjugates also exist. This diversity is summarised in Fig. 1.1. By far the most
commonly occurring phytoecdysteroid is 20-hydroxyecdysone, followed by
polypodine B. Typically, a phytoecdysteroid-containing species will contain 1-3
major ecdysteroids, which together make up ca. 95% of the total ecdysteroid,
together with a plethora of minor ecdysteroids, forming a diverse ‘cocktail’ of
ecdysteroid structural analogues. The number of minor ecdysteroids may be
very large, since in few cases have only the most major of them been isolated
and identified. In Leuzea carthamoides, which is rich in ecdysteroids, has been
extensively studied and where very large amounts of plant material have been
extracted to provide a commercial source of the major ecdysteroids present, the
total number of ecdysteroid analogues so far identified is >20 (Budé&Sinsky et al.,
2008). Figure 1.2 demonstrates the ecdysteroid profile present in fronds of the
fern Microsorum membranifolium (Ho et al., 2008), including the presence of
novel ecdysteroid glucosylferulate conjugates. This species is characterised by
high ecdysteroid concentrations (0.65% of the dry weight of the fronds) and, unu-
sually, by significant proportions of a number of ecdysteroid analogues, where
20E is not the major component. Although far fewer ecdysteroids have been
isolated from fungi (mycoecdysteroids) than from plants, it would appear that,
although there is some overlap in the structural analogues found (20E, ajugaster-
one C etc.), some structural variations (e.g. side-chain epoxide groups) appear to
be unique to fungi. It is currently not clear if fungi possess the ability to generate
ecdysteroids from sterols, or whether they take in phytoecdysteroids from their
substratum and modify them.
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Fig. 1.1 Summary of the diversity of phytoecdysteroid structures, show examples of variety in
steroids (panel a)
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Fig. 1.2 Ecdysteroid profile in fronds of Microsorum membranifolium as determined by C ¢
RP-HPLC (15cm x 4.6 mm; 5um particle size), eluted at 1 ml/min with a gradient from 15-30%
acetonitrile in water over 40 min; peak 1 = 2dE 25-rhamnoside, peak 2 = 2d20E 3-glucosylferulate
and peak 3 = 2dE 3-glucosylferulate

1.3 Pathways and Regulation of Phytoecdysteroid
Biosynthesis

1.3.1 Introduction

Studies on phytoecdysteroid biosynthesis started ca. 30 years ago, i.e. soon after
their discovery, and, in fact, at about the same time as in insects. Given the large
amounts of edysteroids found in some plant species, it could be thought that eluci-
dation of the pathway could be easily addressed. In reality, the high amounts are the
result of ecdysteroid accumulation over a long period, which does not require such
high rates of synthesis when compared to that in insect moulting glands; moreover,
the sites of ecdysteroid production have not been defined, and we do not know
whether biosynthesis takes place in all, or only is some, specialized cells (yet to be
identified). It will become possible to address such a question only with a molecular
biological approach, when genes encoding some of the biosynthetic enzymes have
been identified, which is not yet the case for the following reasons: (1) none of
the plant species for which genomic sequence information is available accumulate
ecdysteroids and (2) unlike brassinosteroids, we cannot expect that mutants will
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display a specific phenotype. Thus, very few attempts have been made so far to
purify biosynthetic enzymes (e.g. ecdysone 20-monooxygenase) using classical
biochemical approaches (Grebenok et al., 1996; Canals et al., 2005).

1.3.2 Methods

Ecdysteroids are derived from sterols, and different strategies can be used to elucidate
their biosynthetic pathway, which are aimed at providing different types of information:

1. Use of radioactive (*H or *C) molecules and testing whether they are converted
into ecdysteroids (mainly 20-hydroxyecdysone); this can be done with very
early sterol precursors (acetate, mevalonate), sterols (cholesterol) or any avail-
able putative intermediate; radioactive intermediates/substrates can also be used
to characterize enzymes (organ distribution, subcellular localization, cofactors
etc.) involved in some biosynthetic steps (e.g. hydroxylases).

2. Use of doubly-labelled (*H + “C) molecules, where tritium is introduced at spe-
cific positions of the A/B-rings with the aim of understanding the mechanism of
the formation of the (5p—H)140.0H-7-en-6-one structure, or the stereochemistry
of a given reaction (e.g. 7-dehydrogenation).

3. Use of molecules labelled with stable isotopes (*H, *C) followed by NMR
analysis of 20-hydroxyecdysone; this gives information about effective incorpo-
ration and, in the case of 2H, it allows the establishment of a possible migration
of deuterium atoms to another position.

1.3.3 Biological Systems

In addition, labelling experiments are faced with the problem of compound delivery
to/uptake by the plant. Topical applications have a limited efficiency, owing to the
low permeability of plant cuticle. Whole plant experiments can allow uptake by the
roots. Excised leaves can be efficiently loaded through their petiole thanks to evapo-
ration. Hairy roots (from Serratula tinctoria [Delbecque et al., 1995; Corio-Costet
et al., 1996] or Ajuga nipponensis [Fujimoto et al., 2000]) and ecdysteroid-produc-
ing cell cultures from Ajuga reptans and Serratula coronata (Filippova et al., 2003)
should provide more efficient biological systems. Polypodium vulgare prothalli also
represent a good model for metabolic studies (Reixach et al., 1996, 1997, 1999).

1.3.4 Biosynthetic Pathway(s)

Early on, it was shown that cholesterol was a precursor of C,, ecdysteroids, but
this may not be true for all species; for instance, Spinacia oleracea contains mainly
A’-sterols and lathosterol (a A’-sterol) is a more likely ecdysteroid precursor (Grebenok
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and Adler, 1993). Acetate and mevalonate are also converted into ecdysteroids, and
acetate may give C,-, C,.- and C -ecdysteroids (Tomds et al., 1993) (Table 1.1). It
is conceivable that C - or C,,-sterols are the precursors for the corresponding C -
and C,;- ecdysteroids (e.g. clerosterol for cyasterone; Okuzumi et al., 2003). The
use of hydroxylated cholesterol derivatives (25-hydroxycholesterol, 22R-hydroxy-
cholesterol) has been essentially restricted to Polypodium vulgare prothalli and these
molecules were very efficiently converted into ecdysone and 20-hydroxyecdysone
in this fern (Reixach et al., 1999), whereas 25-hydroxycholesterol labelling experi-
ments with Podocarpus elata (Joly et al., 1969), Serratula tinctoria hairy roots
(J.-P. Delbecque, personal communication), or Silene otites seedlings (R. Lafont,
unpublished data) were negative. In P. vulgare, this means that early hydroxylation at
the 22R- or 25-positions does not prevent further reactions taking place.

The terminal steps have been investigated by using available tritium-labelled
intermediates previously used with insects and crustaceans (5B-diketol, 5B-ketodiol,
2,22dE, 2dE, E etc.), but the limited number of species investigated does not allow
general conclusions to be drawn. In P. vulgare, 5B-ketodiol and 2,22dE were con-
verted only up to 22dE, but no further, which means that 22-hydroxylation must
take place at an early stage (in this species at least, but not in Achyranthes fauriei,
Ajuga reptans or Spinacia oleracea). On the other hand, 25-hydroxylation may
take place at any time in P. vulgare (where both 25-hydroxycholesterol and pon-
asterone A [25-deoxy-20-hydroxyecdysone] can be converted to 20E), whereas
25-hydroxycholesterol is not converted in other species. These two examples illustrate
possible differences in the biosynthetic pathway among plant species (pteridophytes
vs. spermatophytes), possibly connected with the narrow substrate-specificity of
some hydroxylases. In fact, similar differences have also been recorded in the case
of arthropods. 20-Hydroxylation may also be a point of divergence between plants
and animals; this step is the last one in insect larvae, because it takes place outside
the moulting glands (e.g. in the fat-body), but there is no reason to think that the
whole plant pathway to 20E should not take place in the same cell, thus allowing
20-hydroxylation to take place at an earlier stage (hence the presence of 22-deoxy-
20-hydroxyecdysone [taxisterone] in several plant species. However, it is possible
that in some animal systems the same situation exists, e.g. in the case of Bombyx
ovaries where, for instance, 2,22d20E has been isolated (Ikekawa et al., 1980), or the
presence of taxisterone in a marine arachnid, Pycnogonum litorale (Biickmann et al.,
1986). The few enzymatic studies performed with subcellular fractions (mitochondria,
microsomes, cytosol) have shown differences with insects concerning the localization
of some hydroxylases or oxidoreductases (Reixach et al., 1999; Bakrim, 2007).

During metabolic studies, special attention was given to the, as yet unsolved
(but in insects too), early-step problem, i.e. the formation of the (5p—H)140:OH-
7-en-6-one chromophore characteristic of ecdysteroids. This question was ini-
tially addressed in parallel experiments performed on plants and insects, at first
by using putative intermediates (cholest-4-en-3-one, cholesterol 5ca.,6a-epoxide,
cholesterol 5B,6B-epoxide), then doubly-labelled cholesterols: [4-'*C,30-*H]
to test whether a 3-oxo-A* intermediate was formed (Lloyd-Jones et al., 1973),
[4-“C,70-*H], [4-'*C,7B-*H] to understand the stereochemistry of A’-bond formation
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Table 1.1 Biosynthetic studies performed with radioactive or non-radioactive labelled precursors

L. Dinan et al.

LABELLED ECDYSTEROIDS
PRECURSOR PLANT SPECIES PRODUCED REFERENCE
Acetate Ajuga reptans 20E + Cyasterone + | Tomds et al., 1993
Sesuvium 29-Norcyasterone | Sipahimalani et al., 1972
portulacastrum E + 20E Grebenok and Adler, 1993
Spinacia oleracea 20E + Polypodine B
Mevalonate Cyathula capitata only sterols, no Boid et al., 1975
Cyasterone
Polypodium vulgare |E + 20E + De Souza et al., 1970
Polypodine B
Serratula tinctoria 20E Reixach et al., 1996
Sesuvium 20E Delbecque et al., 1995
portulacastrum E +20E Sipahimalani et al., 1972
Spinacia oleracea
20E + Polypodine B, | Grebenok et al., 1994
Taxus baccata E + E conjugate
20E + Ponasterone A | De Souza et al., 1969
Cholesterol Ajuga reptans 20E Nagakari et al., 1994a, b;
Yagi et al., 1996;
Fujimoto et al., 1997;
Nakagawa et al., 1997,
Nomura and Fujimoto,
2000
Podocarpus elata 20E Sauer et al., 1968; Joly
et al., 1969
Podocarpus 20E + Hikino et al., 1970
macrophyllus Ponasterone A

Polypodium vulgare

Serratula
tinctoria

Sesuvium
portulacastrum
Spinacia oleracea

Taxus baccata

Zea mays

20E

E + 20E

E + 20E

20E +
Polypodine B

20E

20E conjugate

Cook et al., 1973; Lockley
et al., 1975; Davies
et al., 1980; Reixach
et al., 1996

Delbecque et al., 1995
Sipahimalani et al., 1972
Grebenok et al., 1994
Lloyd-Jones et al., 1973;

Cook et al., 1973

Devarenne et al., 1995

Cholest-4-en-3-one

Podocarpus elatus

no conversion

Sauer et al., 1968

Sesuvium no conversion Sipahimalani et al., 1972
portulacastrum
7-Dehydrocholesterol | Ajuga reptans 20E (low) Ohyama et al., 1999
25-OH-Cholesterol Podocarpus elata None Joly et al., 1969
Polypodium vulgare |E + 20E Reixach et al., 1999

(continued)
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Table 1.1 (continued)

LABELLED ECDYSTEROIDS
PRECURSOR PLANT SPECIES PRODUCED REFERENCE
22R-OH-Cholesterol Polypodium vulgare |E + 20E Reixach et al., 1999

22S-OH-Cholesterol

Polypodium vulgare

none

Reixach et al., 1999

Clerosterol Ajuga reptans Cyasterone + Okuzumi et al., 2003
Isocyasterone +
29-Norcyasterone
Lathosterol Ajuga reptans 20E Ohyama et al., 1999
Spinacia oleracea 20E Grebenok and Adler, 1993
3B-Hydroxy- Ajuga reptans 20E Hyodo and Fujimoto, 2000
5B-cholestan-6-one
2B,3B-Dihydroxy-5B- | Ajuga reptans 20E Hyodo and Fujimoto, 2000
cholestan-6-one
3B-Hydroxy-58- Ajuga reptans 20E Hyodo and Fujimoto, 2000
cholest-7-en-6-one
3B,140-Dihydroxy-5B- | Ajuga reptans no 20E Hyodo and Fujimoto, 2000
cholest-7-en-6-one
20E Fujimoto et al., 2000
5B-Cholest-7-ene-3,6- | Polypodium vulgare |22,25dE + 22dE Reixach et al., 1999
dione Spinacia oleracea 20E Bakrim, 2007
22,25- Achyranthes 20E + Inokosterone | Tomita and Sakurai, 1974
Dideoxyecdysone Sauriei

2,22-Dideoxyedysone

Polypodium vulgare

22dE

Reixach et al., 1999

2-Deoxyecdysone

Polypodium vulgare
Spinacia oleracea

E + 20E
2d20E + E + 20E

Reixach et al., 1999
Bakrim et al., 2008

Ponasterone A

Polypodium vulgare

20E

Reixach et al., 1999

Ecdysone

Polypodium
vulgare

Sesuvium
portulacastrum

Spinacia oleracea

20E (+ polypodine B
+ abutasterone)

20E

20E + polypodine B
+ E conjugate

Reixach et al., 1996

Sipahimalani et al., 1972

Grebenok and Adler, 1993;
Grebenok et al., 1994

(Cook et al., 1973), then [4-C,30.-*H] or [4-*C, 40-*H] or [4-“C,4B-*H] for under-
standing the formation of the chromophore (Polypodium vulgare; Davies et al., 1980)

(Fig. 1.3).

More recently, molecules labelled with stable isotopes have allowed a more
convenient and exact approach with the A. reptans hairy root system. After
labelling with [30-?H]-, [40-*H]- or [4B-?H]cholesterol, it was shown that, in
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CHOLESTEROL

20-HYDROXYECDYSONE

Fig. 1.3 Proposed early steps of ecdysteroid biosynthesis in Polypodium vulgare (Davies et al., 1980)

these three cases, deuterium atoms remained in the same positions, suggesting a
direct mechanism involving carbons 5 and 6, and no oxidation at C-3 (Nagakari
et al., 1994a). Further labelling experiments with [6-°H]- or [30(,6-2H2]choles-
terol showed that the 6-H proton of cholesterol was found in position-5f in 20E
(Fujimoto et al., 1997). These data were consistent with the intermediate formation
of a Sa,60—epoxide. However, the mechanism is probably not so simple, because
only 70% of the deuterium is conserved, and this non-stoichiometric behaviour has
received no explanation.

Labelling experiments with a A’-sterol, [30,60:-"H,]- or [30.,68-*H, Jlathosterol,
have shown that the 63-proton migrates to the 5B—position, whereas the 60-H is
eliminated (Ohyama et al., 1999) (Fig. 1.4). These data, taken together with the
above, suggest that cholesterol and lathosterol are converted into 20E through the
formation of 7-dehydrocholesterol. Here again, 30% of the deuterium is lost during
the migration of the 6B3-*H to C-5. However, this means that direct oxidation of C-6
of lathosterol is not involved. According to this scheme, 140-hydroxylation would
represent an independent step, which is confirmed by the conversion of 33-hydroxy-
5B-cholest-7-en-6-one (5B-ketol) into 20-hydroxyecdysone (Hyodo and Fujimoto,
2000). In this respect, we are reminded that 14-hydroxylation is a separate step in
cardenolide biosynthesis in plants (Kreis et al., 1998). In the same way, the origin
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LATHOSTEROL

Fig. 1.4 Proposed early steps of ecdysteroid biosynthesis in Ajuga reptans (Fujimoto et al., 1997;
Ohyama et al., 1999)

of polypodine B, and more generally of 5BOH-ecdysteroids, might result from a
late 5B-hydroxylase, as evidenced by the (low) conversion of labelled ecdysone into
polypodine B in Spinacia oleracea (Grebenok and Adler, 1993) and Polypodium
vulgare (Reixach et al., 1996).

Finally, and most unexpectedly, [30-*H]3[B-hydroxy-5B-cholestan-6-one and
[5B,70.,7B3-H]2B,3B-dihydroxy-5B-cholestan-6-one are efficiently incorporated
into 20E, which means that the introduction of the A’-bond may take place at a late
stage in the biosynthetic sequence (Hyodo and Fujimoto, 2000).

These data permit the conclusion that formation of the (5—H)140—OH-7-en-
6-one chromophore may proceed by at least two different routes in plants (both
differing from that in animals?). Whether this means that the capacity to synthesize
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ecdysteroids has appeared several times independently remains to be established.
To address this question, it will be absolutely necessary to develop molecular
tools. Further steps (mainly hydroxylations) may also occur in different sequences;
so, like the biosynthesis of brassinosteroids (Bishop, 2007), we should perhaps con-
sider the biosynthetic pathway for phytoecdysteroids as a grid rather than a linear
sequence, with possibly privileged ways in any given species.

Finally, we wish to underline the absolute need for molecular biological
approaches in this area in order to address the following basic questions: (1) In
which plant cells (all or specialized ones?) does ecdysteroid biosynthesis take
place? (2) Does the whole pathway take place in the same cells or does it involve
some ‘cooperation’, as is often the case for animal steroids? (3) How conserved
are the concerned genes in the plant kingdom and in fungi? (4) Are these genes
present in all plants species, but silent (or very poorly expressed) in most of
them?

1.3.5 Biogenetic Diversity of Phytoecdysteroids

The current biosynthetic studies have so far not explained the formation of the main
feature of ecdysteroid structural specificity, i.e. the 140-hydroxy-7-en-6-one moi-
ety, but have provided some information on the sequence of hydroxylations. Some
evidence exists for the occurrence of multiple or branching pathways (see Figs. 1.3
and 1.4). In some studies the main effort has concentrated on the elucidation of the
formation of the 5p—H configuration, which is characteristic for ecdysteroids, or the
5B-OH substituent present in certain analogues. However, the structural variability
of ecdysteroids, even if maintaining the above indicated characteristic features, is
much higher. Some variability is associated with the basic ecdysteroid carbocyclic
part of the skeleton, e.g. the presence of hydroxyls at positions C-1, C-11, and
less frequently also at C-9 or C-15. Further variability is elicited by 3-epi-OH, or
a 2,3-diepi-OH configuration, C-2 deoxy or C-2 dehydro formation, occasionally
also in combination with a C-9(11) double bond. However, the 9(11)-double bond
may be an artefact arising from the ready dehydration of 11o-hydroxyecdysteroids
(Szendrei et al., 1988).

Much more variability, however, is found in the side-chain. The C27/C28/C29
homology, which has already been mentioned, has been studied at various levels
and types of sterols and steroids, including ecdysteroids, as reviewed by Goad and
Akihisa (1997) and Brown (1998). This homology together with various hydroxy,
0Xo0, 0Xy, isopropyloxy, acyloyl, aryloyl, glycosyl and other substituents, significantly
enhances the structural variability. Moreover, the oxygenated side-chain derivatives
are further appropriate for generating five- or six- membered cyclic ethers or lac-
tones, depending on the side-chain homology (C,; or C,;) and on the oxygenation
level and positions of participating substituents. Different configurations of the
participating alkyloxy- and oxygen-containing groups induce additional increase
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of variability. Formation of such a structural variability has so far only been very
marginally studied by biosynthetic methods. Often, the biogenetic relations of
similar structural types can only be inferred from tentative chemical relation-
ships between the compounds. The assumed structural relationship of selected
minor ecdysteroids from Leuzea carthamoides (Vokac et al., 2002; BudéSinsky
et al., 2008) can serve as an illustration. This tentative biosynthetic scheme (Fig.
1.5) is based on the structural relations of the constituents so far identified from
L. carthamoides, and on feasible biochemical reaction sequences. Such a sequence
of reactions could be proposed only because an unusually large amount of plant
material was processed (Vokac¢ et al., 1999), enabling identification of a large
number and variety of minor constituents, which would be unattainable from
amounts customarily used for routine laboratory extractions. This is why it has
not been possible to derive such relationships for other rich ecdysteroid-containing
genera, e.g. Ajuga, Silene or Serratula (see Ecdybase; Lafont et al., 2002). On the
other hand, the biosynthesis of some side-chain lactones, e.g. cyasterones in the
genus Ajuga, has already been experimentally explored (Okuzumi et al., 2003).

Even when a large range of constituents has been identified from certain species,
a tentative biogenetic relationship for the so far identified ecdysteroid analogues
could not be proposed, since some of the identified ecdysteroids might only be
artefacts obtained by simple oxidation, dehydration or other reactions performed
during plant processing or compound isolation; especially the cyclic ethers might
be formed in such a way. Indirect evidence is provided by the formation of shidas-
terone and congeners by catalytic thermal reactions (Harmatha et al., 2002a,b), or
by specific anhydride-induced dehydration (Odinokov et al., 2002). Many more
biosynthetic studies are required to explain the large, and still growing, structural
diversity of natural ecdysteroids, especially those of plant origin, which are collated
and thoroughly characterised in Ecdybase (Lafont et al., 2002).

Fig. 1.5 Assumed biogenetic relations of Leuzea carthamoides ecdysteroids

1. leuzeasterone, 2. carthamosterone, 3. 24-hydroxy-dihydroleuzeasterone, 4. 24-hydroxy-dihy-
drocarthamosterone, 5. hypothetical precursor, 6. makisterone C, 7. 24(28)-dehydro- 29-hydroxy-
makisterone C
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The biological activities of natural ecdysteroids, or those artificially formed
from the main natural metabolites, or those structurally modified by chemical
transformations, are all interesting and important for structure-activity relation-
ship studies. Almost all types have been tested for their activity at the ecdysteroid
receptor (Harmatha and Dinan, 1997; Dinan et al., 1999) and the summed data
evaluated by appropriate computational methods (Ravi et al., 2001), which per-
mits mapping of the ecdysteroid receptor ligand-binding domain. Both natural
ecdysteroid metabolites and the artefactual analogues derived from them serve
as source compounds or leads for the preparation of new structural types by
targeted chemical transformations (Bourne et al., 2002) or by unspecific, and
rather unconfined, phototransformations (Harmatha et al. 2002a,b, 2006). In this
way, new and unusual structural classes have been obtained, e.g. epimeric 14-epi
analogues or dimeric derivatives (Harmatha et al., 2002a,b).

The synthetic or transformed derivatives of native ecdysteroids with unu-
sual configurations, conformations or constitutions (not currently included in
Ecdybase) significantly increase the structural variability of ecdysteroids, as
well as their bioactivity value and potential. They represent new possibilities and
unconventional outlooks for ecdysteroid research and for practical utilization.

1.3.6 Regulation of Biosynthesis

Any biosynthetic pathway requires regulatory mechanisms in order to control the
accumulation of terminal metabolites. In the present case, we know that ecdyster-
oids are stable molecules which undergo, at best, a very slow turnover (Schmelz
et al., 2000). As a consequence, ecdysteroids accumulate during plant life, but,
owing to their possible migration within the plant, their distribution may vary
greatly during ontogeny; thus, in developing spinach, ecdysteroids are produced in
older leaves, but transported and accumulated in the young apical leaves (which,
on the other hand, are unable to synthesize them) (Grebenok et al., 1991; Grebenok
and Adler, 1993). Removal of the apical leaves (= the sink) will result in a cessa-
tion of ecdysteroid production in the older leaves (Bakrim et al., 2008). Further,
loading excised leaves with unlabelled ecdysteroids will also induce a cessation of
ecdysteroid production (Grebenok et al., 1991; Grebenok and Adler, 1993; Adler
and Grebenok, 1995), which might result from the formation/accumulation of
ecdysteroid (poly)phosphates.

Similar evidence for feed-back mechanisms which do not involve phosphate
conjugates has been obtained with Polypodium vulgare prothalli (Reixach et al.,
1997, 1999). The prothalli actively synthesize ecdysteroids (mainly 20-hydroxy-
ecdysone) up to a certain concentration. By immersing the prothalli in hot water
(45°C for 60min; i.e. heat shock), it is possible to induce an almost complete
release of ecdysteroids, which will result in the stimulation of de novo ecdysteroid
production up to their initial level (Reixach et al., 1997). This treatment was used
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to enhance the conversion of 25-hydroxycholesterol into ecdysteroids (Reixach
et al., 1999) (Fig. 1.6).

It is possible to observe both quantitative and qualitative changes during devel-
opment/ageing, as described for shoots of Taxus cuspidata (Ripa et al., 1990)
(Fig. 1.7).

Phytoecdysteroids are believed to represent a chemical protection of plants
against phytophagous insects (and soil nematodes). It is therefore logical to expect
that their production will be enhanced by mechanical wounding or insect attack.
Indeed, this was demonstrated in Spinacia oleracea, but, unexpectedly, only in
roots (Schmelz et al., 1998, 1999). Similarly, it was shown that jasmonate, a sig-
nalling lipid produced by plants in response to insect attack, was able to increase
ecdysteroid production (Schmelz et al., 1998).
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Fig. 1.6 Comparative ability of control (panel a) and heat-shocked (panel b) prothalli of
Polypodium vulgare to convert 25-hydroxycholesterol (25C) into ecdysteroids (E and 20E).
Separation occurred on a C, RP-HPLC column (25cm x 4.6mm; 5Sum particle size) eluted at
I ml/min with a gradient of acetonitrile/isopropanol (5:2 v/v; Solvent B) in 0.1% TFA in water
(Solvent A), pre-equilbrated at 15% B and eluted as follows from the time of injection: linear
gradient from 15-25% B over 2min, isocratic at 25% B for 6 min, linear gradient from 25-75%
B over 20min, isocratic at 75% B for 22 min, linear gradient from 75-90% B over 5 min, linear
gradient from 90-100% B over 5 min and isocratic at 100% B for 15 min (Reixach et al., 1999)
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Fig. 1.7 Variation in ecdysteroid content with ageing in Taxus cuspidata shoots (Redrawn from
Ripa et al., 1990)

Could feed-back mechanisms be responsible for the inhibition of ecdysteroid
production in non-accumulating plant species? This question was raised by the
data obtained by Devarenne et al. (1995) working with maize plants (Zea mays).
This plant does not accumulate detectable amounts of ecdysteroids; however, after
long-term labelling with ["*C]mevalonate, the authors isolated labelled ecdysone
and 20-hydroxyecdysone conjugates which released the free ecdysteroids upon
glycosidase treatment. If confirmed, these data would mean that possibly every
plant species is able to produce ecdysteroids and explain the surprising (uneven?)
distribution of ecdysteroid-accumulating species in the plant kingdom. Another
possible inhibition may be explained by assumedly preferential biosynthesis of
steroid saponins, which can bind simple sterols into water insoluble complexes,
and thus eliminate them from the possibility of being ecdysteroid precursors. Such
a mechanism was already suggested at a plant-insect interaction level (Harmatha,
2000) for Allium porrum (Arnault et al., 1986), belonging to Liliaceae family,
known as a generally ecdysteroid-negative plant group.

1.4 Plant Cell Cultures as Model Systems for Ecdysteroid
Production

1.4.1 Introduction

The transition from intact plant to cultivated plant cells in vitro, a process involv-
ing repression of cell differentiation as well as specialization, is accompanied, as
a rule, by a sharp decline in the biosynthesis of specialized secondary metabolites
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(Zaprometov, 1981). This is accounted for by de-differentiated plant cells partly
losing the ability to express genetic information related to secondary metabolism.
The loss is not irreversible, but certain conditions are required for its continued
expression. Understanding these conditions is an important challenge.

Ecdysteroid production by plant cell cultures is of both scientific and practi-
cal interest. On the one hand, plant cell cultures are an amenable experimental
model for the elucidation of ecdysteroid biosynthetic pathways and their regula-
tion mechanisms; this is also important for understanding ecdysteroid function in
plants. On the other hand, cell cultures could be used for the production of specific
ecdysteroids by bioengineering techniques. Moreover, the possibility of obtaining
significant amounts of 20-hydroxyecdysone (20E), which has potential in human
medicine (Lafont and Dinan, 2003), as well as other rarer ecdysteroid analogues,
which may also possess interesting biological properties (Bathori and Pongrécz,
2005), is promising.

1.4.2 Callus and Suspension Cultures

Ecdysteroid formation in vitro was originally demonstrated in callus cultures of
Achyranthes fauriei (Amaranthaceae; Hikino et al., 1971) and Trianthema portu-
lacastrum (Aizoaceae; Ravishankar and Mehta, 1979), as well as in gametophytes
of the fern Pteridium aquilinum cultivated in liquid medium (McMorris and Voeller,
1971). More intensive research into secondary metabolism in tissue and cell cultures
of ecdysteroid-containing plants started in 1990s. Species with high phytoecdyster-
oid content were introduced into culture in vitro. Prothalli of the fern Polypodium
vulgare cultivated under aseptic conditions produced the phytoecdysteroids charac-
teristic of intact plant roots (20E, polypodine B [polB] and ecdysone [E]); the 20E
content in prothalli (as high as 0.8% of the dry mass) was twice that found in the roots
and the 20E:polB ratio varied from 7:1 to 10:1 (in wild plants, the ratio is between
1:1 and 2:1) (Camps et al., 1990). Five further phytoecdysteroids (inokosterone,
pterosterone, abutasterone, 24-hydroxyecdysone and 5B-hydroxyabutasterone) pre-
viously unknown in the fern P. vulgare were released from prothalli in culture (Coll
et al., 1994). The high biosynthetic quotient of prothallus cultures permitted the
development of a method for obtaining 20E (J.-J. Bonet, IRTA Institute, Barcelona,
Spain, personal communication).

P. vulgare prothallus and callus cultures are good experimental systems for
ecdysteroid biosynthetic studies. Calluses, however low their ecdysteroid content
may be, efficiently transformed E added to the medium into 20E (Irrure-Santilari
et al., 1996a). Tracer precursors (mevalonate, cholesterol and E) added to the cal-
luses were incorporated into all ecdysteroids synthesized by this culture (Irrure-
Santilari et al., 1996b). Compounds less polar than E were also investigated as
possible precursors; poA and 2dE were transformed in both prothallus and callus
cultures, whereas 2,22dE and 2,22,25tE were transformed into ecdysteroids atypi-
cal for P. vulgare (Reixach et al., 1999).
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Callus and suspension cultures were obtained from Pteridium aquilinum fern
spores (Vanek et al., 1990; Macek and Vanek, 1994). The concentration of ecdyster-
oids in suspension culture exceeded that in the intact plant by 20-fold in a medium
optimized for nutrient components and phytohormones. The synthetic ability of
callus cultures was much lower. PoA, 20E, polB, E and five unidentified com-
pounds were found in the cell cultures. Allowing for the ecdysteroid accumulation
rate by suspension culture during the cultivation cycle, a procedure was developed
which increased the yield of the target products by elimination of the lag-phase
from the cultivation cycle and by maintaining the cells at the optimal growth rate
(Svatos and Macek, 1994); the cells accumulated up to 0.89 mg ecdysteroid per
gram dry weight, poA being the major ecdysteroid.

Cell cultures of Serratula coronata (Karnachuk et al., 1991) and S. tinctoria
(Corio-Costet et al., 1996) are of great interest as a source of ecdysteroids. Wild
plants of these species have high contents of various bioactive ecdysteroids. In
S. coronata suspension culture, the total cell ecdysteroid content amounted to
0.074% of the dry matter, while the ecdysteroid concentration in the callus tissue
was an order of magnitude lower (Saad et al., 1992a, b). The highest concentration
of ecdysteroids was present during the exponential phase of cell growth. A com-
parative study of the composition and content of ecdysteroids and their precursors
(i.e. sterols) in intact S. tinctoria plants and callus and suspension cultures showed
that plant roots contain 20E, 20E 3-acetate and polB at a total concentration of
1.2-1.5% of the dry weight, whereas cell cultures contained only 20E, the content
being 0.003-0.01% (Corio-Costet et al., 1993a). Based on the data obtained, a bio-
synthetic scheme from expected ecdysteroid precursors could be proposed.

A steroidogenetic study (including the detection of sterols which are most likely to
be ecdysteroid precursors) was carried out on a suspension culture of Chenopodium
album (Corio-Costet et al., 1993b, 1998). The cells produced 20E in much lower
quantities than the intact plants. However, the possibility of increasing the level of
ecdysteroid biosynthesis by using some cultivation procedures was noted.

Cell cultures of different species of Ajuga have been obtained. Synthesis of
20E and turkesterone was established in both callus and suspension cultures of
A. turkestanica, the 20E concentration in the cells being several times higher than
that in the roots and leaves of the plants, whereas the turkesterone concentration
was somewhat lower than in the intact plant (Lev et al., 1990). A number of studies
has been carried out on sterile culture and A. reptans shoots and roots cultivated
separately (Tomds et al., 1992, 1993; Camps and Coll, 1993). The plants cloned
in vitro retained the ecdysteroid composition inherent to both intact wild plants and
glasshouse plants. Ajugalactone and cyasterone (C,-ecdysteroids), 29-norsengo-
sterone and 29-norcyasterone (C-ecdysteroids) and 20E (C,,-ecdysteroid) were
found. PolB was not found in plants in vitro, but was detected in intact plants.
The ecdysteroid content in the roots of the plants in vitro amounted to 0.4% of
the dry weight and was 1.5-2.5 times higher than that in intact plant roots. The
ratio of C,,/C,,-phytoecdysteroids in intact and in in vitro cloned plants was sub-
stantially different. A. reptans roots were established to be the site of ecdysteroid
biosynthesis. Based on the overall data obtained both under in vivo and in vitro
conditions, the existence of two major metabolic pathways in A. reptans was pro-



1 Phytoecdysteroids: Diversity, Biosynthesis and Distribution 25

posed (Camps and Coll, 1993), involving side-chain dealkylation and differing in
hydroxylation at C-5, and resulting in two groups of biogenetically related C,,/C ./
C,, compounds (cyasterone/29-norcyasterone/20E and sengosterone/29-norsen-
gosterone/polB), which differ in the absence or presence of an OH-group at C-5.
Dealkylation occurs mainly in the roots of the plant. The presence of ecdysteroids
was not detected in A. reptans callus cultures by Tomads et al. (1992). However,
trace amounts of 20E were detected in A. reptans callus and suspension cultures
by Mboma et al. (1986).

Recently, cell suspension cultures of Vitex glabrata have been used to obtain
evidence that 7-dehydrocholesterol and ergosterol are ecdysteroid precursors since
supplementation with these two sterols enhanced 20-hydroxecdysone production
by the cells, whereas addition of cholesterol did not (Sinlaparaya et al., 2007).

1.4.3 ‘Hairy-Root’ Cultures

Hairy root culture models, i.e. a genetically modified “bearded” root culture result-
ing from the treatment of plants by Agrobacterium rhizogenes, have several advan-
tages over normal isolated root cultures (Kuzovkina, 1992).

A hairy-root culture with stable and sufficiently high ecdysteroid synthesis level
(0.1-0.2% of dry weight) was obtained from a sterile sprout of S. tinctoria by means
of modification with A. rhizogenes. The roots of intact plants, as well as the hairy
roots, produced 20E and its 3-acetate. In both cases, a concentration gradient increas-
ing toward meristematic zones was detected. After inclusion of labelled precursors,
such as cholesterol and mevalonate, into S. tinctoria hairy roots, they synthesized
labelled ecdysteroids, making this system an appropriate model for research into
ecdysteroid metabolism (Delbecque et al., 1995; Corio-Costet et al., 1996).

Hairy root cultures have also been obtained for a number of other ecdysteroid-
producing plant species: Ajuga reptans var. artropurpurea, Achyranthes fauriei,
Pfaffia iresinoides and Vitex strickeri (Matsumoto and Tanaka, 1991). All of the
A. reptans hairy root clones were shown to synthesize 20E, norcyasterone, cyaster-
one and isocyasterone, which are characteristic ecdysteroids of intact plant roots.
The component ratio was also similar to that in intact plant roots, with 20E prevail-
ing. There was a positive correlation between the ecdysteroid content and the clone
growth-rate. Selection resulted in the isolation of the rapidly growing Ar-4 clone,
where the 20E concentration amounted to 0.14% of the dry weight. When growing
the Ar-4 clone in an Airlift-type fermenter for 45 days, the weight of the culture
increased 230-fold, and the 20E content was as much as 0.12% of dry weight.

Regenerated plants cultivated from high-producing hairy root clones of
A. reptans var. atropurpurea were shown to have higher ecdysteroid accumulation
than untransformed regenerants (Tanaka and Matsumoto, 1993). The transformed
plants had root/total plant weight ratios of 68-75%, compared to 50% for normal
regenerant plants, the ecdysteroid content being as high as in the parent clones.
Thus, the possibility of obtaining microclonal reproduction of modified plants with
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an increased ability to produce ecdysteroids was demonstrated, with the associated
possibility of creating phytophagous insect-resistant plants.

Genetically modified rhizogenic culture of A. reptans var. atropurpurea also
proved to be a boon for ecdysteroid biosynthesis research (see Section 1.3.4).

Transformed Rhaponticum carthamoides (Willd.) Iljin root cultures were
obtained by modifying sterile shoots with A. rhizogenes, the cultures differing
qualitatively and quantitatively in ecdysteroid content from that in the intact plant
roots (Orlova et al., 1998). These authors also developed an effective system for
regeneration from leaf explants and carried out genetic modification of this plant
species with a A. rhizogenes GV 3101 recombinant strain containing rol/C-gene
plasmid under a 35S CaMV promoter and with the inherent dwarf phenotype
(Orlova et al., 2000). In the authors’ opinion, the known multiple effects of rolC-
gene, e.g. changing the hormonal status of modified plants (Estruch et al., 1991),
are the probable cause of the changes in the qualitative and quantitative content of
secondary metabolites, i.e. ecdysteroids.

1.4.4 General Conclusions and Prospects for Future Research

The potential and convenience for ecdysteroid biosynthesis research has been
demonstrated with various experimental systems in vitro, including non-
differentiated cells, morphogenic structures, isolated organs and sterile plant
culture. The data obtained show the possibility of regulating phytoecdysteroid
synthesis both at cell and organ levels. In vitro cultures with high biosynthetic
activity are of interest from the point of view of developing bioengineering
techniques for obtaining valuable bioactive ecdysteroids, few of which are com-
mercially available.

A comparative study of ecdysteroid formation in cell cultures of three spe-
cies of plants has been conducted with Rh. carthamoides, S. coronata (both
belonging to the Asteraceae) and Ajuga reptans (Lamiaceae). They differ in both
the composition and levels of ecdysteroids in the intact plants (Volodin, 2003).
Rh. carthamoides callus cultures obtained from different organs of the plant were
found to be incapable of ecdysteroid synthesis or to synthesize them only in trace
quantities. The level of ecdysteroid synthesis in Rh. carthamoides cell cultures
increased relative to that of the intact plant only by utilizing cell cultivation in
suspension culture. Of major importance was a correlation between the highest
ecdysteroid synthesis level and the expotential growth phase of suspension cul-
tures. In contrast to Rh. carthamoides, young S. coronata callus cultures retain the
ability to synthesize ecdysteroids. However, there is a significant decrease in their
concentration in the callus in comparison with the intact plant (five-fold, on aver-
age). A. reptans plants are characterized by a low ecdysteroid content. However,
in contrast to Rh. carthamoides callus cultures which are incapable of synthesizing
significant amounts of ecdysteroids, strains of A. reptans cultures were obtained
which surpassed both plants cultivated in vitro and wild plants in their ecdysteroid
content. The content of 20E was found to increase significantly during long-term
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(for 9 years) cultivation of S. coronata and A. reptans callus cultures. This is likely
to be a result of cell differentiation over time. Thus, ecdysteroid-producing cell
cultures were shown to retain their biosynthetic abilities to different extents. In
young callus cultures with high or moderate ecdysteroid content (S. coronata and
Rh. carthamoides), a decrease in ecdysteroid synthesis occurs. After being introduced
into culture, species with low ecdysteroid content, such as A. reptans match, or even
surpass, intact plants as far as ecdysteroid accumulation is concerned. Moreover,
ecdysteroid accumulation dynamics in cell cultures of phylogenetically distant spe-
cies is similar in spite of the difference in morphological features. The data obtained
are of considerable importance for a better understanding of ecdysteroid functions
in plants. If ecdysteroids act as toxins/deterrents towards phytophagous insects in
plants with high or moderate content of the former, the repression of ecdysteroid
synthesis occurring in de-differentiated-cell cultures could be accounted for by the
fact that, in the absence of organismal control, there is no longer a need for these
compounds as eco-regulators (Volodin, 2003).

In future studies, attention should be given to the regulation of ecdysteroid
synthesis in plant cell cultures. An opportunity was opened up by the isolation
of ecdysone-20-monooxygenase from the leaves of spinach, Spinacia oleracea
L., and demonstration of the induction of ecdysteroid accumulation in plants
attacked by insects. The effect demonstrated in spinach subjected to attack by the
fungus gnat Bradysia impatiens (Johannsen) (Schmelz et al., 2002) is triggered
by methyl jasmonate, which is a plant pathogen signal transducer. Encouraging
results have been achieved from the use of cytochrome-P,.  inducers (manganese
salts, exogenic sterols, phytohormones, methyl jasmonate) for promoting ecdy-
steroid synthesis in cell cultures of ecdysteroid-containing plants (Alexeeva,
2004, 2005, 20006).

1.5 Do Phytoecdysteroids Have a Physiological
Role in Plants?

Based on the hormonal role of ecdysteroids in arthropods, it was suggested that
phytoecdysteroids might regulate physiological processes in plants. The early evi-
dence has been summarised previously (Lafont, 1998; Dinan, 2001) and it is not
convincing for such a role. Basically, ecdysteroids have been employed in a series of
standard plant bioassays used for determination of the activities of phytohormones
(auxins, brassinosteroids, cytokinins, ethylene formation, giberellins: Hendrix and
Jones, 1972; Dreier and Towers, 1988; Machackova et al., 1995; Golovatskaya,
2004). Activities were either absent or slight. A priori, it seems unlikely that
ecdysteroids could possess a hormonal role in plants, since their occurrence is
not universal and yet, when they do occur, the levels can be very high, far sur-
passing those expected of hormonal molecules. The varying distributions within
ecdysteroid-containing plants and seasonal variations also accord better with an
allelochemical function (see below), and it is, of course, now known that the hor-
monal steroids in plants are the brassinosteroids. However, ecdysteroids do, by an
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as yet unexplained mechanism, appear to significantly affect growth, cell size and
biochemical properties both in the cyanobacterium Nostoc 6720 (Marsalek et al.,
1992) and in Chlorella vulgaris (Bajguz and Dinan, 2004). Also, it is possible that
phytoecdysteroids could be released by plants to have allelochemical effects on
other plants or microbes in their environment, since 20E has been shown to affect
seed germination and seedling growth (DellaGreca et al., 2005; Bakrim et al.,
2007), and ecdysteroids have been shown to possess antimicrobial activity (Ahmad
et al., 1996).

1.6 Allelochemical Functions of Phytoecdysteroids

1.6.1 Probable Function of Phytoecdysteroids

The most generally accepted hypothesis for the function of phytoecdysteroids in plants
is that they act, either alone or in conjunction with other classes of secondary metabo-
lites or even together with physical defence mechanisms, to protect the plant against
non-adapted invertebrate predators, bringing about reduced consumption of the plant
or even endocrine disruption and death of the phytophagous invertebrate. In general,
it has been the effects on phytophagous insects which have been considered, but plant
nematodes and even crustaceans have also been examined to a lesser extent.

1.6.2 Ecdysteroid Effects on Insects

1.6.2.1 Effects of 20-Hydroxyecdysone on Insects

Ingested ecdysteroids (predominantly 20E) have been shown to have a range of
detrimental effects on the development and survival of a number of insect species
(Bombyx mori [Kubo et al., 1983], Pectinophora gossypiella [Kubo et al., 1981,
1983], Spodoptera frugiperda [Kubo et al., 1981], Acrolepiopsis assectella [ Arnault
and Sldma, 1986; Harmatha, 2000], Agrius convolvulus [Tanaka and Naya, 1995]),
including inhibition of growth, supernumerary larval instars, death without moult-
ing, death associated with promoted moulting and prothetely. However, certain
insect species (e.g. Heliothis virescens, H. armigera, Locusta migratoria, Manduca
sexta, Spodoptera littoralis, Lacanobia olereaceae, Acherontia atropos; summarised
in Dinan, 1998) are remarkably tolerant to ecdysteroids in their diet, showing no
apparent ill-effects when fed 400ppm or more 20E in their diet (although S. lit-
toralis larvae are affected by 1,000ppm 20E; Ufimtsev et al., 2006a). However,
several of these species (H. virescens, H. armigera, S. littoralis, L. oleracea) and
Ostrinia nubilalis (Rharrabe et al., 2007) detoxify the ecdysteroid intake by con-
jugating them to fatty acids, thereby blocking the C-22 hydroxyl group, which
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is important for the biological activity of ecdysteroids (Dinan and Hormann,
2005). Such a detoxification mechanism has a considerable energy cost, such
that although the insect may develop normally when food it plentiful, the energy
demand will be detrimental to insect development when food is more scarce.
In addition to conjugation with fatty acids, insects use several other detoxifica-
tion mechanisms for ingested ecdysteroids (22-glucosides, 2/22-phosphates,
3-acetates, 3-oxo/3-epi derivatives and side-chain cleavage; Rharrabe et al., 2007;
see Fig. 1.8), or even excreting ingested 20E unmetabolised (e.g. Acherontia
atropos [Blackford and Dinan, 1997c]). Other insect species are partially tolerant
to ecdysteroids in their diet, being able to cope with low levels (e.g. Cynthia car-
dui, Tyria jacobaeae; Blackford and Dinan, 1997b), while higher levels are toxic.
Yet other species are extremely sensitive to ecdysteroids in the diet, such that they
eat and succumb at very low concentrations (e.g. Aglais urticae), or are so deterred
from eating an ecdysteroid-containing diet that they die of hunger rather than con-
sume ecdysteroid-containing food (e.g. Inachis io; Blackford and Dinan, 1997b).
There seems, as might be expected, to be a relationship between the tolerance of
the phytophagous insect species and the probability of it encountering ecdysteroids
in its diet, such that highly polyphagous species are ecdysteroid-tolerant, while
oligophagous and polyphagous species are semi-tolerant and monophagous species
are ecdysteroid-sensitive.

Recently, Malausa et al. (2006) have examined the genetic variability of the
response of six clones of the peach-potato aphid (Myzus persicae) to moderate
(10°M) and high (10-*M) concentrations of 20E by measuring fecundity (number
of offspring produced) and found that they differ very considerably. The fecundity
was decreased, unaffected or increased, depending on clone, at the moderate 20E
concentration relative to controls (no 20E), whereas it was the same or reduced at
the high 20E concentration.
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Fig. 1.8 Summary of the detoxification pathways for ingested phytoecdysteroids in insects
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1.6.2.2 Effects of Other Purified Ecdysteroids on Insects

Most studies have used ecdysteroid preparations where 20E is the sole or
major component. 20E is without doubt the most commonly occurring phyto-
ecdysteroid, but an important question concerns the raison d’étre of the many
other phytoecdysteroid analogues found in plants; Do they possess differential
activities? Are they active against different insect species? Are they detected
differentially? Are they subject to different metabolic rates or fates? Are the
minor components there to provide evolutionary flexibility for when potential
predators become tolerant of the major ecdysteroids? There are few studies
which compare the activities of a significant number of ecdysteroid analogues,
and where such studies have been performed in vivo (Slama et al., 1993), the
ecdysteroids have been injected into the test species, which does not mimic the
natural route of exposure to phytoecdysteroids.

1.6.2.3 Effects of Serratula coronata Extracts
and Its Ecdysteroids on Insects

Long-term investigations on the impact of Serratula coronata L. (Asteraceae)
leaves, extracts and total ecdysteroids, or of isolated major and minor ecdysteroids
of the plant, incorporated into artificial nutrient media on the viability and behaviour
of different age caterpillars of three species of polyphagous insects, namely Ostrinia
nubilalis Hb., Mamestra brassicae L. and Spodoptera littoralis Boisd., have been
performed. Significant antifeedant effects of ecdysteroids in different artificial nutri-
ent media were observed for first instar larvae of O. nubilalis and M. brassicae. This
was associated with mass migration of the caterpillars from the feedstuff and their
death. A difference was found in the effect of ecdysteroid-containing nutrient media
effect on third and fourth instar larvae of M. brassicae, when compared to that on the
first instar larvae. Diets of different ecdysteroid contents first stimulated nutrition of
the older larvae, and then rejection of the feedstuff occurred, resulting in an outburst
of cannibalism and mass caterpillar lethality. Caterpillars kept on the ecdysteroid-
containing diet revealed developmental defects, significantly impaired pupation and
formation of nonviable pupae with various abnormalities. With O. nubilalis cater-
pillars of all age groups, the ecdysteroid-containing diet was more toxic than for
M. brassicae, causing total lethality (Volodin, 2003; Ufimtsev et al., 2001).

A detrimental effect (reduced caterpillar weight, delayed pupation and reduced
adult fecundity) of a diet containing 1,000ppm 20E on sixth instar larvae of
S. littoralis, previously considered to be resistant to high 20E concentrations (400 ppm;
Blackford et al., 1996), was observed. Ecdysone at 1,000 ppm had no effect. When
fourth instar larvae were fed on nutrient media containing 10% powdered parts
of S. coronata (containing 100-2,200 ppm ecdysteroids), the detrimental effects
were shown to occur in the absence of a pronounced antifeedant effect. However,
distinct correlations between the expressivity of the effects and the ecdysteroid con-
tent in different parts of the plants (roots, stems, leaves and buds) were not found
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(Ufimtsev et al., 2003, 2006a, b), which imply that other components of the plant
are responsible for, or contribute to, the effects.

In comparative experiments on wild-type and the mutant line 147 Drosophila
virilis (with enhanced levels of E and 20E and diminished JH levels) an effect of
exogenous ecdysteroids on the fecundity and a delay in egg-laying by wild-type ima-
gos was shown to occur. Female flies with artificially enhanced 20E level were found
to undergo a decrease in JH degradation (and consequently, an increase in its titre),
mediated through the dopamine metabolism system (Rauschenbach et al., 2005).

The development of last instar larvae of Ephestia kiihniella, after having been
submerged in ecdysteroid-containing solutions, revealed diverse effects, depending
both on the structure and the concentration of ecdysteroids, as well as on the nature
of the solvent and the duration of submersion. Methanolic 20E solutions were
less toxic than pure methanol (which caused total caterpillar lethality) or aqueous
20E solutions. This was attributed to the adaptogenic properties of 20E when in
the presence of the damaging agent (methanol in this case). 20E 22-acetate and
25S-inokosterone do not possess this property. After submersion of caterpillars in
methanolic 20E 22-acetate or methanolic or aqueous 25S-inokosterone solutions,
pupation occurred much more rapidly than after submersion into 20E solutions.
However, the number of abnormal pupae was far higher (Volodin, 2003; Ufimtsev
et al., 2002a, b).

1.6.2.4 Ecdysteroid Taste Receptors in Insects

Where phytoecdysteroids act as deterrents, the insect must possess taste receptors to
be able to recognise the presence of these compounds in the food. The location and
properties of such taste receptors are now starting to be investigated (Ma, 1969; Tanaka
et al., 1994; Descoins and Marion-Poll, 1999; Marion-Poll and Descoins, 2002).

Initially, it was shown for Pieris brassicae (Ma, 1969) and Bombyx mori (Tanaka
et al., 1994) that a reduction in food intake is mediated by specialised sensory per-
ception of ecdysteroids. With the earlier studies on these two species with special-
ised diets (containing no or low levels of ecdysteroids), Descoins and Marion-Poll
examined taste detection of three ecdysteroids (E, 20E and poA) in three polypha-
gous (Mamestra brassicae, Spodoptera littoralis and Ostrinia nubilalis) and one
monophagous (B. mori) species (Descoins and Marion-Poll, 1999; Marion-Poll and
Descoins, 2002). Electrophysiological studies demonstrated that all four species
possess contact chemoreceptor cells on the maxilla, which respond to ecdysteroids
(but not necessarily to all three), indicating that perception of ecdysteroids by phy-
tophagous lepidopterans is a common feature, even if the toxicity or antifeedant
activity of phytoecdysteroids differs between the species, such that, when given
a choice, larvae of these species will avoid ecdysteroid-containing food and show
preference for an ecdysteroid-free diet.

Since the survival of first instar lepidopteran larvae is highly dependent on the
quality of food available to them on hatching, the ability of the adult female to
detect good host plants for oviposition is crucial. For both Lobesia botrana (Calas
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et al., 2006) and Ostrinia nubilalis (Calas et al., 2007), it has been shown that 20E
deters oviposition by adult females and that this is mediated by tarsal sensilla,
which demonstrate a sensitivity similar to that of the first instar larvae to the same
compound. In the European Grapevine moth (Lobesia botrana), 20E deters not
only larval feeding, but also oviposition by adult females (Calas et al., 2006), the
taste sensilla being located on the last tarsus of the prothoracic leg of the adult
female. This is clearly an important strategy since neonate larvae of this species
have limited dispersal capacities, such that the eggs should be deposited by the
adult female on to an adequate food source for larval development.

1.6.2.5 Do High Levels of Phytoecdysteroids Deter Phytophagous Insects?

Although all parts of L. carthamoides contain very high levels of ecdysteroids
(300-1,000ppm 20E equivalents in the leaves), there is an extensive diversity
of insect species which associate with this plant. Zeleny et al. (1997) found
126 species of arthropods on plants of this species in the Czech Republic (to where
it had been introduced from Asia) over 2 years, of which 74 fed on the leaves and
34 could complete their development on the plant without any apparent problems.
The most abundant arthropods on the plant were all oligo- or phytophagous and
belonged to groups of arthropods (collembolans, psocopterans etc.) which have
so far been poorly studied with regard to their response to phytoecdysteroids;
extensively studied groups which are known to be, at least partially, susceptible
to ecdysteroids e.g. lepidopterans were essentially absent from the plants. This
study underlines how inadequate our current knowledge is in terms of plants being
protected by even exceedingly high levels of phytoecdysteroids and our ability to
extrapolate knowledge concerning the susceptibility of certain groups of holom-
etabolous insects to arthropods in general.

1.6.2.6 A Commercial Application of Phytoecdysteroids

In the specific case of silkworms, particularly Bombyx mori, the response of last
instar larvae to exogenous ecdysteroids has been exploited to hasten maturation
and synchronise cocoon spinning. It is important to stress that the doses used to
bring about the beneficial effects on silkworms are low relative to those having
detrimental effects on insects (see Section 1.6.2.1). The ecdysteroids are extracted
from ecdysteroid-containing plants (see Chandrakala et al., 1998) and sprayed on to
mulberry leaves, which are then given to the larvae as the first ones in the batch are
about to spin their cocoons (Ninagi and Maruyama, 1996; Maribashetty et al., 1997,
2002; Trivedy et al., 2003a, b, c). It is not certain whether mulberry (Morus nigra
or M. alba) contains endogenous ecdysteroids (Takemoto et al., 1967b; Blackford
and Dinan, 1997c¢), but if it does, the levels are low. Recently, the consequences
of controlled ecdysteroid application (2pg/larva) at other times during the fifth
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instar have been determined (Nair et al., 2005), showing that the quantity of silk
can be significantly increased (by about 10%) by treating the insects 48h into the
fifth instar, while the time taken for cocoon formation in the batch can be reduced
from 60 to 36h by treating when the first insects in the batch begin to spin. Even
more recently (Trivedy et al., 2006), an extract of ecdysteroid containing Silene
gallica has been used for the induction of spinning and uniform maturation in
B. mori. Spraying of last instar larvae with ecdysteroid to induce uniform matura-
tion does not affect silk yield or quality, but spraying twice during the instar to
control both spinning and maturation does reduce cocoon traits, although it does
shorten development time, thereby saving on mulberry leaves and reducing the
possibility of crop loss owing to disease in the last phase of rearing.

Ecdysteroids have also been proposed as a treatment for the enhancement of
fecundity of honey bees in apiculture (cited in Kholodova, 2001).

1.6.3 Ecdysteroid Effects on Crustaceans

As with insects, most studies of the effects of exogenous ecdysteroids on crus-
taceans have been performed by injection of the compounds. Where the animals
have been externally exposed to the compounds, it has generally been with smaller
crustaceans, such as shrimps, where injection would be more difficult. With the
snapping shrimp Alpheus heterochelis, for example, exposure to 20E at 5 pg/ml in
the seawater was able to reduce the length of the moult cycle by up to 65% (Mellon
and Greer, 1987).

The possibility of improving prawn/shrimp aquaculture by exposure of the ani-
mals to ecdysteroids has been examined. In an early study (Kanazawa et al., 1972),
Penaeus japonicus was exposed to the phytoecdysteroids 20E (0.5-2.5mg%),
inokosterone (0.1-12.5mg%) or cyasterone (0.5-2.5mg%), incorporated into an
artificial diet. The ecdysteroids were found to enhance moulting rate, but were also
found to reduce survival and growth rates in a concentration-dependent manner. In
a more recent study (Cho and Itami, 2004), an ecdysteroid-containing extract of
Achyranthes spp. (composition and ecdysteroid content not revealed) was incor-
porated into diet and fed to Marsupenaeus japonicus. The treated shrimps showed
improved weight gain (29%) over the control animals.

The effects of exposure of crustaceans to ecdysteroid agonists (steroidal or
non-steroidal) and antagonists is of increasing interest and concern because of the
potential of such compounds as endocrine disruptors in the environment and the
suitability of various crustacean species as signal species to monitor the quality of
the environment (Hutchinson, 2002).

Certain decapod crustaceans (e.g. Carcinus maenas, Cancer pagurus, Homarus
americanus, Astacus astacus) have been shown to reject ecdysteroid-containing
food, indicating the presence of taste receptors for ecdysteroids associated with
the mouthparts (Tomaschko, 1995). The origin of this discovery goes back to
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the finding that the pantopod Pycnogonum litorale, in addition to using 20E to
regulate its moulting, produces and accumulates in the gut and cuticle very large
amounts of seven other ecdysteroids, which are released to the exterior when the
animal is attacked (Biickmann et al., 1986; Biickmann and Tomaschko, 1992;
Tomaschko and Biickmann, 1993; Tomaschko, 1994, 1995). This raised the ques-
tion as to whether these ecdysteroids were acting as defensive chemicals and the
demonstration that the crab Carcinus maenas was indeed deterred from feeding
on the pantopod by the ecdysteroids excreted from the pantopod. Further studies
developed a bioassay based on the crab’s rejection mechanism (Tomaschko et al.,
1995) and this was used to examine the ecdysteroid specificity of the taste recep-
tors (Tomaschko, 1995). The available evidence indicates that the ligand specificity
is very different to that of nuclear ecdysteroid receptors (Dinan and Hormann,
2005), both in terms of structural specificity for ecdysteroids and recognition
of diacylhydrazines. Since certain aquatic plants contain significant amounts of
phytoecdysteroids (e.g. Potamogeton spp.; Chadin et al., 2003), these may also be
protected against crustacean predators.

1.6.4 Ecdysteroid Effects on Plant Nematodes

Whether ecdysteroids possess a hormonal role in nematodes is uncertain (Chitwood,
1999), but studies on several species of nematodes have shown effects of exogenous
ecdysteroids upon them, including plant nematodes which could be exposed to
phytoecdysteroids. Soriano et al. (2004) demonstrated that cereal cyst nematodes
(Heterodera avenae) exposed to exogenous 20E (>ca. 10°°M) were far less able
to invade roots of Triticum aestivum, and that exposure of H. avenae, H. schachtii
(sugarbeet cyst nematode), Meloidogyne javanica (root-knot nematode) and
Pratylenchus neglectus (root lesion nematode) to 20E at 5.2 x 10~ M brought about
abnormal moulting and/or mortalilty. The authors also demonstrated that Spinacia
oleracea (spinach) plants in which ecdysteroid levels had been enhanced (Schmelz
et al., 1999) by treatment with methyl jasmonate suffered reduced damage after
inoculation with H. schachtii, M. javanica and P. neglectus. The spraying of tomato
plants with a solution of ecdysone reduced infestation by the root-knot nematode
Meloidogyne incognita (Udalova et al., 2004).

1.7 Possible Relationships Between Ecdysteroids
with Other Phytosteroids

The available evidence, although far from complete or conclusive, indicates that
ecdysteroids have arisen independently in arthropods and plants, and possibly
several times in plants and fungi. The generally accepted explanation for this is the
need for sessile plants to protect themselves against predation after the evolution of
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the insects during the Devonian Period and the subsequent ensuing chemical race
between plants and arthropods. This can, on the one hand, account for the large
amounts of ecdysteroids found in certain plant species, the wide occurrence of
phytoecdysteroids in the plant world and the large diversity of analogues present,
and, on the other hand, for the diversity of biochemical and behavioural strategies
found in insects to avoid or overcome phytoecdysteroids when present in their host
plants (see Fig. 1.8 for a summary of the metabolic strategies). Neither side in
the battle will be fully successful, since this would be too costly either in limiting
necessary interactions or in energetic terms. Plants’ interactions with insects are
ambivalent, since many are dependent on insects for pollination. It suffices for
plants to reduce predation and phytophagous insects to consume enough plant
material to a level where the species are able to maintain themselves from genera-
tion to generation. The complex cocktail of phytoecdysteroids typically found in
ecdysteroid-containing species can be viewed as a resource for the generation of
new potent analogues to be selected for when, and if, the current major ecdysteroids
become ineffective, owing to a change of predator or its ability to overcome the
major ecdysteroids. Further, ecdysteroids may not act alone in the defence of the
plant, but in conjunction with other classes of secondary compound or even physi-
cal defence mechanisms to give synergistic interactions, such that the level of phy-
toecdysteroids required to provide effective protection may be low. This appears to
be the case for Kochia scoparia (burning bush; Dinan, 1994) and Pteridium aquili-
num (bracken; Jones and Firn, 1978), which contain only low levels of ecdysteroids
together with many other defensive components to provide good general resistance
to insect attack. In fact, it appears that plants can use phytoecdysteroids in the full
spectrum of defence possiblities ranging from full emphasis on one class of defen-
sive chemicals (‘all eggs in one basket’) to a complex mixture of chemically highly
diverse components (‘hedging one’s bets’), depending on species and presumably
a consequence of the range, aggressivity and susceptibilities of predators they have
been/are exposed to.

There are chemical and structural similarities between ecdysteroids and other
classes of phytosteroids (brassinosteroids, withanolides, etc.) beyond the fact that
they are all steroidal. These similarities include the types and locations of functional
groups. The most marked similarities are between the ecdysteroids and the brassi-
nosteroids, where (i) a full sterol side-chain is retained, (ii) diols are found on the
A-ring and the side-chain and (iii) an oxygen-containing functional group is gener-
ally associated with ring-B. However, these similarities are more superficial than
real, deriving from the 2D-representations of the molecules, rather than through
thorough consideration of their 3D-structures. It is the 3D-structure which reveals
particular and individual biochemical features specific to the steroid class, and these
then impart specific biological properties. Thus, the stereospecific orientation of the
hydroxyl groups is different, as is the nature of the A/B-ring junction (cis in ecdys-
teroids and frans in brassinosteroids). Admittedly, a combination of 20,30.-diol
and trans-ring junction in brassinosteroids or a 23,3B-diol and cis-ring junction in
ecdysteroids put O-2 and O-3 in similar (but not identical) spatial locations if the C- and
D-rings are superimposed, but given that even small changes can significantly alter
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chemical reactivity and biological potency, even within a class of steroids (e.g.
just changing the stereochemical orientation of the 3B-hydroxyl group of 20E to
give 3-epi-20-hydroxyecdysone is associated with a 20-fold reduction in biologi-
cal activity; Dinan, 2003), the summed structural differences between classes of
phytosteroid would be expected to reduce activity in heterologous assays to low or
non-existent levels. Thus, ecdysteroids do not appear to show activity in brassinos-
teroid bioassays and, where activity (agonist or antagonist) of brassinosteroids in
ecdysteroid assays has been described, it only occurs at very high concentrations
(>10°M) i.e. it is not truly specific and could even be a consequence of impurity
of the test compound or metabolism in the assay system. Also, in this specific case,
any activity has no biological relevance, since the levels of brassinosteroids found
in plants are so low that no phytophagous arthropods would be naturally exposed
to adequate levels to bring about any possible effects. Several groups have synthe-
sised steroids which are chemically hybrid between ecdysteroids and brassinos-
teroids and determined their activities in ecdysteroid- and brassinosteroid-specific
bioassays to determine which features are responsible for specific activities and to
determine which are essential to obtain a cross-over in activity (Voigt et al., 2001;
Watanabe et al., 2004).

In contrast to the brassinosteroids, most classes of phytosteroid do not possess
phytohormonal roles and, although not ubiquitous, where they do occur, they occur
at much higher concentrations than the brassinosteroids. Predominantly defensive
roles have been ascribed to these other classes and their associated biological activi-
ties are manifold, acting against a wide range of organisms and at a wide range of
biochemical sites. It is therefore perhaps not surprising then that some of these can
interfere with the hormonal actions of ecdysteroids, even if they do not generally
mimic the ecdysteroids as agonists (Dinan et al., 2001a). The ecdysteroid receptor
antagonist activities of cucurbitacins (triterpenoids, but not strictly steroids) and
withanolides are cases in point (Dinan et al., 1996, 1997), where the features of
size and general shape and polarity with certain chemical similarities are adequate
to permit interaction with the LBD to prevent ecdysteroid binding, but not to bring
about the conformational changes associated with agonism i.e. these compounds
act as weak antagonists.

It should be borne in mind that agonism is not compulsorily associated with
an ecdysteroidal structure, since DAHs and other classes of non-steroidal agonists
and antagonists exist, which bear no obvious chemical or biochemical similarity to
ecdysteroids (Dinan and Hormann, 2005).

One is struck by the wide array of natural analogues in each phytosteroid class and
how the profile can vary between plant species. The continuing ability to find new
analogues suggests that many analogues still remain to be discovered. For example,
over 300 phytoecdysteroid analogues are currently known and 10-20 new ones are
described each year in the literature. Given this vast array of analogues in each phy-
tosteroid class, it is perhaps not surprising that the same chemical functional groups
occur across the classes of phytosteroids in at least some of the analogues. One is
left wondering if this represents a biosynthetic relatedness between the different
classes of phytosteroids, such that at least some of the biosynthetic enzymes might
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be common to the pathways for the different classes. Circumstantial evidence exists
that most, if not all, plant species have the genetic capacity to produce phytoecdys-
teroids (see above). Perhaps this is also the case for the other classes of defensive
steroids/triterpenoids and certainly seems highly probable for the phytohormonal
brassinosteroids. Whether a particular plant species produces a particular class of
defensive steroid would then depend on whether the particular pathway is activated
or repressed. It is conceivable that these pathways are not mutually exclusive, since
some may use enzymes with lesser specificity to modify intermediates in similar
locations. In the extreme case, one could envisage that each class might have a
distinct key early intermediate, which is acted on by a number of common enzymes
(hydroxylases etc.) to generate the cocktail of molecules of that class. We currently
know very little about the genetic organisation of the defensive steroid pathways in
plants, so it is not possible to answer this question at the moment. However, progress
in the elucidation of the brassinosteroid pathway(s) (Bishop, 2007) is providing
some of the biological tools to begin to investigate possible commonalities in the
pathways.

References

Adam G, Marquardt V (1986) Brassinosteroids. Phytochemistry 25: 1787-1799.

Adler JH, Grebenok RJ (1995) Biosynthesis and distribution of insect-molting hormones in plants — a
review. Lipids 30: 257-262.

Ahmad VU, Khaliq SM, Ali MS, Perveen S, Ahmad W (1996) An antimicrobial ecdysone from
Asparagus dumosus. Fitoterapia 67: 88-91.

Alexeeva LI (2004) Ecdysone 20-monooxygenase activity of cytochrome P450 in Ajuga reptans
plants and cell culture. Appl Biochem Microbiol 40: 135-139.

Alexeeva LI (2005) Patent N 2252957, Russia, MPK7 C 12N 5/04. “Nutritional medium for the
cultivation of Ajuga reptans L. cell culture”. Institute of Biology, Komi Science Centre, UrD,
RAS.N 2004101973/13; claim 22.01.2004; publ. 27/05/2005. Bull No 15 [in Russian].

Alexeeva LI (2006) The influence of manganese ions on the ecdysteroids biosynthesis in plants
and cell cultures of Ajuga reptans (Lamiaceae). Rastitelnye Resursy (Plant Res) 42: 92-101
[in Russian].

Arnault C, Sldama K (1986) Dietary effects of phytoecdysone in the leek-moth, Acrolepiopsis
assectella Zell. (Lepidoptera: Acrolepiidae). J Chem Ecol 12: 1979-1986.

Bajguz A, Dinan L (2004) Effects of ecdysteroids on Chlorella vulgaris. Physiol Plantarum 121:
349-357.

Bakrim, A. (2007), Etude de la voie de biosyntheése des phytoecdystéroides et de sa régulation
chez 1’épinard (Spinacia oleracea L.), Ph.D. thesis, Universities of Tangier, (Morocco) and
Paris 6 (France).

Bakrim A, Lamhamdi M, Sayah F, Chibi F (2007) Effects of plant hormones and 20-hydroxy-
ecdysone on tomato (Lycopeersicum esculentum) seed germination and seedling growth. Afr
J Biotech 6: 2792-2802.

Bakrim A, Maria A, Sayah F, Lafont R, Takvorian N (2008) Ecdysteroids in spinach (Spinacia
oleracea L.): biosynthesis, transport and regulation of levels. Plant Physiol Biochem, 46:
844-854.

Bandara BMR, Jayasinghe L, Karunaratne V, Wannigama GP, Bokel M, Kraus W, Sotheeswaran S
(1989) Ecdysterone from stem of Diploclisia glaucescens. Phytochemistry 28: 1073-1075.
Bathori M, Pongrdcz Z (2005) Phytoecdysteroids - from isolation to their effects on humans

Current Med Chem 12: 153-172.



38 L. Dinan et al.

Bishop GJ (2007) Refining the plant steroid hormone biosynthesis pathway. Trends Plant Sci 12:
377-380.

Blackford M, Dinan L (1997b) The effects of ingested 20-hydroxyecdysone on the larvae of
Aglais urticae, Inachis io, Cynthia cardui (Lepidoptera: Nymphalidae) and Tyria jacobaeae
(Lepidoptera: Arctiidae). J Insect Physiol 43: 315-327.

Blackford M, Dinan L (1997¢) The effects of ingested ecdysteroid agonists (20-hydroxyecdysone,
RH5849 and RH5992) and an ecdysteroid antagonist (cucurbitacin B) on larval development
of two polyphagous lepidopterans (Acherontia atropos and Lacanobia oleracea). Entomol Exp
Appl 83: 263-276.

Blackford M, Clarke B, Dinan L (1996) Tolerance of the Egyptian cotton leafworm Spodoptera littoralis
(Lepidoptera: Noctuidae) to ingested phytoecdysteroids. J Insect Physiol 42: 931-936.

Boid R, Rees HH, Goodwin TW (1975) Studies in insect-moulting hormone biosynthesis.
Biosynthesis of cyasterone in the plant, Cyathula capitata. Biochem Physiol Pfl 168: 27-40.

Bourne PC, Whiting P, Dhadialla TS, Hormann RE, Girault J-P, Harmatha J, Lafont R, Dinan L
(2002) Ecdysteroid 7,9(11)-dien-6-ones as potential photoaffinity labels for ecdysteroid bind-
ing proteins. J Insect Sci 2/11: 1-11; online: insectscience.org/2.11

Brown GD (1998) The biosynthesis of steroids and triterpenoids. Nat Prod Rep 1998: 653—-696.

Biickmann D, Tomaschko K-H (1992) 20-Hydroxyecdysone stimulates molting in pycnogid lar-
vae (Arthropoda, Pantopoda). Gen Comp Endocrinol 88: 261-266.

Biickmann D, Starnecker G, Tomaschko K-H, Wilhelm E, Lafont R, Girault J-P (1986) Isdolation
and identification of major ecdysteroids from the pycnogonid Pycnogonum litorale (Strom)
(Arthropoda, Pantopoda). J] Comp Physiol B 156: 759-765.

Budésinsky M, Vokac K, Harmatha J, Cvacka J (2008) Additional minor ecdysteroid components
of Leuzea carthamoides. Steroids 73: 502-514.

Calas D, Thiéry D, Marion-Poll F (2006) 20-Hydroxyecdysone deters oviposition and larval feed-
ing in the European Grapevine Moth, Lobesia botrana. J Chem Ecol 32: 2443-2454.

Calas D, Berthier A, Marion-Poll F (2007) Do European corn borer females detect and avoid lay-
ing eggs in the presence of 20-hydroxyecdysone? J Chem Ecol 33: 1393-1404.

Camps F, Coll J (1993) Insect allelochemicals from Ajuga plants. Phytochemistry 32: 1361-1370.

Camps F, Coll J, Marco M-P, Tomés J (1990) Efficient determination of phytoecdysteroids from Ajuga
species and Polypodium vulgare by high-performance liquid chromatography. J Chromatogr 514:
199-207.

Canals D, Irrure-Santilari J, Casas J (2005) The first cytochrome P450 in ferns. Evidence for its
involvement in phytoecdysteroid biosynthesis in Polypodium vulgare. FEBS J 272: 4817-4825.

Chadin I, Volodin V, Whiting P, Shirshova T, Kolegova N, Dinan L (2003) Ecdysteroid content
and distribution in plants of the genus Potamogeton L. Biochem Syst Ecol 31: 407—415.

Chandrakala MV, Maribashetty VG, Jyothi HK (1998) Application of phytoecdysteroids in seri-
culture. Curr Sci 74: 341-346.

Chitwood DJ (1999) Biochemistry and function of nematode steroids. Crit Rev Biochem Mol
Biol 34: 273-284.

Cho G, Itami T (2004) Plant extract as cholesterol substitute in shrimp. Aqua Feeds: Formulation &
Beyond 1: 16-17.

Clément CY, Bradbrook DA, Lafont R, Dinan L (1993) Assessment of a microplate-based bio-
assay for the detection of ecdysteroid-like or antiecdysteroid activities. Insect Biochem Mol
Biol 23: 187-193.

Coll J, Reixach N, Sanchez-Baeza F, Casas J, Camps F (1994) New ecdysteroids from Polypodium
vulgare. Tetrahedron 50: 7247-7252.

Cook IF, Lloyd-Jones JG, Rees HH, Goodwin TW (1973) The stereochemistry of hydrogen elimina-
tion from C-7 during biosynthesis of ecdysones in insects and plants. Biochem J 136: 135-145.

Corio-Costet M-F, Chapuis L, Mouillet JF, Delbecque J-P (1993a) Sterol and ecdysteroid profiles
of Serratula tinctoria L.: plant and cell cultures producing steroids. Insect Biochem Mol Biol
23: 175-180.

Corio-Costet M-F, Chapuis L, Scalla R, Delbecque J-P (1993b) Analysis of sterols in plants and
cell cultures producing ecdysteroids: 1. Chenopodium album. Plant Sci 91: 23-33.



1 Phytoecdysteroids: Diversity, Biosynthesis and Distribution 39

Corio-Costet M-F, Chapuis L, Delbecque J-P (1996) Serratula tinctoria L. (Dyer’s Savory):
in vitro culture and the production of ecdysteroids and other secondary metabolites. In:
Biotechnology in Agriculture and Forestry 37: Medicinal and Aromatic Plants IX (Ed. Bajaj
YPS), Springer, Berlin/Heidelberg, pp 384-401.

Corio-Costet M-F, Chapuis L, Delbecque J-P (1998) Chenopodium album L. (Fat Hen): In vitro
cell culture, and production of secondary metabolites (phytosterols and ecdysteroids). In:
Biotechnology in Agriculture and Forestry 41: Medicinal and Aromatic Plants X (Ed. Bajaj
YPS), Springer, Berlin/Heidelberg, pp 97-112.

Davies TG, Lockley WIS, Boid R, Rees HH, Goodwin TW (1980) Mechanism of formation of the
A/B cis-ring junction of ecdysteroids in Polypodium vulgare. Biochem J 190: 537-544.

Delbecque J-P, Beydon P, Chapuis L, Corio-Costet M-F (1995) In vitro incorporation of radio-
labelled cholesterol and mevalonic acid into ecdysteroids by hairy root cultures of a plant,
Serratula tinctoria. Eur J Entomol 92: 301-307.

DellaGreca M, D’ Abrosca B, Fiorentino A, Previtera L, Zarrelli A (2005) Structure elucidation
and phytotoxicity of ecdysteroids from Chenopodium album. Chem Biodivers 2: 457—462.
Descoins C Jr, Marion-Poll F (1999) Electrophysiological responses of gustatory sensilla
of Mamestra brassicae (Lepidoptera, Noctuidae) larvae to three ecdysteroids: ecdysone,

20-hydroxyecdysone and ponasterone A. J Insect Physiol 45: 871-876.

De Souza NJ, Ghisalberti EL, Rees HH, Goodwin TW (1969) Studies on insect moulting hor-
mones: Biosynthesis of ponasterone A and ecdysterone from [2-'*C]-mevalonate in Taxus
baccata. Biochem J 114: 895-896.

De Souza NJ, Ghisalberti EL, Rees HH, Goodwin TW (1970) Studies on insect moulting hor-
mones: Biosynthesis of ecdysone, ecdysterone and 5B-hydroxyecdysterone in Polypodium
vulgare. Phytochemistry 9: 1247-1252.

Devarenne TP, Sen-Michael B, Adler JH (1995) Biosynthesis of ecdysteroids in Zea mays.
Phytochemistry 40: 1125-1131.

Dinan L (1992) The analysis of phytoecdysteroids in single (pre-flowering stage) specimens of fat
hen, Chenopodium album. Phytochem Anal 3: 132-138.

Dinan L (1994) Phytoecdysteroids in Kochia scoparia (burning bush). J Chromatogr 658: 69-76.

Dinan L (1995) A strategy for the identification of ecdystereoid receptor agonists and antagonists
from plants. Eur J Entomol 92: 271-283.

Dinan L (1998) A strategy towards the elucidation of the contribution made by phytoecdysteroids
to the deterrence of invertebrate predators on plants. Russ J Plant Physiol 45: 347-359.

Dinan L (2001) Phytoecdysteroids: biological aspects. Phytochemistry 57: 325-339.

Dinan L (2003) Ecdysteroid structure-activity relationships. In: Natural Products Chemistry, Vol. 29:
Bioactive Natural Products (Part J) (Ed. Atta-ur-Rahman), Elsevier Scientific, Amsterdam, The
Netherlands, pp 3-71.

Dinan L, Hormann RE (2005) Ecdysteroid agonists and antagonists. In: Comprehensive Molecular
Insect Science (Eds. Gilbert LI, Iatrou K, Gill S), Elsevier, vol 3, pp 197-242.

Dinan L, Lafont R (2007) Compilation of the literature reports for the screening of vascular plants,
algae, fungi and non-arthropod invertebrates for the presence of ecdysteroids. Ecdybase,
Cybersales, Prague, online http://ecdybase.org

Dinan L, Whiting P, Alfonso D, Kapetanidis I (1996) Certain withanolides from lochroma ges-
nerioides (Kunth) Miers (Solanaceae) antagonize ecdysteroid action in a Drosophila mela-
nogaster cell line. Entomol Exp Appl 80: 415-420.

Dinan L, Whiting P, Girault J-P, Lafont R, Dhadialla TS, Cress DE, Mugat B, Antoniewski C,
Lepesant JA (1997) Cucurbitacins are insect steroid hormone antagonists acting at the ecdys-
teroid receptor. Biochem J 327: 643-650.

Dinan L, Whiting P, Scott A (1998) Taxonomic distribution of phytoecdysteroids in seeds of
members of the Chenopodiaceae. Biochem Syst Ecol 26: 553-576.

Dinan L, Hormann RE, Fujimoto T (1999) An extensive ecdysteroid CoOMFA. J] Comput Aid Mol
Des 13: 185-207.

Dinan L, Savchenko T, Whiting P (2001a) On the distribution of phytoecdysteroids in plants.
CLMS 58: 1121-1132.



40 L. Dinan et al.

Dinan L, Savchenko T, Whiting P (2001b) Phytoecdysteroids in the genus Asparagus
(Asparagaceae). Phytochemistry 56: 569-576.

Dinan L, Whiting P, Savchenko T (2001c) Phytoecdysteroids in seeds of Lloydia serotina
(Liliaceae). Biochem Syst Ecol 29: 923-928.

Dinan L, Savchenko T, Whiting P (2002) Chemotaxonomic significance of ecdysteroid ago-
nists and antagonists in the Ranunculaceae: phytoecdysteroids in the genera Helleborus and
Hepatica. Biochem Syst Ecol 30: 171-182.

Dreier SI, Towers GHN (1988) Activity of ecdysterone in selected plant growth bioessays. J Plant
Physiol 132: 509-512.

Estruch J, Chriqui D, Grossmann K, Schell J, Spena A (1991) The plant oncogene rolC is
responsible for the release of cytokinins from glucoside conjugates. EMBO J 10: 2889-2895.

Filippova VN, Zorinyants SE, Volodina SO, Smolenskaya IN (2003) Cell cultures of ecdysteroid-
containing Ajuga reptans and Serratula coronata plants. Russ J Plant Physiol 50: 501-508.

Fujimoto Y, Kushiro T, Nakamura K (1997) Biosynthesis of 20-hydroxyecdysone in Ajuga hairy
roots: hydrogen migration from C-6 to C-5 during cis-A/B ring formation. Tetrahedron Lett
38: 2697-2700.

Fujimoto Y, Ohyama K, Nomura K, Hyodo R, Takahashi K, Yamada J, Morisaki M (2000)
Biosynthesis of sterols and ecdysteroids in Ajuga hairy roots. Lipids 35: 279-288.

Fukuzawa A, Kumagai Y, Masamune T, Furusaki A, Katayama C, Matsumoto T (1981) Acetylpinnasterol
and pinnasterol, ecdysone-like metabolites from the marine red alga Laurencia pinnata Yamada.
Tetrahedron Lett 22: 4085-4086.

Fukuzawa A, Miyamoto M, Kumagai Y, Masamune T (1986) Ecdysone-like metabolites, 140
hydroxypinnasterols, from the red alga Laurencia pinnata. Phytochemistry 25: 1305-1307.
Galbraith MN, Horn DHS (1966) An insect-moulting hormone from a plant. ] Chem Soc Chem

Commun, 905-906.

Goad LJ, Akihisa T (1997) Nomenclature and Biosynthesis of Sterols and Related Compounds,
in Analysis of Sterols. Chapman-Hall, London, pp 1-42.

Golovatskaya IF (2004) Effect of ecdysterone on morphological and physiological processes in
plants. Russ J Plant Physiol 51: 407—413.

Grebenok RJ, Adler JH (1993) Ecdysteroid biosynthesis during the ontogeny of spinach leaves.
Phytochemistry 33: 341-347.

Grebenok RJ, Ripa PV, Adler JH (1991) Occurrence and levels of ecdysteroids in spinach. Lipids
26: 666—668.

Grebenok RJ, Venkatachari S, Adler JH (1994) Biosynthesis of ecdysone and ecdysone phos-
phates in spinach. Phytochemistry 36: 1399-1408.

Grebenok RJ, Galbraith DW, Benveniste I, Feyereisen R (1996) Ecdysone 20-monooxygenase, a
cytochrome P450 enzyme from spinach Spinacia oleracea. Phytochemistry 42: 927-933.
Harmatha J (2000) Chemo-ecological role of spirostanol saponins in the interaction between plants
and insects. In: Saponins in Food, Feedstoffs and Medicinal Plants (Eds. Oleszek W, Marston A),

Kluwer, Dordrecht, Proceedings of the Phytochemistry Society of Europe, vol 45, pp 129-141B, .

Harmatha J, Dinan L (1997) Biological activity of natural and synthetic ecdysteroids in the B
bioassay. Arch Insect Biochem Physiol 35: 219-225.

Harmatha J, BudéSinsky M, Vokac K (2002a) Photochemical transformation of 20-hydroxyecdys-
one: production of monomeric and dimeric ecdysteroid analogues. Steroids 67: 127-135.
Harmatha J, Vokac K, Griiner K, BudéSinsky M (2002b) Preparation of dimeric and side chain
modified ecdysteroid analogues by photochemical transformation and dehydration of phyto-

ecdysteroids. J Insect Sci, online http://www.insectscience.org/2.16/index.htm

Harmatha J, Budésinsky M, Vokac K, Dinan L, Lafont R (2006) Dimeric ecdysteroid analogues
and their interaction with the Drosophila ecdysteroid receptor. Collect Czech Chem Commun
71: 1229-1238.

Hendrix SD, Jones RL (1972) The activity of B-ecdysone in four gibberellin bioassays. Plant
Physiol 50: 199-200.

Hikino H, Kohama T, Takemoto T (1970) Biosynthesis of ponasterone A and ecdysterone from
cholesterol in Podocarpus macrophyllus. Phytochemistry 9: 367-369.



1 Phytoecdysteroids: Diversity, Biosynthesis and Distribution 41

Hikino H, Jin H, Takemoto T (1971) Occurrence of insect-moulting substances ecdysterone and
inokosterone in callus tissues of Achyranthes radix. Chem Pharm Bull 19: 438-439.

Hikino H, Okuyama T, Jin H, Takemoto T (1973) Screening of Japanese ferns for phytoecdysones.
I. Chem Pharm Bull 21: 2292-2302.

Ho R, Girault JP, Cousteau PY, Bianchini JP, Raharivelomanana P, Lafont R (2008) Isolation
of new ecdysteroid conjugates using a combination of liquid chromatography methods.
J Chromatogr Sci 46: 102-110.

Huber R, Hoppe W (1965) Die Kristall- und Molekiilstrukturanalyse des Insektenverpuppungs-
hormons Ecdyson mit der automatisierten Faltmolekiilmethode. Chem Ber 98: 2403-2404.
Hutchinson TH (2002) Reproductive and developmental effects of endocrine disrupters in

invertebrates: in vitro and in vivo approaches. Toxicol Lett 10: 75-81.

Hyodo R, Fujimoto Y (2000) Biosynthesis of 20-hydroxyecdysone in Ajuga hairy roots: the pos-
sibility of 7-ene introduction at a late stage. Phytochemistry 53: 733-737.

Ikekawa N, Ikeda T, Mizuno T, Ohnishi E, Sakurai S (1980) Isolation of a new ecdysteroid, 2,22-
dideoxy-20-hydroxyecdysone, from the ovaries of the silkworm Bombyx mori. ] Chem Soc
Chem Commun 448-449.

Imai S, Toyosato T, Sakai M, Sato Y, Fujioka S, Murata E, Goto M (1969) Screening results of
plants for phytoecdysones. Chem Pharm Bull 17: 335-339.

Irrure-Santilari J, Melé E, Messeguer J, Casas J (1996a) Induction of 20-hydroxyecdysone forma-
tion in callus cultures of Polypodium vulgare [abstract]. XII Ecdysone Workshop, Barcelona,
July 22-26.

Irrure-Santilari J, Reixach N, Melé E, Messeguer J, Camps F, Casas J (1996b) Ecdysteroid bio-
synthesis in prothallus cultures of Polypodium vulgare [abstract]. XII Ecdysone Workshop,
Barcelona, July 22-26.

Jizba J, Herout V, Sorm F (1967) Isolation of ecdysterone (crustecdysone) from Polypodium vul-
gare L. rhizomes. Tetrahedron Lett 1689-1691.

Joly R, Svahn CM, Bennett RD, Heftmann E (1969) Investigation of intermediate steps in
the biosynthesis of ecdysterone from cholesterol in Podocarpus elata. Phytochemistry 8:
1917-1920.

Jones CG, Firn RD (1978) The role of phytoecdysteroids in bracken fern, Pteridium aquilinum
(L.), as a defence against phytophagous insect attack. ] Chem Ecol 4: 117-138.

Kanazawa A, Tanaka N, Kashiwada K-i (1972) Nutritional requriements of prawn — IV. The
dietary effect of ecdysones. Bull Jap Soc Sci Fish 38: 1067-1071.

Karnachuk R, Benson N, Trofimova N (1991) Cell culture of Serratula coronata — prospective
ecdysteroid producer. In: Biology of Cultivating Cells and Plant Biotechnology (Ed. Butenko R),
Nauka, Moscow, pp 39-41 [in Russian].

Kholodova YD (2001) Phytoecdysteroids: biological effects, application in agriculture and com-
plementary medicine. Ukr Biokhim Zh 73: 21-29.

Koudela K, Tenora J, Bajer J, Mathova A, Slama K (1995) Stimulation of growth and development in
Japanese quails after oral administration of ecdysteroid-containing diet. Eur J Entomol 92: 349-354.

Kovganko N (1999) Ecdysteroids and related compounds in fungi. Chem Nat Comp 35: 597-611.

Kreis W, Hensel A, Stuhlemmer U (1998) Cardenolide biosynthesis in foxglove. Planta Med 64:
491-499.

Kubo I, Klocke JA, Asano S (1981) Insect ecdysis inhibitors from the East African medicinal plant
Ajuga remota (Labiatae). Agric Biol Chem 45: 1925-1927.

Kubo I, Klocke JA, Asano S (1983) Effects of ingested phytoecdysteroids on the growth and
development of two lepidopterous larvae. J Insect Physiol 29: 307-316.

Kuzovkina I (1992) Cultivation of genetically transformed plant roots: possibilities and perspectives
of applications in plant physiology. Physiologiya Rasteniy (Plant Physiol) 39: 1208-1214 [in
Russian].

Lafont R (1997) Ecdysteroids and related molecules in animals and plants. Arch Insect Biochem
Physiol 35: 3-20.

Lafont R (1998) Phytoecdysteroids in the world flora: diversity, distribution, biosynthesis and
evolution. Rus J Plant Physiol 45: 276-295.



42 L. Dinan et al.

Lafont R, Dinan L (2003) Practical uses for ecdysteroids in mammals including humans: an
update. 30 p. J. Insect Sci. 3.7. http://www.insectscience.org/3.7/

Lafont R, Horn DHS (1989) Phytoecdysteroids: structures and occurrence. In: Ecdysone, from
Chemistry to Mode of Action (Ed. Koolman J), Georg Thieme Verlag, Stuttgart, pp 39-64.
Lafont R, Harmatha J, Marion-Poll F, Dinan L, Wilson ID (2002) Ecdybase - The Ecdysone

Handbook. 3rd Edition, Cybersales, Praha, online http://ecdybase.org

Lehmann M, Vorbrodt HM, Adam G, Koolman J (1988) Antiecdysteroid activity of brassinoster-
oids. Experientia 44: 355-356.

Lev S, Zakirova R, Saatov Z, Gorovits M, Abubakirov N (1990) Ecdysteroids from cell and tissue
culture of Ajuga turkestanica. Khim Prirod Soedin (Chem Nat Comp) 1: 51-52 [in Russian].

Lloyd-Jones JG, Rees HH, Goodwin TW (1973) Biosynthesis of ecdysterone from cholesterol in
Taxus baccata. Phytochemistry 12: 569-572.

Lockley WIS, Boid R, Lloyd-Jones GJ, Rees HH, Goodwin TW (1975) Fate of the C-4 hydrogen
atoms of cholesterol during its transformation into ecdysones in insects and plants. J Chem
Soc Chem Commun 346-348.

Ma W-C (1969) Some properties of gustation in the larva of Pieris brassicae. Entomol Exp Appl
12: 584-590.

Macek T, Vanek T (1994) Pteridium aquilinum (L.) Kuhn (Bracken Fern) in vitro culture and the
production of ecdysteroids. In: Biotechnology in Agriculture and Forestry 26: Medicinal and
Aromatic Plants VI (Ed. Bajaj YPS), Springer, Berlin/Heidelberg, pp 299-315.

Machdackova I, Vagner M, Sldma K (1995) Comparison between the effects of 20-hydroxyecdys-
one and phytohormones on growth and development in plants. Eur J Entomol 92: 309-316.

Malausa T, Salles M, Marquet V, Guillemaud T, Alla S, Marion-Poll F, Lapchin L (2006) Within-
species variability of the response to 20-hydroxyecdysone in peach-potato aphid (Myzus per-
sicae Sulzer). J Insect Physiol 52: 480-486.

Maribashetty VG, Chandrakala MV, Jyothi HK, Aftab Ahamed CA (1997) Effect of phytoecdys-
teroids on the spinning behaviour in the silkworm (Bombyx mori L.). J Seric 5: 20-22.

Maribashetty VG, Chandrakala MV, Aftab Ahamed CA, Raghuraman R (2002) Enhancement of
cocoon spinning in Bombyx mori by application of phytoecdysone. J Seric 8—10: 23-27.

Marion-Poll F, Descoins C (2002) Taste detection of phytoecdysteroids in larvae of Bombyx mori,
Spodoptera littoralis and Ostrinia nubilalis. J Insect Physiol 48: 467-476.

Margélek B, Simek M, Smith RJ (1992) The effect of ecdysterone on the cyanobacterium Nostoc
6720. Z Naturforsch 47c: 726-730.

Matsumoto T, Tanaka N (1991) Production of phytoecdysteroids by hairy root cultures of Ajuga
reptans var. atropurupurea. Agric Biol Chem 55: 1019-1025.

Mboma ND, Callebaut A, Motte JC (1986) Phytoecdysones in Ajuga reptans plants, callus and
cell suspension cultures. Acta Bot Neerl 35: 48.

McMorris TC, Voeller B (1971) Ecdysones from gametophytic tissues of a fern. Phytochemistry
10: 3253-3254.

Mellon D Jr, Greer E (1987) Induction of precocious moulting and claw transformation in alpheid
shrimps by exogenous 20-hydroxyecdysone. Biol Bull 172: 350-356.

Nagakari M, Kushiro T, Yagi T, Tanaka N, Matsumoto T, Kakinuma K, Fujimoto Y (1994a)
3o-Hydroxy-5B-cholest-7-en-6-one as an intermediate of 20-hydroxy-ecdysone biosynthesis in a
hairy root culture of Ajuga reptans var. atropurpurea. J Chem Soc Chem Commun 1761-1762.

Nagakari M, Kushiro T, Matsumoto T, Tanaka N, Kakinuma K, Fujimoto Y (1994b) Incorporation
of acetate and cholesterol into 20-hydroxyecdysone by hairy root clone of Ajuga reptans var.
atropurpurea. Phytochemistry 36: 907-910.

Nair KS, Miao Y-G, Kumar SN (2005) Differential response of silkworm, Bombyx mori L. to phy-
toecdysteroid depending on the time of administration. J Appl Sci Environ Manage 9: 81-86.

Nakagawa T, Hara N, Fujimoto Y (1997) Biosynthesis of 20-hydroxyecdysone in Ajuga hairy
roots: stereochemistry of C-25 hydroxylation. Tetrahedron Lett 38: 2701-2704.

Nakanishi K, Koreeda M, Sasaki S, Chang ML, Hsu HY (1966) Insect hormones. The structure
of ponasterone A, an insect moulting hormone from the leaves of Podocarpus nakaii Hay.
J Chem Soc Chem Commun 24: 915-917.



1 Phytoecdysteroids: Diversity, Biosynthesis and Distribution 43

Ninagi O, Maruyama M (1996) Utilization of 20-hydroxyecdysone extracted from a plant in
sericulture. JARQ 30: 123-128.

Nomura K, Fujimoto Y (2000) Mechanism of C-2 hydroxylation during the biosynthesis of
20-hydroxyecdysone in Ajuga hairy roots. Chem Pharm Bull 48: 344-348.

Odinokov VN, Galiautdinov IV, Nedopekin DV, Khalilov LM, Lafont R (2002) One-step synthe-
sis of shidasterone from 20-hydroxyecdysone. Mendeleev Commun 2002: 145-147.

Ohyama K, Kushiro T, Nakamura K, Fujimoto Y (1999) Biosynthesis of 20-hydroxyecdysone in Ajuga
hairy roots: fate of 60~ and 6B3-hydrogens of lathosterol. Bioorgan Med Chem 7: 2925-2930.
Okuzumi K., Hara N., Fujimoto Y., Yamada J., Nakamura A., Takahashi K. and Morisaki M
(2003) Biosynthesis of phytoecdysteroids in Ajuga hairy roots: clerosterol as a precursor of

cyasterone, isocyasterone and 29-norcyasterone. Tetrahedron Lett 44: 323-326.

Orlova I, Zakharchenko N, Semenyuk E, Nosov A, Volodin V, Bur’yanov Y (1998) The
initiation of transformed root culture from Rhaponticum carthamoides. Russ J Plant Physiol
45:339-341.

Orlova I, Semenyuk E, Volodin V, Nosov A, Bur’yanov Y (2000) The system of regeneration and
gene transformation of Rhaponticum carthamoides plants accumulating ecdysteroids. Russ J
Plant Physiol 47: 355-359.

Rauschenbach 1Y, Gruntenko NE, Karpova EK, Adon’eva NV, Alekseev AA, Volodin VV
(2005) 20-Hydroxyecdysone interacts with juvenile hormone and dopamine in the control of
Drosophila virilis fertility. Dokl Biol Sci 400: 68-70.

Ravi M, Hopfinger AJ, Hormann RE, Dinan L (2001) 4G-QSAR analysis of a set of ecdysteroids
and a comparison to CoOMFA modelling. J Chem Inf Comp Sci 41: 1587-1604.

Ravishankar GA, Mehta AR (1979) Control of ecdysterone biogenesis in tissue cultures of
Trianthema portulacastrum. Nat Prod 42: 152-158.

Reixach N, Camps F, Casas J, Lafont R (1996) Ecdysteroid metabolism in in vitro cultures of
Polypodium vulgare [abstract]. XII Ecdysone Workshop, Barcelona, July 22-26.

Reixach N, Irurre-Santilari J, Casas J, Mel€é E, Messeguer J, Camps F (1997) Biosynthesis of phyto-
ecdysteroids in in vitro prothalli cultures of Polypodium vulgare. Phytochemistry 43: 597-602.

Reixach N, Lafont R, Camps F, Casas J (1999) Biotransformations of putative phytoecdysteroid bio-
synthetic precursors in tissue cultures of Polypodium vulgare. Eur J Biochem 266: 608-615.

Rharrabe K, Alla S, Maria A, Sayah F, Lafont R (2007) Diversity of detoxification pathways of
ingested ecdysteroids among phytophagous insects. Arch Insect Biochem Physiol 65: 65-73.

Ripa PV, Martin EA, Cocclione CM, Adler JH (1990) Fluctuation of phytoecdysteroids in devel-
oping shoots of Taxus cuspidata. Phytochemistry 29: 425-427.

Saad M, Kovalenko P, Medvedeva T, Korniets G, Shuman N, Kholodova Yu, Galkin A (1992a)
Culture of isolated cells and tissue of Serratula wolfii Andrae as a source of biologically
active phytoecdysteroids. Physiologiya i Biokhimiya Kul’turnych Rasteniy (Physiology and
Biochemistry of Cultured Plants) 24: 611-615 [in Russian].

Saad M, Kovalenko P, Zaets V, Korniets G, Shatursky, Kholodova Yu, Galkin A (1992b)
Comparative analysis of the proteins of cell culture and field plants of Serratula coronata L. —
ecdysteroid producer. Ukr Biokhim Zh (Ukr Biochem J) 64: 84—87 [in Russian].

Sauer HH, Bennett RD, Heftmann E (1968) Ecdysterone biosynthesis in Podocarpus elata.
Phytochemistry 7: 2027-2030.

Savchenko T, Whiting P, Sarker SD, Dinan L (1997) Phytoecdysteroids in the genus Agapanthus
(Alliaceae). Biochem Syst Ecol 25: 623-629.

Savchenko T, Whiting P, Sik V, Underwood E, Sarker SD, Dinan L (1998) Distribution and identi-
ties of phytoecdysteroids in the genus Briza (Gramineae). Biochem Syst Ecol 26: 781-791.

Savchenko T, Whiting P, Germade A, Dinan L (2000) Ecdysteroid agonist and antagonist activi-
ties in species of the Solanaceae. Biochem Syst Ecol 28: 403—419.

Savchenko T, Blackford M, Sarker SD, Dinan L (2001) Phytoecdysteroids from Lamium spp.:
identification and distribution within plants. Biochem Syst Ecol 29: §91-900.

Schmelz EA, Grebenok RJ, Galbraith DW, Bowers WS (1998) Damage-induced accumulation of
phytoecdysteroids in spinach: a rapid root response involving the octadecanoic acid pathway.
J Chem Ecol 24: 339-360.



44 L. Dinan et al.

Schmelz EA, Grebenok RJ, Galbraith DW, Bowers WS (1999) Insect-induced synthesis of phyto-
ecdysteroids in spinach, Spinacia oleracea. J Chem Ecol 25: 1739-1757.

Schmelz EA, Grebenok RJ, Ohnmeiss TE, Bowers WS (2000) Phytoecdysteroid turnover in spin-
ach: long-term stability supports a plant defense hypothesis. J Chem Ecol 26: 2883-2896.
Schmelz E, Grebenok R, Ohnmeiss T, Bowers W (2002) Interactions between Spinacia oleracea and

Bradysia impatiens: a role for phytoecdysteroids. Arch Insect Biochem Physiol 51: 204-221.

Sinlaparaya D, Duanghaklang P, Panichajakul S (2007) Enhancement of 20-hydroxyecdysone
production in cell suspension cultures of Vitex glabrata R.Br. by precursors feeding. Afr J
Biotechnol 6: 1639-1642.

Sipahimalani AT, Banerji A, Chadha MS (1972) Biosynthesis and interconversion of phytoecdys-
ones in Sesuvium portulacastrum L. J Chem Soc Chem Commun, 692—-693.

Slama K, Abubakirov NK, Gorovits MB, Baltaev UA, Saatov Z (1993) Hormonal activity of
ecdysteroids from certain Asiatic plants. Insect Biochem Mol Biol 23: 181-185.

Soriano IR, Riley IT, Potter MJ, Bowers WS (2004) Phytoecdysteroids: a novel defense against
plant-parasitic nematodes. J Chem Ecol 30: 1885-1899.

Svato§ A, Macek T (1994) The rate production in suspension cultured cells of the fern Pteridium
aquilinum. Phytochemistry 35: 651-654.

Szendrei K, Varga E, Hajdu Z, Herke I, Lafont R, Girault J-P (1988) Ajugasterone C and 5-deoxykala-
dasterone, an ecdysteroid artifact from Leuzea carthamoides. ] Nat Prod (Lloydia) 51: 993-995.

Takemoto T, Ogawa S, Nishimoto N (1967a) Isolation of the moulting hormones of insects from
Achyranthes radix. Yakugaku Zasshi 87: 325-327.

Takemoto T, Ogawa S, Nishimoto N, Hirayama H, Taniguchi S. (1967b) Isolation of insect-
moulting hormones from mulberry leaves. Yakugaku Zasshi 87: 748 [in Japanese].

Tanaka N, Matsumoto T (1993) Regenerants from Ajuga hairy roots with high productivity of
20-hydroxyecdysone. Plant Cell Rep 13: 87-90.

Tanaka Y, Naya S (1995) Dietary effect of ecdysone and 20-hydroxyecdysone on larval develop-
ment of two lepidopteran species. Appl Entomol Zool 30: 285-294.

Tanaka Y, Asaoka K, Takeda S (1994) Different feeding and gustatory responses to ecdysone and
20-hydroxyecdysone by larvae of the silkworm, Bombyx mori. ] Chem Ecol 20: 125-133.

Tomds J, Camps F, Claveria E, Coll J, Melé E, Messeguer J (1992) Composition and location of phy-
toecdysteroids in Ajuga reptans in vivo and in vitro cultures. Phytochemistry 31: 1585-1591.

Tomas J, Camps F, Coll J, Melé E, Messeguer J (1993) Phytoecdysteroid production by Ajuga
reptans tissue cultures. Phytochemistry 32: 317-324.

Tomaschko K-H (1994) Defensive secretion of ecdysteroids in Pycnogonum litorale (Arthropoda,
Pantopoda). Z Naturforsch 49¢c: 367-371.

Tomaschko K-H (1995) Autoradiographic and morphological investigations of the defensive ecdyster-
oid glands in adult Pycnogonum litorale (Arthropoda: Pantopoda). Eur J Entomol 92: 105-112.

Tomaschko K-H, Biickmann D (1993) Excessive abundance and dynamics of unusual ecdyster-
oids in Pycnogonum litorale Strom (Arthropoda, Pantopoda) and their possible biological
importance. Gen Comp Endocrinol 90: 296-305.

Tomaschko K-H, Guckler R, Biickmann D (1995) A new bioassay for the investigation of a
membrane-associated ecdysteroid receptor in decapod crustaceans. Neth J Zool 45: 93-97.
Tomita Y, Sakurai E (1974) Biosynthesis of phytoecdysone: incorporation of 2f,3f,14a-
trihydroxy-5B-cholest-7-en-6-one into B-ecdysone and inokosterone in Achyranthes fauriei.

J Chem Soc Chem Commun, 434-435.

Trivedy K, Dhar A, Kumar SN, Nair KS, Ramesh M, Gopah N (2003a) Effect of phytoecdysteroid
on pure breed performance of silkworm, Bombyx mori L. Int J Indust Entomol 7: 29-36.

Trivedy K, Nair KS, Ramesh M, Gopal N, Kumar SN (2003b) Effect of phytoecdysteroid on
maturation of silkworm, Bombyx mori L. Indian J Seric 42: 75-77.

Trivedy K, Nair KS, Ramesh M, Gopal N, Kumar SN (2003c) Early and uniform maturation in
silkworm Bombyx mori L by phytoecdysteroid from a plant of family Caryophyllaceae. Int J
Indust Entomol 7: 65-68.

Trivedy K, Kumar SN, Dandin SB (2006) Phytoecdysteroid and its use in sericulture. Sericologia
46: 57-78.



1 Phytoecdysteroids: Diversity, Biosynthesis and Distribution 45

Udalova ZV, Zinov’eva SV, Vasil’eva IS, Paseshnichenko VA (2004) Correlation between the
structure of plant steroids and their effects on phytoparasitic nematodes. Appl Biochem
Microbiol 40: 93-97.

Ufimtsev K, Shirshova T, Yakimchuk A, Volodin V (2001) Effect of phytoecdysteroids of
Serratula coronata L. on behavior and development of larvae of certain plant-feeding insects.
Rastitelnye Resursy (Plant Res) 37: 23-33 [in Russian].

Ufimtsev K, Shirshova T, Yakimchuk A, Volodin V (2002a) Hormonal, toxic and adaptogenic
influence of ecdysteroids of Serratula coronata L. on larvae of Ephestia kiihniella Zell.
Rastitelnye Resursy (Plant Res) 38: 29-39 [in Russian].

Ufimtsev K, Shirshova T, Yakimchuk A, Volodin V (2002b) Influence of ecdysteroids of Serratula coro-
nata L. on the last instar larvae of Ephestia kiihniella Zell. after having been submersed into alcoholic
and aquatic solutions of these substances. Rastitelnye Resursy (Plant Res) 38: 86-98 [in Russian].

Ufimtsev K, Shirshova T, Volodin V (2003) Effect of ecdysteroids of Serratula coronata L. on
development of larvae of the Egyptian cotton leafworm. Rastitelnye Resursy (Plant Res) 39:
134-142 [in Russian].

Ufimtsev K, Shirshova T, Volodin V, Volodina S, Alekseev A, Raushenbakh I (2006a) Effect of
exogenous ecdysteroids on growth, development and fertility of the Egyptian cotton leafworm
Spodoptera littoralis Boisd. (Lepidoptera: Noctuidae). Dokl Biol Sci 411: 512-514.

Ufimtsev K, Shirshova T, Volodin V (2006b) Effect of the diet containing different parts of plant
Serratula coronata L — producer of ecdysteroids — on the development of Egyptian cotton leaf-
worm Spodoptera littoralis Boisd. (Lepidoptera: Noctuidae). Sibirsky Ecologichesky Zhurnal
(Siberian Ecol J) 13: 669—676 [in Russian].

Vanéek T, Macek T, Vaisar T, Breznovits A (1990) Production of ecdysteroids by plant cell culture
of Pteridium aquilinum. Biotechnol Lett 12: 727-730.

Voigt B, Whiting P, Dinan L (2001) The ecdysteroid agonist/antagonist and brassinosteroid-like
activities of synthetic brassinosteroid/ecdysteroid hybrid molecules. CMLS 58: 1133-1140.

Vokic K, Budésinsky M, Harmatha J, Pi§ J (1998a) New ergostane type ecdysteroids from fungi.
Ecdysteroid constituents of mushroom Paxillus atrotomentosus. Tetrahedron 54: 1657-1666.

Vokac¢ K, Budésinsky M, Harmatha J, Kohoutova J (1998b) Ecdysteroid constituents of the mush-
room Tapinella panuoides. Phytochemistry 49: 2109-2114.

Vokac¢ K, BudéSinsky M, Harmatha J (1999) Minor ecdysteroids from Leuzea carthamoides.
Chem Listy, Symp 93: S1-69.

Vokéc K, Budésinsky M, Harmatha J (2002) Minor ecdysteroid components of Leuzea cartham-
oides. Collect Czech Chem Commun 67: 124-139.

Volodin VV (Ed.) (2003) Phytoecdysteroids, Nauka, St. Petersburg, 293 pp. [in Russian].

Volodin VYV, Chadin I, Whiting P, Dinan L (2002) Screening plants of European North-East Russia
for ecdysteroids. Biochem Syst Ecol 30: 525-578.

Watanabe B, Nakagawa Y, Ogura I, Miyagawa H (2004) Stereoselective synthesis of (22R)- and
(225)-castasterone/ponasterone A hybrid compounds and evaluation of their molting hormone
activity. Steroids 69: 483—493.

Whiting P, Savchenko T, Sarker S.D, Rees HH, Dinan L (1998) Phytoecdysteroids in the genus
Limonium (Plumbaginaceae). Biochem Syst Ecol 26: 695-698.

Yagi T, Morisaki M, Kushiro T, Yoshida H, Fujimoto Y (1996) Biosynthesis of 24B-alkyl-A>-
sterols in hairy roots of Ajuga reptans var. atropurpurea. Phytochemistry 41: 1057-1064.
Yen K-Y, Yang L-L, Okuyama T, Hikino H, Takemoto T (1974) Screening of Formosan ferns for

phytoecdysones. I. Chem Pharm Bull 22: 805-808.

Zaprometov M (1981) Secondary metabolism and its regulation in plant cell and tissue cultures.
In: Culture of Plant Cells (Ed. Butenko R), Nauka, Moscow, pp 37-50 [in Russian].

Zeleny J, Havelka J, Slama K (1997) Hormonally mediated insect-plant relationships: arthropod
populations associated with ecdysteroid-containing plant, Leuzea carthamoides (Asteraceae).
Eur J Entomol 94: 183-198.

Zibareva L (2000) Distribution and levels of phytoecdysteroids in plants of the genus Silene dur-
ing development. Arch Insect Biochem Physiol 43: 1-8.

Zibareva L, Volodin V, Saatov Z, Savchenko T, Whiting P, Lafont R, Dinan L (2003) Distribution
of phytoecdysteroids in the Caryophyllaceae. Phytochemistry 64: 499-517.





