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A highly specific steroid regulated transcription system in Saccharomyces

cerevisiae was used to screen for phytoestrogens in dioecious plants. Yeast cells were co-

transformed with a human estrogen receptor expression plasmid and a reporter plasmid

containing the E. coli P-galactosidase gene. Differential estrogenic activities of male and

female plant extracts from two dioecious species, Osage-orange, Maclura pomifera (Raf.)

Scheind. and mulberry, Morus microphylla Buckl. (Moraceae) were found. Female

osage-orange and mulberry plant extracts activated the transcription of the reporter gene

about 4 and 15 times, respectively, compared to the corresponding male plant extracts.

Increasing amounts of plant extracts added to the yeast cells resulted in a proportional

increase in 3-galactosidase expression. Interference-based assays with GAL4-ERE

overlapping promoter elements in the reporter plasmid indicated that phytoestrogens in

Maclura and Morus plant extracts acted via the estrogen receptor in activating the

transcription of the reporter gene. The putative Maclura phytoestrogen was lipid soluble

and co-migrated with sterols (17 P-estradiol) and isoflavones (genistein) in TLC

separations. The TLC active fractions which exhibited UV-absorption spectra similar to

authentic estradiol and genistein were further purified by reverse-phase HPLC

(SynChropak C1 8 column, 250 X 4.6 mm i.d.), isocratic elution with methanol: water, 88:



12 w/v. A single peak with a maximum absorption at 262 nm was found to activate the

transcription of the reporter gene in transgenic yeast. Preliminary 'H-NMR analysis

indicated that Maclura putative phytoestrogen was not a sterol. The phytoestrogens in

Maclura and Morus appeared to be synthesized at specific developmental stages. High

levels of phytoestrogen-induced transcriptional activities correlated with the formation of

functional gynoecium in female flowers of both species and a vestigial gynoecium in

mulberry species. Extracts from some monoecious members of Moraceae family, fig and

rubber-tree, did not activate the transcription of the reporter gene in the yeast system,

indicating that the presence of phytoestrogens in Maclura and Morus was not

characteristic of the family. Collectively, these results suggest a possible role of

phytoestrogens in the sexual reproduction and/or the reproductive ecology of these two

dioecious species.
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GENERAL INTRODUCTION

Estrogens have been reported to be present in several plants. However, the claims

that female sex hormones of the steroid type occur in plants have long been debated

(Jacobson et al., 1965; Young et al., 1977; Van Rompuy and Zeevaart, 1979). In 1965,

Jacobsohn et al. concluded that at that time there were no reports to prove that steroid

estrogens occurred naturally in plants. One year later, Bennett et al. (1966) isolated

estrone from pollen and seeds of the date palm, and Heftmann et al. (1966) identified

estrone in pomegranate seeds. Dean et al. (1971), however, could not confirm the high

yield of estrone reported by Heftmann et al., but explained the difference in yield as being

due to a difference in the sensitivity of identification techniques. Gawienowski and

Gibbs (1969) isolated estrone from apple seeds. Kopcewicz (1971a) noted quantitative

changes in estrogen content during the course of bean plant development and found

higher levels of endogenous estrogens in plants in which femaleness was purposely

induced (Kopcewicz and Chrominski, 1972). Awad (1974) found estrone and estradiol in

apricot seeds, while Young et al. (1977), using radioactive precursors, reported that

estradiol was produced by Phaseolus vulgaris. However, in 1979, Van Rompuy and

Zeevaart concluded that the presence of endogenous steroidal estrogens in plants was

doubtful; they used mass spectrometric analysis and identified only monoglycerides in the

estrogen-like fractions reported earlier as containing steroidal estrogens. More recently,

Janik and Adler characterized an endogenous receptor for 17 B-estradiol isolated from the

1
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ovules of Gladiolus primulinus but not detected in the anthers (Janik, 1983; Janik and

Adler, 1984). This estrogen receptor was similar to its mammalian counterpart with

estradiol, estriol and diethylstilbestrol binding to it, while testosterone and progesterone

did not. Also, Simons and Grinwich (1989) immunologically detected four mammalian

steroids in more than 80% of the plants they tested.

It has been shown that estrogenic activity is not restricted to steroid structures

only. Isoflavones possess estrogenic activity when administered to animals (Bickoff et

al., 1962; James and Foote, 1972; Geuns, 1978; Bergeron and Goulet, 1980; Markiewicz

et al., 1993). Isolation and structural elucidation experiments showed that there are three

major chemical types of non-steroidal phytoestrogens: coumestans, flavones and

isoflavones. The latter are the best known phytoestrogens. Isoflavones approximate the

steroidal structure and can bind to the estrogen receptor expressed in the human breast

cancer line MCF-7 (Martin et al., 1978). They are collectively termed phytoestrogens

because they are responsible for provoking the 'clover disease' (infertility and diseases of

the urogenital system) in farm animals (Shutt, 1976). Recently, it has been shown that

flavonoids play a key role in the development of the male gametophyte in Petunia (van

der Meer et al., 1992). Thus, it appears that steroids or steroid-like compounds may have

hormonal functions in plants analogous to those in animals (Heftmann, 1975; Geuns,

1978).

The information relating steroids in plants and especially phytochemicals with

estrogenic activity is dispersed (and sometimes contradictory) due to the time and effort

required to identify these compounds by most existing techniques. Thus it has been
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difficult to propose any theories as to the function of these phytochemicals with

estrogenic activity. A highly specific screening technique, a steroid-regulated

transcription system in Saccharomyces cerevisiae (Santiso-Mere et al., 1991; Nawaz,

1992; see Chapter 1, Fig. 1), was employed in this study to survey two dioecious plants

for the occurrence and levels of phytochemicals with estrogenic activity.

The newly developed steroid-responsive transcriptional system in S. cerevisiae is

a powerful screening tool. The occurrence of sex hormones of the steroid type in plants

has been questioned in part because of differences in sensitivity of the identification

techniques employed and because there was no satisfactory method of screening plant

tissues for the presence of phytochemicals with estrogenic activity (Jacobsohn et al..,

1965; Heftmann et al.., 1966; Dean et al., 1971; Young et al., 1977; Van Rompuy and

Zeevaart, 1979). It is also possible that the differences in results among research groups

were due to the fact that samples were collected at different developmental stages in the

life cycles of the plants tested. For these reasons, our knowledge of the occurrence and

chemical nature of the phytochemicals with estrogenic activity in plants is incomplete.

The steroid-responsive transcriptional system in S. cerevisiae has been shown by several

groups of researchers to be an appropriate representative model for steroid hormone

action (Metzger et al.., 1988; Schena and Yamamoto, 1988; McDonnell et al.., 1989).

The S. cerevisiae system was chosen for this study because of its absolute requirement for

estrogen for the gene activation by the estrogen receptor; unbound ER has no activity in

this system (McDonnell et al., 1991a and 1991b).

Are phytoestrogens responsible for the manifestation of female sex in plants as



4

they are in animal organisms? In the course of investigations of the physiology of sex

expression, studies involving the exogenous application of plant growth substances have

been widespread. Many of these substances have been found to influence plant sexuality:

gibberellins are thought to enhance male expression; auxins, on the other hand, have been

shown to enhance female expression (Durand and Durand, 1984; Meagher, 1988).

Cytokinins have also been shown to play a role in sex conversion (Hashizume and Jizuka,

1971), although their effects are more variable than those of auxins and gibberellins

(Durand and Durand, 1984).

On the other hand, induction of sexual differentiation and activity by endogenous

hormone-like secretions is known in the water mold Achlya (van den Ende, 1976;

Timberlake and Orr, 1984; Goodwin, 1985), chytrids (Allomyces), fungi (Mucor mucedo),

algae (Chlamydomonas, Volvox, Oedogonium) (van den Ende, 1976), and ferns (van den

Ende, 1976; Willson, 1983). The influence of applied steroidal hormones on sex

expression in plants has also been investigated. Germination, vegetative development,

flowering, and sex expression were affected when animal steroid hormones were applied

alone or along with growth factors to plants (Kopcewich and Porazinski, 1974; Jones and

Roddick, 1977; Geuns, 1978; Bhattacharya and Gupta, 1981). Exogenously applied

estrogens (estradiol and estrone) caused female sex tendency (Love and Love, 1945;

Kopcewicz, 1971b; Gawienowski et al., 1971; Geuns, 1978). Likewise, isolated

substances from plants tested on animals exhibited the same properties as the animal sex

hormones (Labov, 1977; Geuns, 1978).

The main objective of this work was to study the endogenous phytochemicals
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with estrogen activity in two dioecious plants in attempt to clarify the role of these

compounds in regulating sex differentiation and flowering processes. Sex determination

in plants is a very complex mechanism, with its extremes, monomorphic

hermaphroditism and dioecy, and the many intergrades among these systems. Plants offer

a variety of unique systems and mechanisms of sex determination and reproduction (Irish

and Nelson, 1989). There is probably not one unifying mechanism that explains sex

determination in plants. Different and novel mechanisms may be operational, especially

in plant species in which unisexual flowers have evolved independently. Unisexual

flowers in different individuals, as seen in dioecious species [only 4% of angiosperm

species (Irish and Nelson, 1989; Dellaporta and Calderon-Urrea, 1993)], offer a good

system for separate analysis of the male and female differentiation pathways. From the

point of view of unisexuality, two sex determination models are described: the so called

"true" unisexuality, in which the floral primordia lack any vestiges of the opposite sex

organs (Mercurialis, Cannabis), versus unisexuality evolving from organ abortion (Zea

mays, Melandrium, Asparagus) (Durand and Durand, 1991; Dellaporta and Calderon-

Urrea, 1993).

Very little is known about the molecular mechanism by which genetic and

environmental factors control flower differentiation and reproduction in plants (Bracale et

al., 1991). Organ development, in general, and sexual organ development in particular

result from the expression of genetic programs induced by specific physical or chemical

signals. Each organogenesis is controlled by one or more major regulatory genes. The

sex system of Mercurialis annua seems to respond to this classical concept (Durand and
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Durand, 1991).

The mechanism of action of phytoestrogens is not known. Previous work

suggests a relationship to plant growth substances, such as gibbelleric acid, IAA, kinetin,

zeatin and abscisic acid (Hashizume and Jizuka, 1971; Kopcewich and Porazinski, 1974;

Hamdi et al., 1987). In both monoecious and dioecious systems, maleness and

femaleness appear to be achieved through the suppression of the differentiation program

for the opposite sex. This suggests that sex determination acts through genes regulating

the relative activities of the male and female differentiation pathways, possibly using

known growth regulators as messengers (Irish and Nelson, 1989). The phytoestrogens

may be involved in the sex determination by initiating the balance of auxins versus

cytokinins, a phenomenon known to be established in a certain genotype and influenced

by certain environmental conditions (day length/light; availability of nutrients,

particularly nitrogen, temperature, etc) (Iwahori et al., 1969; Bracale et al., 1991).

However, despite the apparently close association of phytoestrogens with the normal

process of flowering or reproductive physiology, there is no direct evidence on the

molecular mechanisms involved.

The objectives of this research were: (1) to isolate and characterize the

phytoestrogens from Maclura pomifera and Morus sp., (2) to elucidate their mechanism

of action in transgenic yeast, at the molecular level, and (3) to study the possible

functions of the phytoestrogens in the sexual reproduction and/or reproductive ecology of

these dioecious species.
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CHAPTER 1

DIFFERENTIAL ESTROGENIC ACTIVITIES OF MALE AND FEMALE PLANT

EXTRACTS FROM TWO DIOECIOUS SPECIES

(Published in Plant Science 109, 1995, pp. 31-43)

Abstract

The reconstituted steroid transcription unit in Saccharomyces cerevisiae

transformed with both a human estrogen receptor expression plasmid (YEPE10) and a

reporter plasmid (YRPE2) was used to screen for estrogen compounds in cell extracts

prepared from female and male plants of osage-orange, Maclura pomifera (Raf.) Scheind.

and mulberry, Morus microphylla Buckl. (Moraceae). Phytoestrogens in the plant

extracts induced the transcription of the reporter gene in transgenic yeast. The

transcriptional activity increased proportionally with increased amounts of plant extracts

added to the yeast cells. Female mulberry and osage-orange plant extracts activated

transcription of the steroid reporter gene about 15 times and 4 times, respectively,

compared to the corresponding male plant extracts. The putative phytoestrogen from

Maclura was lipid soluble, and comigrated with sterols (17 B-estradiol) and isoflavones

(genistein) in TLC separations. The active fractions recovered from TLC plates exhibited

Abbreviations: ER, estrogen receptor; ERE, estrogen response element; MU, Miller
Units; ONPG, o-nitrophenyl B-D galactopyranoside
Keywords: Phytoestrogens; Dioecious plants; Estradiol; Steroid-responsive
transcriptional system; Saccharomyces cerevisiae
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UV absorption spectra similar to authentic estradiol and genistein. The putative

phytoestrogen appeared to be synthesized at specific developmental stages in female

Maclura plants; levels of transcriptional activity were higher at times prior to and during

flowering (February-April). Moreover, extracts from monoecious members of Moraceae,

Ficus species (fig and rubber tree) did not activate transcription of the steroid reporter

gene in the yeast system. Collectively, these data correlate the occurrence and levels of

endogenous phytoestrogens with female individuals of two dioecious species, suggesting

a possible pattern or strategy in the reproductive ecology of these dioecious species.

Introduction

The reproductive systems that pattern floral and sexual determination in

angiosperms can be monomorphic, with a single bisexual flower type, or polymorphic,

with two or more flower types (dioecism, monoecism, and other variations). The

dioecious system with separate male and female individuals, which is the rule in animals,

is found in only 4% of angiosperm species [1,2]. Sex determination in dioecious plants is

traditionally considered to be a selective abortion of the gynoecium or androecium of

initially hermaphroditic floral primordia [1]. From the point of view of unisexuality, two

sex determination models are described: the so called "true" unisexuality, in which the

floral primordia lack any vestiges of inappropriate sex organs (Mercurialis, Cannabis),

versus unisexuality evolving from organ abortion (Zea mays, Melandrium, Asparagus)

[2,3,4].

In the course of investigations of the physiology of sex expression, studies
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involving the exogenous application of plant growth substances have been widespread.

Many of these substances have been found to influence plant sexuality; gibberellins are

thought to enhance male expression while auxins, on the other hand, have been shown to

enhance female expression [5,6]. Cytokinins have also been shown to play a role in sex

conversion [7], although their effects are more variable than those of auxins and

gibberellins [5].

Induction of sexual differentiation and activity by endogenous hormone-like

secretions is known in the water mold Achlya [8-10], chytrids (Allomyces), fungi (Mucor

mucedo), algae (Chlamydomonas, Volvox, Oedogonium) [8], and ferns [8,11]. The

influence of applied steroidal hormones on sex expression in plants has also been

investigated. Germination, vegetative development, flowering, and sex expression were

affected when animal steroid hormones were applied by themselves or along with growth

factors to plants [12-15]. Exogenously applied estrogens (estradiol and estrone) caused

female sex tendency [14,16]. Likewise, when isolated substances from plants were tested

on animals, they exhibited the same properties as the animal sex hormones [14,17].

Apparently, estrogenic activity is not restricted to steroid structures only. Isoflavones

possess estrogenic activity when administered to animals [14,18-21]. Recently, it has

been shown that flavonoids play a key role in the development of the male gametophyte

in Petunia [22]. Thus, it appears that steroids or steroid-like compounds may have

hormonal functions in plants analogous to those in animals [14,23].

At one time it was thought that steroid hormones such as corticosteroids, pregnane

derivatives, estrogens and androgens occurred solely in animals. It is known now that
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some of these, if not all, occur naturally in plants, although their role is still uncertain

[14,24]. Further indirect evidence for the occurrence of steroid sex hormones in plants

comes from the fact that plants are able to metabolize applied steroids [14,25,26]. This

implies the possession of the enzymes necessary for steroid interconversions, or that these

enzyme systems are quickly induced by the applied substrates. Ecdysones, insect-

moulting hormones, derived from cholesterol, are known to exist in plants [14,27,28].

Knights and Smith comparing the sterols of male and female inflorescences and of pollen

from Zea mays by GC-MS found some clear differences in sterol composition between

them [29]. They concluded that these were mainly associated with pollen and silks as

specialized parts of the sex organs of Zea mays. Moreover, Comita and Klosterman

measuring the quantitative levels of free and esterified sterols in tassels during the stages

of meiosis, found a reduced level of sterol in tassels of the male-sterile strain of Zea mays

[30].

The presence of estrogens has been reported in several plants; however, the claims

that female sex hormones of the steroid type occur in plants have long been debated

[24,31,32]. In 1965, Jacobsohn et al. concluded that at that time there were no reports to

prove that steroid estrogens occurred naturally in plants [31]. One year later, Bennett et

al. isolated estrone from pollen and seeds of the date palm [33], and Heftmann et al.

identified estrone in pomegranate seeds [34]. A few years later, however, Dean et al.

could not confirm the high yield of estrone reported by Heftmann et al. [35]. They

explained the difference in yield as being due to a difference in the sensitivity of

identification techniques. Gawienowski and Gibbs isolated estrone from apple seeds
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[36]. Kopcewicz noted quantitative changes in estrogen content during the course of

bean plant development [37] and found higher levels of endogenous estrogens in plants in

which femaleness was purposely induced [38]. Awad found estrone and estradiol in

apricot seeds [39], while Young et al. using radioactive precursors reported that estradiol

was produced by Phaseolus vulgaris [24]. However, in 1979, Van Rompuy and Zeevaart

concluded that the presence of endogenous steroidal estrogens in plants was doubtful;

they used mass spectrometric analysis and identified only monoglycerides in the estrogen-

like fractions reported earlier as containing steroidal estrogens [32]. More recently, Janik

and Adler characterized an endogenous receptor for 17 B-estradiol isolated from the

ovules of Gladiolus primulinus that was not detected in the anthers. This ER was similar

to its mammalian counterpart. Estradiol, estriol and diethylstilbestrol bound to it, while

testosterone and progesterone did not [40,41]. Also, Simons and Grinwich

immunologically detected four mammalian steroids in more than 80% of the plants they

tested [42].

We have chosen to study the endogenous phytochemicals with estrogenic activity

in two dioecious plants in an attempt to clarify the possible role of these compounds in

plant reproductive ecology. Unisexual flowers in different individuals, which is the case

for dioecious species, offer a good system for separate analysis of the male and female

differentiation pathways as well as for understanding their individual reproductive effort

and its dependence on environmental resources [43]. The information relating steroids in

plants and especially phytochemicals with estrogenic activity is dispersed (and sometimes

contradictory) due to the time and effort required to identify these compounds by most
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existing techniques. This makes it difficult to propose any theories as to the function of

these phytochemicals with estrogenic activity. In this study we employed a highly-

specific, molecular screening technique - a steroid-regulated transcription system in

Saccharomyces cerevisiae (see Fig. 1) [44,45] - to survey two dioecious plants for the

occurrence and levels of transcriptional activity induced by phytochemicals with

estrogenic activity. The term "phytoestrogens" used throughout the text below indicates

that these compounds meet the biochemical criterion of activating the transcription of the

reporter gene in the transgenic yeast system. Higher phytoestrogen activity levels were

consistently found in extracts of female plants of Maclura pomifera and Morus

microphylla (Moraceae ) compared to the corresponding male plant extracts. The active

putative phytoestrogen compound in Maclura was characterized in terms of solubility,

chromatographic behavior (TLC on silica gel G plates), and UV absorption spectra. Our

results correlate for the first time levels of endogenous phytoestrogen compounds

detected by transcriptional activity of the reporter gene in transgenic yeast with female

individuals of two dioecious species [46].

Materials and methods

Chemicals

General reagents, as well as 17 8-estradiol, progesterone and ONPG were

purchased from Sigma Chemical Co. (St. Louis, MO). Casamino acids, yeast nitrogen

base without amino acids and adenine sulfate were purchased from Difco-BLR (Bethesda,

MD).
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Preparation of plant extracts

Our dioecious system, Maclura and Morus, is a system with "true" unisexuality,

in which the floral primordia lack any vestiges of the opposite sex [examined by light

microscopy, not shown; see also refs. 47,48]. Osage-orange, Maclura pomifera (Raf.)

Scheind. (5 male and 5 female trees), and mulberry, Morus microphylla Buckl. (2 male

and 2 female trees) (Moraceae) plants, located in Denton and Montague counties, Texas,

were used. Extracts from individual male and female plants of both species were

analyzed separately. There were no extreme differences among the male individuals or

among the female individuals tested.

Branches of female and male plants with leaves and inflorescences were collected

at the time of flowering, at the beginning of April. Also, samples of female Maclura

were collected monthly through flowering and fruit development stages (February to

August). The branches were washed in a mild detergent solution, rinsed thoroughly with

tap water and deionized distilled water. The fresh samples were extracted with 95%

ethanol (1:4 fresh w/v) by homogenizing 5 minutes on low setting in a Waring blender

[49,50]. Homogenates were stored at room temperature for 24 hours before being

centrifuged in a model HN-S centrifuge (3,700 rpm, 20 minutes). The supernatants were

collected, filtered through MFS 1 (Micro Filtration System, Dublin, CA) filter paper, and

stored at -20*C until used. Immediately prior to use, insoluble material in the plant

extracts was removed by centrifugation in a microcentrifuge (13,000Xg, 10 minutes) and

the supernatants were used to inoculate the yeast culture. Fig (Ficus carica) and rubber

tree (F. elastica and F. benjamina) (Moraceae) extracts from branches with leaves,
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prepared according to the above method, were also analyzed. Fig extracts were also

prepared and tested from unripe fruit and milky sap. Fig branches were collected in

March and April, and rubber tree samples in March.

The plant extracts in ethanol were partitioned between water and chloroform [51].

The chloroform phase was washed 3X with 1 M KCI, evaporated to dryness under N2 gas,

and suspended in 95% ethanol to test for transcriptional activity in the yeast system.

Alternatively, chloroform soluble compounds were separated by TLC (silica gel G plates,

Whatman) developed for 45 min in benzene : diethyl ether : ethyl acetate : glacial acetic

acid (80: 10: 10: 0.2 by vol.) [52]. 17 8-estradiol and genistein were chromatographed in

adjacent lanes in all TLC separations. Chromatograms for each of the plant extracts were

divided in four zones, see Fig. 5A; each zone was scraped, eluted with chloroform and

eluates evaporated to dryness under N2 gas. The residue was redissolved in 95% ethanol

for analysis of transcriptional activation in the yeast system.

Absorption spectra between 240 and 400 nm for the crude Maclura plant extracts,

the partially purified phytoestrogen active fractions, estradiol, genistein, and kaempferol

were measured in a Milton-Roy Genesys 5 spectrophotometer against the appropriate

solvent blanks (chloroform, for partially purified phytoestrogens and estradiol, and 95%

ethanol, for the crude extracts, genistein and kaempferol).

Screening for Estrogen Compounds in Yeast System

Screening for estrogenic compounds in Maclura and Morus plant extracts was

carried out using Saccharomyces cerevisiae strain BJ3505. This strain [MAT a, pep
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4::His 3, prb 1-A1.6 R, his 3-A200, lys 2-801, trp 1-A10l(gal 3), ura 3-52(gal 2), can 1]

contained the estrogen receptor expression plasmid YEPE10 and the estrogen responsive

reporter plasmid YRPE2 (kindly provided by Drs. D. P. McDonnell and Z. Nawaz,

Baylor College of Medicine, Houston, TX). Yeast cells were maintained in a minimal

medium containing 1% Casamino acids, 2% dextrose, 1% yeast nitrogen base without

amino acids, and 0.0012% adenine sulfate.

A solution of 17 13-estradiol prepared in 95% ethanol was used to standardize the

plant extracts. Serial dilutions of 17 l3-estradiol were used to construct a standard curve.

Readings were taken with a Beckman DU-40 spectrophotometer at 282 nm. The

estradiol standard curve was then used to estimate "estrogen equivalents" in the plant

extracts. In general, the A2 82 for male and female extracts were similar, or those for male

extracts were slightly lower than for the female extracts. Therefore, the volumes of male

and female extracts used to inoculate the yeast cultures were adjusted such that equivalent

amounts of A282 absorbing material were compared. Empirical testing of different

amounts of estrogen equivalents in the plant extracts used showed that in most cases 20-

30 ag of estrogen equivalents were enough to detect a basic 100 MU transcriptional

activity in transgenic yeast, while higher amounts (90 Mg) were used generally when

comparing levels of transcriptional activity induced by different extracts.

To test for estrogenic compounds in plant extracts, yeast cells containing the

receptor expression plasmid and the reporter plasmid (see Fig. 1) were grown in minimal

medium with 100 gM CuSO4 , overnight, at 30C. The addition of copper sulfate to the

medium induces the production of ERs since the estrogen receptor gene is under the
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control of the yeast metallothionein (CUP 1) promoter. When the cultures reached

appropriate density (A6 = 0.7), the standardized plant extracts were added to the cultures

which were then incubated for an additional 6-7 hours. The cells (A6 = 1.0) were

harvested by centrifugation, lysed, and centrifuged in a microcentrifuge (13,000Xg, 10

minutes, 4C). The supernatants (crude cytosol) were analyzed for protein content and B-

galactosidase activity. Total protein content was estimated according to the method of

Bradford [53], using bovine serum albumin as a standard.

B-galactosidase assays

The level of B-galactosidase expressed in the yeast cells was measured according

to the method described by Miller [54]. Typically, each fraction was assayed in triplicate

using 5-15 pg of yeast cell protein. Yeast extracts were preincubated in 1 ml of

transcriptional-assay buffer (6 X 10-2M Na2HPO4 7H20, 4 X 10-2M NaH2PO4 H20, 10-2M

KCl, 10- M MgSO4 7H20, and 0.27 % (v/v) mercaptoethanol, pH 7.0), at room

temperature for 10 minutes. Then 200 pl of ONPG solution (4 mg/ml) was added and the

reaction mixtures incubated for 30 minutes at room temperature. The reaction was

stopped with 500 ul of 1 M Na2CO3 and the absorbance at 420 nm was measured

(Beckman DU-40 spectrophotometer). The results were converted to Miller Units (MU;

AAbs(1000) min' mg' protein) . Student's t test was used to evaluate the differences

among data sets (male, female and fruit extracts).

Cultures inoculated with estradiol were used as positive controls (see Fig. 2).

Yeast cultures alone in the minimal medium with or without CuSO4, or with different
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amounts of 95% ethanol did not test positive in B-galactosidase assays. Several other

compounds were tested for activity including coumarin, genistein, kaempferol and

quercetin, gibberellin A3, IAA, NAA, BA, and progesterone. Among these, only

genistein induced the transcriptional activity of the reporter gene in the yeast system.

Results

The steroid-responsive transcriptional system in S. cerevisiae

The newly developed steroid-responsive transcriptional system (Fig. 1) in S.

cerevisiae [44,45] was employed to screen for estrogen compounds in osage-orange,

Maclura pomifera and mulberry, Morus microphylla. The S. cerevisiae cells were

transformed with both an estrogen receptor expression plasmid (YEPE 10) and a reporter

plasmid (YRPE2), a cis-trans transcription assay to test the transcriptional activity of the

estrogen receptor. The expression plasmid contains the copper responsive yeast

metallothionein (CUP 1) promoter for the transcription of the human estrogen receptor

fused to the carboxyl-terminus of the ubiquitin (ub) gene (Fig. 1). The CUP1 promoter is

inducible by copper ions. The translation of mRNA begins from the ubiquitin AUG,

producing a fused ubiquitin-estrogen receptor protein. Ubiquitin is removed shortly after

synthesis by ubiquitinase, a yeast processing enzyme, leaving an intact ER [44,45].

The reporter plasmid contains the yeast iso-l-cytochrome c proximal promoter

elements fused to the E.coli B-galactosidase gene (lac Z). It has two synthetic estrogen

response elements (ERE) upstream of the cyc promoter elements. The induction of B-

galactosidase activity by ER is solely dependent on the specific ligand and on the
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Fig. 1. Estrogen-regulated transcription system in S. cerevisiae strain BJ3505 developed

by D. McDonnell and Z. Nawaz (Baylor College of Medicine, Houston, TX). The

expression plasmid YEPE10 contains a ubiquitin (ub) gene fused to the human estrogen

receptor cDNA (ER cDNA) in the yeast 2M natural plasmid. Locations of CUP 1

promoter, ubiquitin-estrogen receptor, cyc terminator, tryptophan and ampicillin selection

markers, and the 2g sequences for replication and segregation are indicated. The reporter

plasmid YRPE2 contains the cyci promoter fused to the E. coli B-galactosidase gene (lac

Z). The synthetic estrogen response elements (ERE), uracil and ampicillin selection

markers, and the 2p sequences for replication and segregation are indicated (adapted from

Santiso-Mere et al., 1991; Nawaz, 1992).
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presence of the estrogen response elements [44,45,55].

Figure 2 shows that the estrogen receptor expressed in yeast activates the

transcription of the target gene in the presence of hormone. The half-maximal activity of

transcription occurred at about 1 nM estradiol. This was similar to the activity of the ER

observed in mammalian cells [56]. The human ER expressed in yeast is biologically

active and manifests the same biological properties as that expressed in mammalian
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Fig. 2. Transcriptional activity induced by increasing amounts of estradiol in S.

cerevisiae strain BJ3505. The level of 13-galactosidase expressed in the yeast cells is in

MU. Values represent the mean of 3 experiments ( SD).
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cells. This is based on the observations that the appropriate response of ER to the

antiestrogens nafoxidine and tamoxifen was achieved [57,58]. Also another steroid,

progesterone, did not induce the transcriptional activity of the reporter gene in the yeast

system. These results confirmed that the induction of B-galactosidase transcription by the

estrogen receptor expressed in yeast occurs in a ligand-specific manner [44,45].

Among the other substances tested with the yeast system, only genistein activated

the transcription of the reporter gene. Isoflavones are compounds that approximate the

steroidal structure and it has been shown that they can bind to the ER expressed in the

human breast cancer line MCF-7 [59]. They are collectively termed phytoestrogens

because they are responsible of provoking the "clover disease" in farm animals [60]. The

level of activity induced by genistein in the yeast system was more than 2.5 lower than

that induced by estradiol (800 vs. 2000 MU, respectively), indicating a possible lower

affinity of ER for genistein.

Estrogenic activity of extracts from dioecious plants

To screen for plant extracts that stimulate the transcriptional activity of the steroid

responsive reporter gene, two dioecious species, Maclura and Morus, easily available in

northern Texas, were chosen. Yeast cells were incubated with equivalent amounts (90 pg

of estrogen equivalents) of standardized Maclura or Morus extracts. Table I shows that

female plant extracts activated the transcription of lac Z to a much higher degree

compared to the extracts from the male plants. Female osage-orange and mulberry plant

extracts activated the transcription of the reporter gene about 4 times and 15 times,
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respectively, compared to the male plant extracts.

TABLE 1

Transcriptional Activity (MU) Induced by Maclura and Morus Extracts in S. cerevisiae

Strain BJ3505.

Transcriptional Activity (MU) -Fold Activation in
Plant female male Female

Maclura pomifera (Raf.) Scheind. 562 ( 7.68) 132 ( 5.6) 4.3

Morus microphylla Buckl. 542 ( 15.55) 35 ( 0.7) 15.5

The yeast cells were incubated with the same amount of estrogen equivalents (90 Mg) of
each plant extract ( from samples collected in April) as described in Material and
Methods; B-galactosidase activity was determined spectrophotometrically and expressed
in MU. Results equal the average of 5 experiments for each sex of Maclura and 2
experiments for each sex of Morus ( SD).

Figure 3 shows that the transcriptional activity was dependent on plant extract and

increased as the amount of plant extract was increased. There was no significant

difference between the activity induced by Maclura fruit extract and Maclura female

plant extract (Fig. 3A). Significant differences were found between the activities induced

by Maclura female and male plants extracts (t test, 0.05>p>0.02, 1u=0.05) (Fig. 3A) and

between the activities induced by Morus female and male plant extracts (t test,

0.02>p>0.01, ,u=0.05) (Fig. 3B). We previously tested 35 plant species (4 monoecious, 2

monoecious or dioecious, 1 polygamous or dioecious, 4 dioecious, and the rest
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Fig. 3. Transcriptional activity induced by increasing amounts (estrogen equivalents; see

Material and Methods) of Maclura (A) and Morus (B) plant extracts (from samples

collected in April) in S. cerevisiae strain BJ3505. The level of 13-galactosidase expressed

in yeast cells is shown as MU. Each value point equals the average of 5 experiments for

each sex of Maclura and 2 experiments for each sex of Morus ( SD).
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hermaphrodite species) from different families and found that 7 species (2 monoecious, 2

dioecious, 3 hermaphrodite species) tested positive in the yeast system. All 7 plant

extracts exhibited an increase in lac Z transcriptional activity with increased amounts of

extract used [61]. Collectively, these results indicated that a compound extracted from

plants exhibited similar properties to a known mammalian steroid hormone, estradiol.

Extracts from female Maclura samples collected every month between February

and August were compared for the transcriptional activity of the reporter gene in the yeast

system (Fig. 4). The transcriptional activity was high prior to and during flowering

(February, March and April), dropped in May and June extracts, then increased in July

and August extracts. Apparently, these phytoestrogens in Maclura female plants are at

specific developmental stages.

Characterization of phytoestrogen in Maclura extracts

In preliminary experiments to determine the nature of the phytoestrogen

compound, it was discovered to be lipid soluble. The lipid soluble fraction activated the

transcription of lac Z in the yeast system (300 MU for 60 pag and 500 MU for 90 pg of

"estrogen equivalents" of standardized compound, A282). No activity was associated with

the water soluble fraction. Further separation of the active lipid soluble fraction was

achieved by TLC on silica gel G plates (Fig. 5A). The eluates obtained from each zone

on TLC plates (marked with 1 to 4 in Fig. 5) were tested for the induction of

transcriptional activity of the reporter gene in the yeast system (Fig. 5B). The active

fractions in Maclura female lipid extract were fractions which comigrated with estradiol
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and genistein on the TLC plate. These fractions showed approximately one third

(35.63%) of the activity induced by estradiol (5 ,ug) recovered from the same TLC plate.

In contrast, the male lipid extract showed low activity (fraction 1, 3.88%; 2, 2.48%; and

3, 2.88%). For both male and female lipid extracts, fraction 4 did not activate the

transcription of the reporter gene in the yeast system. Comparing the total activities

induced by male and female lipid fractions recovered from TLC plates, the activity

induced by the female lipid extract (569 MU) is more than four times higher than that

induced by the male lipid extract (138 MU). This is consistent with the results obtained

with the crude extracts (Table I). We calculated that approximately 100 times more

"estrogen equivalents" of female Maclura active fraction recovered from TLC plates than

estradiol were required to induce the same level of transcriptional activity of the reporter

gene in the yeast system. Based on the molecular weight of estradiol, the Maclura

compound is at least active in the 100 nm range; the compound is not likely pure, hence

this is only an approximation.

Absorption spectra between 240 and 400 nm were compared for estradiol, the

active female Maclura lipid fraction 2 (see Fig. 5A), the female Maclura crude plant

extract, genistein (an isoflavone), and kaempferol (a flavonol) (Fig. 6). The partially

purified phytoestrogen fraction of female Maclura exhibited only one peak in the range of

240-400 nm; the maximum absorption was at 275 nm (Fig. 6A). In the same wavelength

range, estradiol (Fig. 6B) and genistein (Fig. 6C), exhibited only one maximum at 282 nm

and 262 nm, respectively. The crude female Maclura plant extract exhibited two peaks,

at 277 nm and 328 nm (Fig. 6D). The flavonol kaempferol also exhibited two maxima at
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Fig. 5. Separation of lipids from Maclura extracts (18 Mg) (from samples collected in

April) by TLC. A, Silica gel G plate developed in benzene: diethyl ether: ethyl acetate:

acetic acid (80: 10: 10: 0.2 by vol). The position of authentic estradiol (B) and genistein
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fraction (average of 3 experiments SD) is presented as percentage of the activity induced

by estradiol recovered from the same TLC plate (5 pg applied).
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Fig. 6. Absorption spectra for the partially purified female Maclura active TLC fraction

2 (A), estradiol (B), genistein (C), female Maclura crude plant extract (D), and

kaempferol (E). The spectra were measured between 240 and 400 nm against the

appropriate solvent blanks (chloroform, for the partially purified phytoestrogens and

estradiol, and 95% ethanol, for the crude extract, genistein, and kaempferol). (0+ Mac,

female Maclura active TLC fraction 2; 0+ Mac crude, female Maclura crude plant

extract).
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268 and 367 nm. The active fraction (Fig. 6A) is clearly not a flavonol; its UV-

absorption characteristics are closer to that of estradiol and genistein. Also, kaempferol

and quercetin, two flavonols, did not activate the transcription of the reporter gene in S.

cerevisiae.

The absorbance of the compound(s) at 277 nm in the spectrum for Maclura

female crude extract (Fig. 6D) was 4.7 times more than the corresponding compound(s)

in the spectrum for Maclura male crude extract, which was consistent with our

transcriptional activation data obtained in the yeast system (Table I). Contrary to that of

the crude female Maclura plant extract, the crude fruit extract absorption spectrum

exhibited only the peak at 277 nm common to both spectra (Fig. 5A and D). The peak at

277 nm in spectra of Maclura female crude extracts from samples collected in February,

March and April correlates with higher transcriptional activity levels of the reporter gene

in the yeast system. The crude extracts from samples collected in May through August

exhibited different absorption spectra (little or no peak at 277 nm) associated with low

transcriptional activity levels.

These phytochemicals were not detected in fig or rubber tree plant extracts (by

transcriptional activity and absorption spectra), monoecious members of Moraceae

family. The two-peak UV spectra did not show the peak at 277 nm. The maxima on the

fig spectra were at 298 and 334 nm. Also, other fig extracts from unripe fruits and from

the milky sap (obtained from incised bark) did not activate the expression of B-

galactosidase gene in transgenic yeast. The fact that fig and rubber tree do not contain

phytoestrogen(s) indicates that their presence in Maclura and Morus is not characteristic
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of the family. This was also the case with the Euphorbiaceae family, where Euphorbia

bicolor activated the reporter gene in transgenic yeast, while E. dentata did not [61].

Discussion

Transgenic yeast as a screening method for phytoestrogens

The newly developed steroid-responsive transcriptional system in S. cerevisiae

proved to be a powerful screening tool. The occurrence of sex hormones of the steroid

type in plants has been questioned in part because of differences in sensitivity of the

identification techniques employed and because there was no satisfactory method of

screening plant tissues for the presence of phytochemicals with estrogenic activity

[24,31,32,34,35]. It is also possible that the differences in results among research groups

were also due to the fact that samples were collected at different developmental stages in

the life cycles of the plants tested. For these reasons, our knowledge of the occurrence

and chemical nature of the phytoestrogens in plants is incomplete. The steroid-responsive

transcriptional system in S. cerevisiae has been shown by several groups of researchers to

be a representative model for steroid hormone action [62-64]. The S. cerevisiae system

was chosen for this study because of the absolute requirement for estrogen for the gene

activation by the estrogen receptor; unbound ER has no activity in this system [44,45,55].

Our results indicate the usefulness of the yeast system as a screening method for the

presence of bioactive phytochemicals with estrogenic activity both in crude plant extracts

and in samples during purification procedures.
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Phytoestrogens and plant reproduction

Maclura and Morus male plant extracts induced low transcriptional activity in

transgenic yeast when compared to the corresponding extracts from female plants, which

suggested that the phytochemical(s) with estrogenic activity may have a biological role in

the female plants. The facts that these compounds are synthesized at a specific

developmental stage and that they are not found in monoecious Ficus species (fig and

rubber tree) suggest a possible role in the reproduction of dioecious Maclura and Morus.

Simons and Grinwich using radioimmunoassay techniques also reported that estrogen and

progesterone were present at higher levels in female organs than in male organs of Picea

glauca and Zea mays, monoecious species [42]. Conversely, androgen was more

abundant in the male structures. In Acer negundo, a dioecious species, the differences

were small but followed the same trend. We tested corn seedling extracts with our test

system with negative results [61]. However, since corn samples were collected at

different developmental stages and the bioassay techniques varied considerably between

our laboratories, it may be difficult to correlate results.

The mechanisms of sex determination in plants can also be species specific [2]

and the variation observed [1] may reflect different underlying mechanisms of sex

determination. The phytoestrogens in Maclura and Morus could have an unrecognized

function in the sexual reproduction and/or the reproductive ecology of these plants. It

seems that dimorphic flowers, and especially dioecious plants, may allow for better

correlation of the sexual expression of these plants to the requirements and opportunities

of their environment. It has been suggested that dioecism allows more efficient coupling
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of reproductive effort to environmental resources [43]. Little is known about the

ecological niche and reproductive ecology of Maclura and Morus. Both tree species are

wind-pollinated with seed dispersal highly localized, most of the multiseeded fruits

falling directly beneath the female trees. Secondary dispersers include horses, cattle, deer

and smaller mammals for Maclura, and birds and small mammals for Morus [65; also

personal observations].

Separation of sexes has several consequences of ecological and evolutionary

importance. Several factors are responsible for the evolution and maintenance of

dioecism such as superiority of outcrossing, increased ovule production by female,

possible niche differentiation of the sexes, differential predation on the sexes, and

differential adult survival [11,43]. It is known that coumestrol, genistein and

formononetin, isoflavones that approximate the steroidal structure, are responsible for

infertility ("clover disease") in farm animals [60]. "Clover disease" is considered to be

one of the strategies against predation and for adult survival [60] and it is best known for

(hermaphrodite) species of the Leguminosae (Fabaceae) family. Clover, rich in

genistein, induced the transcriptional activity of the reporter gene in transgenic yeast.

However, there is no indication in the literature and we do not know at this point if

Maclura and Morus phytoestrogens are able to produce symptoms of the "clover disease".

The fact that some extracts from monoecious and hermaphrodite plants induced the

transcription of the reporter gene in the yeast system [61] indicates that these plants

probably developed similar reproductive strategies for survival, by either inhibiting

predation or attracting pollinators and fruit and seed dispersers. Bluebell gentian,
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Eustoma grandiflorum (Raf.) Shinners (Gentianaceae), for example, is a common

hermaphrodite plant on Texas pastures, which activated the transcription of the reporter

gene in transgenic yeast [61], and is carefully avoided and rejected by cattle (farmers' and

personal observations).

Preliminary characterization of Maclura phytoestrogen

Preliminary characterization of Maclura phytoestrogen(s) suggested two classes

of compounds, sterols and/or isoflavones. On the other hand, we do not exclude the

possibility that they can be another type of flavonoid, since it has been shown recently

that flavonoids are involved in plant reproduction, especially during male gametogenesis

(pollen germination and pollen tube growth) [22]. However, our results indicated that

Maclura phytoestrogen likely is not a flavonol. Kaempferol and quercetin did not

activate the reporter gene in transgenic yeast, they migrated in TLC separations below

zone 2 corresponding to the active fraction in female Maclura, and their absorption

spectra are different than that of the putative phytoestrogen. It is likely that the putative

phytoestrogen in Maclura is either a sterol or an isoflavone for the following reasons: (1)

the active compound was found to be lipid soluble and comigrated with authentic

estradiol and genistein in TLC separations; (2) the absorption spectrum of the active

fraction recovered from TLC plates most closely resembled those of estradiol and

genistein with a single peak with the maximum in between those of estradiol and

genistein; (3) only estradiol and genistein, but not other flavonoids, activated the B-

galactosidase gene in the yeast system; (4) considerably higher degrees of estrogen-
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dependent lac Z transcriptional activity were induced in the transgenic yeast system by

female plant extracts.

Future work will focus on further purification and structural identification of the

putative phytoestrogen(s) as an important element in understanding their involvement in

the reproductive ecology of these plants. An interesting implication from our research

suggests that these compounds may act through phytoestrogen receptors to regulate target

genes in plants. An estrogen receptor from Gladiolus ovules, with similar properties to

the mammalian ER, has been characterized by Janik and Adler [40,41]. Hence, we will

explore the use of additional transgenic yeast systems to determine the mode of action of

phytoestrogens, particularly to identify endogenous receptors in Maclura and Morus.
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CHAPTER 2

PURIFICATION OF MA CLURA PHYTOESTROGEN

Abstract

Reverse-phase HPLC of the partially purified Maclura phytoestrogen (TLC active

fraction) showed a single peak with the retention time of about 14 minutes. This highly-

purified fraction activated the transcription of the reporter gene in the steroid-regulated

transcriptional system in Saccharomyces cerevisiae. The absorption spectrum of the

HPLC active peak exhibited maximum absorption at 262 nm. Preliminary 1H-NMR

spectroscopy analysis indicated that the putative Maclura phytoestrogen was not a sterol.

It is likely an isoflavone or another type of flavonoid, based on 1H-NMR and UV/visible

spectra, as well as on transcriptional activation tests in transgenic yeast.

Introduction

Maclura pomifera (Raf.) Schneid. (Moraceae), known as Osage-orange, bois d'arc

or horse-apple, is a dioecious tree native to Texas, Oklahoma and Arkansas. It was

planted widely in the United States much over its native range as a living fence from

1850 to 1875 and it can be found in almost all of the states from southeastern Canada to

Colorado, as well as on the West Coast [1].

Many secondary compounds have been reported in the literature for this species

48



49

and new ones (flavonoids) have been recently isolated from plant tissue culture [2].

Simple and complex flavonoids have been isolated from the heartwood, fruits and root-

bark [2, 3, 4]. Triterpenes, xanthones and stilbenes were also isolated from the plant [4,

5, 6]. The tissue and organ sources for isolating these compounds range from leaves,

trunk and root bark, wood, heartwood, flowers and fruit, to the most recent plant tissue

culture system which showed a metabolite accumulation pattern different from those of

the differentiated plant tissues and organs [1, 2].

In the course of conducting screening analyses for estrogenic compounds in

various plants, differences in transcriptional activities induced by extracts of male and

female plants of Maclura pomifera were found [7, 8]. A sensitive and specific steroid-

regulated transcription system in Saccharomyces cerevisiae, co-transformed with both a

human estrogen receptor expression plasmid (YEpE 10) and a reporter plasmid (YRpE2)

[9] was used to screen for phytoestrogens. Female Osage-orange plant extract activated

the transcription of the reporter gene about 4 times compared to the male plant extract.

This indicated that a compound from Maclura tissues exhibited similar properties to a

known mammalian steroid hormone, estradiol [8]. The present study was designated to

isolate and identify the putative Maclura phytoestrogen. Despite the studies performed,

the existence and potential role of steroid hormones in plants have been long debated and

remains unclear [10, 11, 12, 13]. In all TLC and HPLC chromatography analyses, the

phytoestrogen fractions co-migrated with both sterols (estradiol) and isoflavones

(genistein) under the separation conditions applied. Preliminary 'H-NMR analyses

indicated that the putative phytoestrogen was likely an isoflavone. The results presented
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here demonstrate the isolation and a preliminary structural identification of the putative

Maclura phytoestrogen. More refined analyses will be necessary to confirm the precise

chemical structure of the bioactive compound(s).

Results and Discussion

The HPLC profile of the TLC female Maclura active fraction showed two

dominant peaks with the retention times of about 12,27 and 14 min, as well as other

smaller peaks (Fig. 1). Fractions were collected every 30 seconds and tested for the

induction of the transcription in transgenic yeast. Only the fractions corresponding to the

second dominant peak activated the transcription of the reporter gene in the yeast system.

UV/visible absorption spectra of the HPLC active fractions showed a 262 nm dominant

peak (Fig. 2). These fractions were collected and re-applied to reverse-phase HPLC. The

profile of the second HPLC separation showed only one dominant peak corresponding to

the active peak in the first separation (Fig. 1). Active fractions of the second separation

were pooled and re-injected for the third reverse-phase HPLC separation. A dominant

peak was obtained (Fig. 1) that activated the transcription of the reporter gene in

transgenic yeast at very high levels, comparable to those obtained for the positive control,

estradiol (10-6 M), indicating a substantial enrichment of the phytoestrogen .

Different solvent ratios, flow rates and sensitivities were tested to obtain a better

resolution of the peaks. When the flow rate was 0.5 ml/min, the main peaks were eluted

very closely to each other, at 6.10 and 6.95 min respectively. A mixture of estradiol and

genistein was used as standard, under the same experimental conditions. The HPLC
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Figure 1. Profiles of the reverse-phase HPLC separations. (A) HPLC profile of Maclura

active TLC fraction 2 (HPLC 1st separation). Fractions of 30 s were collected and tested

for the ability to stimulate the transcriptional activity (expressed in MU) in S. cerevisiae

strain BJ3505. The active fractions were further purified through HPLC. (B) HPLC

profile of the 2nd separation. (C) HPLC 3rd separation profile and transcriptional activity

for the active fractions.
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profile obtained showed a peak at about 5.55 min and a second one at about 6.48 min.

Under the same conditions, the active Maclura HPLC peak had a retention time closer to

that of genistein. Also, the UV/visible absorption spectrum for the third HPLC run active

peak showed a dominant peak at 262 nm, similar to and characteristic of isoflavones.

The dominant compound in the first HPLC peak (Fig. 1) with the retention time

around 12 min at a flow rate of 0.25 ml/min appeared to be pomiferin, based on the

comparison between its UV/visible spectrum (Fig. 2) and that of pomiferin standard (Fig.

3). The 12 min peak is the dominant one since the UV detector wavelength was adjusted

at 275 nm. The first peak's UV/visible spectrum (Fig. 2) showed maximum absorbencies

at 226 and 274 nm. Pomiferin has a dominant peak at 274 nm in methanol [14]. The

ethanol spectrum (Fig. 3) showed a shift from 274 to 277 nm, which was also present in

the spectrum for the crude ethanol plant extract.

Different estrogens and flavonoids were used to test for transcriptional activation

in the transgenic yeast system. Besides estradiol, the synthetic estrogen diethylstilbestrol

activated the transcription of the reporter gene in the yeast system. Flavonols such as

kaempferol, quercetin [8] and morin did not activate the transcription of lac Z. Among

some known isoflavones, pomiferin did not test positive while genistein did. Comparing

the UV/visible spectrum of the HPLC active fraction to those of the above standards, the

only resemblance was found with the genistein spectrum. Both showed a maximum

absorbance at 262 nm. Morin, a flavonol, showed a peak at 265 nm (ethanol spectrum,

Fig. 3), close to that of the HPLC active fraction, but it did not activate the transcription

of the reporter gene in transgenic yeast.
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Preliminary 1H-NMR spectroscopy analysis of the active HPLC fractions

indicated that the purified phytoestrogen is not a sterol, but likely an isoflavone.

Estradiol and genistein were used as standards for NMR analyses. The phytoestrogen

spectrum was different than that of estradiol but similar to that of genistein. Due to the

low concentration of the purified phytoestrogen solution, a definitive structural

identification was not possible at this stage of preliminary 'H-NMR analysis.

It is also possible that Maclura putative phytoestrogen is another type of flavonoid

or phenolic compound. Estrogenic activity is not restricted to steroidal structures only.

The best known non-steroidal (phyto)estrogens are isoflavones [15, 16, 17, 18, 19, 20,

21]. Isolation and structural elucidation experiments showed that other two major types

of compounds are classified as phytoestrogens: coumestans and flavones [22]. Ylstra et

al. [23, 24] showed that flavonols alone or in combination with certain mammalian sex

hormones, such as testosterone, progesterone and estradiol, stimulated male gametophyte

development (pollen germination and tube growth). Also, the synthetic estrogen

diethylstilbestrol activated the transcription of the reporter gene in transgenic yeast.

Miksicek [25], using a similar transcriptional response system, a transient co-transfection

assay in Hela cells, for the analysis of the estrogenic activity of selected flavonoids,

showed that the aromatic 15-carbon frames of flavone, flavanone and chalcone were able

to exert an estrogenic response when they carried two or three hydroxyl substituents in an

appropriate configuration. The estrogenicity of these flavonoids can be understood in

view of the superficial similarity between these compounds and the dihydroxystilbene

estrogens , such as diethylstilbestrol and hexestrol.
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Moreover, diethylstilbestrol was shown to interact with the mammalian estrogen

receptor in MCF-7 breast cancer cells (an established human breast tumor cell line whose

growth in cell culture depends upon the presence of estrogens) [20], and with an

endogenous estrogen receptor found in ovules of Gladiolus by Janik and Adler [26].

Maclura pomifera is known to contain stilbenes, such as oxyresveratrol, as well as other

phenolics in wood and bark [27]. In conclusion, Maclura putative phytoestrogen is likely

to be an isoflavone. We can not eliminate the possibility that it may be another flavonoid

or other phenolic compound such as stilbene.

Experimental

Preparation of the female Maclura TLC active fractions was performed as

described before [8]. The TLC fractions were scraped from the silica gel plates, eluted

with chloroform and eluates were evaporated to dryness under N2 gas. The residue was

re-dissolved in 95% ethanol and subjected to reverse-phase HPLC purification using a 25

cm SynChropack Cis column (4.6 mm i.d.) and isocratic elution with 12% aqueous

methanol (modified from Xu et al., [27]) at a flow rate of 0.25 ml/min. Fractions were

collected every 30 seconds, evaporated to dryness under N2 gas, re-dissolved in 95 %

ethanol and tested in the steroid-regulated transgenic yeast system, as previously

described [8]. The active fractions were pooled and re-injected for two additional

reverse-phase HPLC separations as above.

The identification of the putative phytoestrogen was attempted by 'H-NMR

spectroscopy, UV/visible absorption spectra, and by testing for transcriptional activity in
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transgenic yeast. These results were compared with similar studies with authentic

standards. The standards were obtained from the following sources: 17-P-estradiol,

diethylstilbestrol and morin were from Sigma Chemical Co., St. Louis, MO and genistein

from Fluke, Switzerland. Drs. Tom Mabry (University of Texas, Austin, TX) and

Giuliano Delle Monache (Universita Cattolica S. Cuore, Rome, Italy) generously

provided samples of pomiferin.

The compound that eluted with a retention time of 14 min (peak 2) after the third

reverse-phase HPLC separation was collected, evaporated to dryness under N2 gas and

subjected to 1H-NMR. 1H-NMR spectroscopy analyses were performed with a Varian

spectrometer operating at a resonance frequency of 300 MHz. Spectra were recorded

from 1 mg/ml CDC13 solutions for estradiol and genistein and from 0.4 mg/ml CDC13 for

the putative phytoestrogen (HPLC peak 2). 1H-NMR spectra were referenced to the

residual CHC13 signal at 7.24 ppm.

Absorption spectra between 200 and 400 nm for the phytoestrogen samples from

TLC, and HPLC, estradiol, genistein, morin, pomiferin, and diethylstilbestrol were

recorded in a Milton-Roy Genesys 5 spectrophotometer against the appropriate solvent

blanks.
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CHAPTER 3

A ROLE FOR PHYTOESTROGENS IN PLANT REPRODUCTION

Abstract

Using a sensitive and highly specific steroid-regulated transcription system in

Saccharomyces cerevisiae to screen for estrogen mimetics in plant extracts, differential

estrogenic activities of male and female extracts from two dioecious species have been

reported (Maier et al., 1995). Female osage-orange, Maclura pomifera (Raf.) Scheind.

and mulberry, Morus microphylla Buckl. (Moraceae) plant extracts activated the

transcription of the reporter gene about 4 and 15 times respectively, compared to the

corresponding male plant extracts. The putative phytoestrogens in both species appeared

to be synthesized at specific developmental stages. The (-galactosidase transcriptional

activity levels were higher prior to and during flowering (December-April) and during

formation of new buds for the following year (July-December). A correlation between

high levels of transcriptional activities and the formation of functional gynoecium in

female flowers of both species and vestigial gynoecium in mulberry male flowers was

found. In the course of investigation of sex expression, seasonal stages of floral

development were compared between male and female individuals of Osage-orange and

mulberry by SEM. There were no rudimentary gynoecia found in the male flowers or

rudimentary androecia in the female flowers of Osage-orange at any stage of floral

development. There were no rudimentary androecia found in mulberry female flowers at

61
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any stage. However, a vestigial gynoecium is formed in the male flower just prior to

anthesis (by SEM and LM). Cytogenetic analyses of Maclura root tips indicated that the

genetic basis of unisexuality in this species is likely to be by autosomal determinants.

Interference-based assays with the GAL4-ERE overlapping promoter element in the

reporter plasmid of S. cerevisiae strain BJ2168 indicated that these phytoestrogens of

Maclura and Morus plant extracts acted via the estrogen receptor in activating the

transcription of the reporter gene. These data suggest that phytoestrogens act through

endogenous receptors in regulating the expression of target genes which may influence

development of female reproductive structures.

Introduction

Flowering and reproduction are two processes intimately interconnected. Flowers

contain reproductive cells of angiosperms and although the sexual organs, stamens and

carpels, resemble leaves both developmentally and morphologically, the structures that

give rise to the germ cells have no counterpart in any vegetative organs (Pennel and

Roberts, 1990). The overall flowering process is very complex, involving many steps.

Usually, it starts with perception of an environmental factor which triggers endogenous

signals (Chasan and Walbot, 1993; Okamuro et al., 1993). Therefore, the vegetative

meristems cease production of leaf primordia and re-program gene expression towards

the production of flower structures. After this transition to a floral meristem, known as

evocation, the floral development starts with the sequential appearance of floral organ

primordia and ends with the mature flower. During floral development the identity,



63

number and position of the floral organs are strictly regulated by the combinatorial action

of homeotic genes in three overlapping regions of the floral primordium (Coen and

Carpenter, 1993).

Most angiosperms are hermaphroditic. Various patterns of unisexuality, however,

are known in higher plants. Monoecy is characterized by unisexual flowers on the same

plant, while dioecy is characterized by the presence of distinct male and female plants.

Many intermediate forms of monoecy and dioecy also exist and are widespread

throughout the plant kingdom. They include gynodioecy (female and hermaphroditic

plants), androdioecy (male and hermaphroditic plants) and trioecy or subdioecy

(hermaphroditic, male, and female plants) (Bawa, 1980; Dellapota and Calderon-Urrea,

1993, 1994). Despite their variety, all sex determination mechanisms in plants may have

a common origin, i.e., the selective pressures for increased genetic fitness in a given

environment (Dellaporta and Calderon-Urrea, 1993). Besides outcrossing as the main

selective force, other ecological factors such as allocation of resources for male and

female functions, sexual selection, pollination, seed dispersal and predation are factors of

equal importance in the evolution of dioecy (Bawa, 1980; Wilson, 1983). In most

angiosperm species, the perianth elements, stamens and carpels start forming in all

flowers but further development of stamens or carpels is arrested, resulting in unisexual

flowers (Zea mays, Melandrium, Asparagus). However, in some species, unisexual

flowers show no evidence of the opposite sex by never forming any vestiges of the

missing sex organs (Mercurialis, Cannabis, Spinacia) (Durand and Durand, 1991;

Dellaporta and Calderon-Urrea, 1993, 1994; Grant et al., 1994).
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Flower formation is controlled by genetic and hormonal as well as environmental

factors. The formation of unisexual flowers from bisexual meristems, as is the case in

maize, a monoecious species, is developmentally regulated by sex determination genes

and involves the programmed cell death of preformed sex organs and modifications of

secondary sexual characters in the inflorescences (Dellaporta and Calderon-Urrea, 1993).

The mechanism of action of sex determination genes and their relationship with homeotic

genes and hormone signaling in determining the sexual identity of floral organ primordia

have been investigated in many laboratories. Homeotic mutants are known in

Antirrhinum majus (Schwarz-Sommer et al., 1990), Arabidopsis thaliana (Irish and

Sussex, 1990; Okamuro et al., 1993; Savidge et al., 1995), Zea mays (Irish and Nelson

1989; DeLong et al., 1993; Dellaporta and Calderon-Urrea, 1994), Melandrium album

(Ye et al., 1991) and others. However, the molecular and genetic analysis of floral

homeotic genes is most advanced in two species, Antirrhinum majus and Arabidopsis

thaliana (Coen, 1991). A number of different sex determination mechanisms as the

genetic basis of unisexuality in dioecious species have been identified. These

mechanisms include: an active Y chromosome as in Melandrium, Cannabis, and

Asparagus; X-to autosome ratios as in Rumex and Humulus (Parker, 1990); and

autosomal determinants in Mercurialis annua, a strictly dioecious species with

homomorphic chromosomes, in which sex is determined by three independently

segregating genes, A1, B1, and B2 (Louis, 1989; Durand and Durand, 1991).

It has been shown that a number of different molecules can control the transition to

flowering and the development of sexual organs, including auxins, cytokinins,
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gibberellins, carbohydrates and calcium (Chasan and Walbot, 1993). The three

complimentary genes responsible for sex determination in Mercurialis are also

responsible for male strength plurality as expressed by the degree of resistance to

feminization by cytokinins (Louis, 1989). Okamuro et al. (1993) showed that one or

more floral organ identity genes in Arabidopsis may be regulated by gibberellin (GA),

whose levels respond to changes in both photoperiod and temperature. This may be one

physiological mechanism by which environmental changes are connected to the genes

that control flowering. In maize, environmental treatments such as day length and low

light feminize tassels and have been correlated with increases in endogenous gibberellic-

like substances in the tassel (Rood et al., 1980). Inhibitors of GA biosynthesis can

completely reverse this feminization process (Rood et al., 1980). Many events that

comprise higher plant reproduction have been studied at the physiological, biochemical,

genetic and molecular levels. So far, the molecular mechanisms responsible for the

development of reproductive cells in plants, which in contrast to those in animals, have

no direct antecedents in the embryo, and are not well understood. Even if there are

differences between plant and animal growth and reproduction strategies, the sexual fate

in plants, as that in animals, is determined at a critical developmental stage and

controlled by genetic factors, programmed cell death, and steroid-like compounds

(Dellaporta and Calderon-Urrea, 1994).

We previously reported differential estrogenic activities of male and female plant

extracts from two dioecious species, Osage-orange, Maclura pomifera (Raf.) Scheind.

and mulberry, Morus microphylla Buckl. (Moraceae) (Maier et al., 1995). Our data
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correlated the occurrence and levels of endogenous phytoestrogens with female sex organ

development, suggesting a possible pattern or strategy in the reproduction of these

dioecious species. In the present study, different stages of development were compared

between male and female individuals of both species at the level of phytoestrogen-

induced transcriptional activity of plant extracts in transgenic yeast. Also, different

stages of floral development for both sexes of Maclura pomifera and Morus sp. were

compared by SEM. High levels of transcriptional activities induced by phytoestrogens

were correlated with the formation of the female sex organs in these dioecious species.

The genetic basis of Maclura unisexuality seems to be by autosomal determinants on

homomorphic chromosomes. GAL4 transcriptional interference assays showed that

phytoestrogens extracted from both plant species act via the estrogen receptor in inducing

the transcriptional activity of the reporter gene. This finding suggests that phytoestrogens

may act through endogenous receptors in vivo, in regulating target genes.

Results

Monthly Monitoring of Phytoestrogen-induced Transcriptional Activity

To test the possibility that phytoestrogens have a role in the sex determination in

dioecious Maclura and Morus species, extracts from males and females of both species

collected every month for two years were compared for the transcriptional activation of

the reporter gene in the yeast system, S. cerevisiae strain BJ3505. For the female plants

of both species the transcriptional activity was high prior to and during flowering

(December-April) and during the formation of new flower buds for the following year's
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plant growth (July-December). In Maclura pomifera (Fig. 1), the female-induced

transcriptional activity was higher for December to April samples than for the others.

After flowering, the transcriptional activity dropped to around 100 MU for May and June

extracts, then increased every month to the December level. Apparently, the

phytoestrogen is present and/or active in Maclura female plants at specific developmental

stages, correlating with the development of reproductive structures. The male-induced

transcriptional activity, not shown on the diagram in Fig. 1 for simplicity, was

approximately 4 times lower, following the same type of annual curve.

Morus rubra developmental curve for female extracts (Fig. 2) was similar to that of

female Maclura (Fig. 1) except that there was no dramatic drop in the transcriptional

activity in May-June. The May-June activity, however, was about 1/3 lower than that of

the five months with the highest transcriptional activity. Compared to Maclura curve,

the higher transcriptional activities in Morus for May and June can be explained by the

fact that the flowering in Morus starts earlier, at the beginning of March, and ends later

than in Maclura, in May or even June. For Maclura, the flowering period lasts one to

one and a half months, from middle March to end of April). Therefore, for the Morus

species, the flowering period, fruit development and formation of the new flowering buds

for the following year overlap in May-June.

Testing monthly Morus male plant extracts (Fig. 3) revealed surprisingly higher

activities for the samples collected prior to flowering (January-March). For the rest of the

months, the transcriptional activities were approximately 14 times lower than those

induced by the corresponding female extracts, which corresponds to the initial findings in
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Figure 1. Transcriptional activity induced by female Maclura plant extracts (150 pg

estrogen equivalents) from monthly collected samples in S. cerevisiae strain BJ3505. The

level of P-galactosidase expressed in yeast cells is in MU. Values represent the mean of 3

experiments ( S.D.).
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Figure 2. Transcriptional activity induced by female Morus rubra extracts (150 gg

estrogen equivalents) from monthly collected samples in S. cerevisiae strain BJ3505.

Values represent the mean of 3 experiments ( S.D.) and the level of P-galactosidase is

expressed in MU.



1 4 5 6 7 8 9 10 11

Time (months)

* Female

Male

12

Figure 3. Transcriptional activity induced by male Morus rubra extracts (150 pg

estrogenequivalents) from monthly collected samples in S. cerevisiae strain BJ3505. The

female induced transcriptional activity is shown for comparison. Values represent the

mean of 3 experiments (S.D. bars were omitted for simplicity of diagram). The level of

p-galactosidase is expressed in MU.
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Morus microphylla (Maier et al., 1995). These findings were further investigated by

SEM of buds and flowers through a one year period.

Analysis of Flower Development in Maclura pomifera

To investigate the sex expression in regard to the monthly transcriptional activity

curves, seasonal stages of floral development were compared between male and female

individuals. In Maclura and Morus, flowering plants, the aerial parts are generated from

three meristems: vegetative, inflorescence and floral meristems. The transition from

inflorescence to floral meristems has been relatively neglected in physiological studies on

flowering because both meristems are generally induced together (Coen, 1991). Maclura

unisexual flowers are grouped in globular inflorescences described as loose short racemes

for the staminate flowers and dense globose heads for the pistillate ones (Harrar and

Harrar, 1962; Correll and Johnston, 1970) (Fig 4, 5 and 6).

The pedicelled male flowers at the beginning of April are 25-35 mm long, with 4-

parted calyx and 4 stamens inflexed in the bud (Fig 7A). There were no rudimentary

gynoecia found in the male flowers at any stage of development. The center of the

flower is occupied by trichomes (Fig 7B). In August, the newly formed buds for the

following year contain primordia of inflorescences which maintain the same morphology

during fall and winter (Fig 7D). In March, usually by the middle or end of the month,

depending on the environment temperature, these primordia begin to develop very rapidly

into inflorescences. The male inflorescences appear before the female ones, before or at

the same time as the first leaves, from mostly axillary buds.
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A
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Figure 4. Maclura male and female branches with or without inflorescences (A) at the

end of March, when only the male inflorescences are noticeable, and (B) at the beginning

of April, when both male and female inflorescences are visible.
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Figure 5. Maclura male (A) and (B), and female (C) and (D) inflorescences in March,

prepared for SEM.
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Figure 6. Maclura female inflorescences in the middle of April. (A) Whole

inflorescences on new branches with fully developed leaves. (B) Details of the surface of

female inflorescence: the hairy sepals and long styles are visible. (C) Section through an

inflorescence showing the individual female flowers engulfed by the gynophore tissue.

(D) A sessile pistillate flower dissected from the gynophore.
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Figure 7. Maclura staminate flowers. (A) Dissected and (B) cross-sectioned pedicelled

male flower at the beginning of April showing the 4 sepals and 4 stamens. (C) Detail of

trichomes in the middle of the male flower; no vestigial gynoecium is present. (D)

Section through a newly formed bud (August) showing primordia of inflorescences.
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The female flowers are sessile, of approximately the same size as the male flowers,

with a 4-cleft calyx inclosing the uniovular ovary which continues to very elongated,

hairy, filamentous styles (Fig. 8A and B). The female flowers are embedded in the fleshy

tissues of the gynophore. The style has a special morphology in that the short hairs are

located on two columns along its whole length (Fig. 8C). The ovule is pendulous (Fig.

8D) and will transform into a seed of nearly 1 cm long after pollination and fertilization.

The false multiple fruit called syncarp, is made of the gynophore tissues, the greatly

enlarged fleshy calyx and the real fruit which is an achene buried in the calyx. The

mature globose syncarp, also known as horse-apple or simply apple, can get up to 15 cm

in diameter, with green to yellow, wrinkled mammillate rind and can contain over 100

seeds.

The female flower buds appear later than the male ones, after the leaves are fully

formed, from axillary buds on older branches and are much less numerous than the male

buds. There were no rudimentary androecia found in Maclura female flowers at any

stage of development. Early female primordia buds showed no sign of rudimentary

stamens developed at the base of the ovary (Fig. 9A and B). By August the newly formed

buds contain the inflorescence primordia (Fig. 9C) which, as in the male floral primordia,

will exhibit the same morphology during fall and winter. In spring, in less than two

weeks from the onset of growth, these primordia will become fully developed

inflorescences with mature flowers.

In conclusion, Maclura pomifera shows characteristics of true unisexuality by

lacking vestiges of gynoecium in male flowers and of androecium in female flowers at all
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Figure 8. Maclura pistillate flowers. (A) Mature flower with the 4-cleft calix and the

filamentous style. (B) Pistil with uniovular ovary and very long, hairy style. (C)

Pendulous ovule. (D) Detail of the style morphology: the short hairs are located on two

opposite columns along the style.
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Figure 9. Primordia of Maclura female flowers. (A) and (B) Dissected flowers (March)

showing no rudimentary androecia. The pistil and sepal primordia are visible. (C) Cross-

section through a newly formed bud (August) containing primordia of inflorescences.

stages in the development.
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Analysis of Flower Development in Morus rubra

Morus unisexual flowers are grouped in inflorescences described as stalked axillary

pendulous aments or spikes (Harrar and Harrar, 1962; Correll and Johnston, 1970),

appearing with the first leaves, at the beginning of March, earlier than those of Maclura

pomifera (Fig. 10).

The male flower primordia can be dissected as early as August in the new buds for

the next year's growth (Fig. 11A). At that time the floral primordium is made of 4 sepals

and 4 stamens. The center of the structure contains only trichomes (Fig. 11B). During

the next months, the calyx and stamens grow in dimensions, but the morphology of the

male flower is practically the same until spring. A dissected floral bud in early March

clearly shows avestigial gynoecium in the middle of the flower surrounded by trichomes

(Fig. 12).

The mature female flower in Morus species is composed of a 4-parted calyx and a

unilocular ovary which extends into two relatively short stigmas (Fig. 13A and B). The

female floral primordia are visible as well in August, in the newly formed buds (Fig. 13C

and D). There are no rudimentary androecia in the female flowers at any stages of

development (Fig. 13 A and E).

In conclusion, the Morus female flowers show characteristics of true unisexuality,

and the male flowers possess unisexuality evolving from organ abortion. The

rudimentary gynoecium in the male flower forms just before anthesis, which correlates

with higher phytoestrogen-induced transcriptional activity for those months.
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Figure 10. Morus rubra male and female branches with inflorescences. (A) Early March.
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Figure 12. Morus rubra staminate flowers. Light microscopy pictures of male flowers in

(A) early March and (B) April, showing the vestigial gynoecium. (C) SEM picture of a

male flower in March. (D) Vestigial gynoecium.
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Figure 13. Morus rubra pistillate flowers. (A) Dissected mature flower showing at least

one sepal and the pistil with the two stigmas. (B) Cross-section through a flower; the

unilocular ovary contains one ovule. (C) Longitudinal section through a newly formed

bud (August) containing inflorescence primordia. (D) Floral primordia in January. (B)

No rudimentary androecia in the female floral primordia (January).
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Cytogenetics of Maclura Root Tips

One of the most fascinating problems in developmental biology is the elucidation, at

the molecular level, of the genetical and physiological bases of sex differentiation in

higher plants. Morphologically differentiated sex chromosomes are associated with

dioecism in many but not all cases. As a first approach in investigating the genetic basis

of sexual dimorphism in dioecious Maclura pomifera, mataphases in root tips of

seedlings were compared. Figure 14 shows three complete metaphases (A-C) and an

incomplete one (D) with a better morphology of the chromosomes. The number of

chromosomes counted in metaphases was 60. The genetical control of sex determination

in Maclura, which shows true unisexuality for both sexes, is not known. The only

indication in the literature about its genetic make-up is the fact that the species is an

autotetraploid (Schnabel et al., 1991). Therefore n=15.

There were no distinguishable sex chromosomes found in the metaphases compared.

It seems that the chromosomal sets are homomorphic. It is possible that the sex

differences between male and female Maclura are encoded by autosomal determinants or

sex genes on different chromosomes as is the case in Mercurialis (Louis, 1989; Durand

and Durand, 1991), or by an X-to-autosome ratio as in Rumex and Humulus (Parker,

1990). For a complete description and characterization of the genetic basis of sexual

dimorphism in Maclura, protoplast karyotyping (Ciupercescu et al., 1990) and in situ

hybridization techniques, as complementary methods, should be employed.
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Figure 14. Metaphase chromosomes in root tips of Maclura seedlings. (A), (B) and (C)

Complete metaphases with 60 chromosomes. (D) Incomplete metaphase showing a better

morphology of the chromosomes.
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Mode of Action of Phytoestrogens in Transgenic Yeast

A number of known phytoestrogens, such as equol, coumestrol and daidzein among

others, have been shown to interact with the uterine estrogen receptor (Shutt and Cox,

1980; Tang and Adams, 1980). Also, genistein and formononetin have been reported to

be weak estrogens (Farmakalidis et al., 1985; Martin et al., 1978) and together with

coumestrol and daidzein are believed to account for the ability of forage plants, such as

subterranean clover, Trifolium subterraneum, and alfalfa, Medicago sativa, to interfere

with the reproductive capacity of livestock (Shutt, 1976). Therefore, the next objective

was to evaluate the ability of Maclura and Morus phytoestrogens to interact with the

estrogen receptor expressed in the yeast system. In other words, if the phytoestrogens

activate the transcription of the reporter gene via the estrogen receptor, or whether they

can do it by an unknown mechanism, interacting directly with reporter gene (regulatory

regions). For this purpose, the GAL4 interference assay was employed. The estrogen

receptor has previously been shown to bind to a 13-bp palindromic sequence, the estrogen

response element (ERE), in activating gene transcription (Klein-Hitpass et al., 1988).

The basis for the interference assay consists of an oligonucleotide sequence containing a

GAL4 (17-mer) recognition sequence and an ERE constructed in such a way that the two

sites overlap by one base. This way, only the estrogen receptor-ligand complex or GAL 4

activator molecule, but not both, can occupy the GAL4ERE site at one time. Three

copies of the GAL4ERE sequence were cloned distal to the iso-l-cytochrome c (CYC 1)

promoter in a lac Z fusion vector (YRpEG3) and transformed into S. cerevisiae (strain

BJ2168) (Fig. 14 and 15) (McDonnell et al., 1991a). Data showed that maximal GAL4-
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mediated activation of the reporter gene requires cooperativity among multiple GAL4

molecules for the triple GAL4ERE copy (McDonnell et al., 1991la). Giniger and

Ptashine (1988) obtained results suggesting that the activity of GAL upstream activating

sequence is a manifestation of cooperative binding of GAL4 protein to DNA and is

roughly proportional to the number of GAL4 molecules bound. By introducing the

estrogen receptor-ligand complex into this system, occupation of a single GAL4ERE site

disturbed this cooperativity and the transcriptional activity was lower (McDonnell et al.,

1991a).

In the first series of experiments, S. cerevisiae strain BJ2168, co-transformed with

YEpAR, an expression plasmid in which the ER coding region was deleted, and the

reporter plasmid YRpEG3 (Fig. 15) was used. Both glucose and galactose media were

used for the yeast cultures, galactose being required for the activation of the GAL4

molecule. Table I shows that in glucose medium, no transcriptional activity was obtained

in the presence or absence of estradiol, Maclura and Morus phytoestrogens. In galactose

medium, however, in the presence or absence of estradiol and phytoestrogens, no

interference was observed since the transactivation of the reporter gene is due to GAL4

activator. These data suggested the possibility that the estrogen receptor is required for

the phytoestrogens to activate the transcription of the reporter gene in yeast.

This possibility was tested by using S. cerevisiae strain BJ2168 co-transformed with

the high-copy-number ER expression plasmid YEpE1O and the reporter plasmid YRpEG3

(Fig. 16). In glucose medium (Table II), no interference was observed since the

transactivation of the reporter gene was due to the ER-ligand complex only. The results
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Figure 15. S. cerevisiae strain BJ2168 co-transformed with the expression plasmid

YEpAR in which the ER coding region was deleted and the reporter plasmid YRpEG3 in

which GAL4 recognition sequence and ERE overlap by one base.
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TABLE I

Transcriptional Activity Induced by Phytoestrogens in S. cerevisiae Strain BJ2168

(YEpAR, YRpEG3)

Treatment Transcriptional Activity (MU)

Glucose Galactose

Minimal medium 0 1373+110

Estradiol 0 1413+ 77

Maclura phytoestrogen 0 1533+126

Morus phytoestrogen 0 1467+_94

are similar to those obtained with S. cerevisiae strain BJ3505. In galactose medium,

interference resulting in lower transcriptional activity values was noted, from 793 MU in

the positive control, galactose minimal medium, to values between 271 and 398 MU.

These results indicated that the biological activity of Maclura and Morus

phytoestrogens, i.e. the estrogenic response (the transcriptional response reflecting the

ligand-dependent activation of the estrogen receptor) is mediated by the estrogen

receptor. Tables I and II indicate that the induction of p-galactosidase activity by

Maclura and Morus phytoestrogens share with that produced by estradiol a dual

requirement for the estrogen receptor and the presence of an ERE in the reporter plasmid.

Further, these data suggest that the phytoestrogens in these two dioecious species may act
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expression plasmid YEpE10 and the reporter plasmid YRpEG3 in which GAL4

recognition sequence and ERE overlap by one base.
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TABLE II

Transcriptional Activity Induced by Phytoestrogens in S. cerevisiae BJ2168

(YEpE10, YRpEG3)

Treatment Transcriptional Activity (MU)

Glucose Galactose

Minimal medium 0 793+ 120.

Estradiol 2125+230 271+78

Maclura phytoestrogen 654+104 286+62

Morus phytoestrogen 725+95 398+86

through endogenous receptors in regulating target genes that regulate flower

development.

Discussion

The results of the present study indicate that the phytoestrogens in Maclura pomifera

and Morus species have a role in the reproduction of these dioecious plants. These

phytoestrogens are present/active at specific developmental stages in these plants, prior to

and during flowering and during (floral) bud formation for the following year. Higher

phytoestrogen-induced transcriptional activity was obtained with monthly female plant

extracts and fractions during purification procedures (data not shown) than with the
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corresponding male extracts and fractions. However, the level of transcriptional activity

induced by Morus male plant extracts from January-March samples was the same with

that induced by the corresponding female extracts. This high level of activity correlates

with the formation of a rudimentary gynoecium in the male flowers just before anthesis.

These results suggest that the phytoestrogens are involved in sex organ development,

particularly in gynoecium organogenesis.

Induction of sexual differentiation and activity by endogenous hormone-like

compounds is known in different organisms other than mammals, among those: algae and

ferns (van den Ende, 1976). The influence of applied steroid hormones on sex expression

in plants has also been investigated. It is known that exogenously applied estrogens cause

female sex tendency (Geuns, 1978; Gawienowski et al., 1971). Kopcewicz (1971b)

reported that the phytoestrogens in Phaseolus vulgaris, a herbaceous plant, appeared at

the flower bud formation stage, reaching a maximum at the time of flower development

and during pollination and fertilization, and decreasing with the development of the bean

pods. Zhang et al., (1991) reported recently higher levels of phytoestrogens in Lilium

and Brassica at the floral stage. Ylstra et al., (1992) showed that flavonols, a specific

class of small phenolic compounds present in the pollen exine played an important role

during plant fertilization and stimulated in vitro germination and tube growth of matured

tobacco pollen. Also, certain mammalian steroid hormones, such as testosterone,

progesterone and estradiol, alone or in combination with flavonoids, stimulated the male

gametophyte development (Ylstra et al., 1995). It can be concluded, therefore, that

phytoestrogens not only exhibit certain steroid-related functions in mammalian systems
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(Shutt and Cox, 1980; Martin et al., 1978; Markaverich et al., 1988; Miksicek, 1993), but

mammalian steroid hormones can have flavonol-related effects, for example, during plant

male gametophyte development (Ylstra, 1995). Why do plants seem to have hormone-

like compounds similar in functions to those in animals? It is probably because sexual

reproduction is the predominant source of variation and diversification, which forms the

basis for the evolution of sexual dimorphism in most eukaryotic organisms. Sexual

reproduction is one of the major, if not the only one, developmental phenomenon in

common between plants and other organisms (Negrutiu and Sala, 1991). The presence

and activity of estrogen compounds in plants have been controversial, and their functions

in plant reproduction doubted for decades. This was partly because of variations and

discrepancies in results obtained by different groups, attributed to non-specific methods

used to study phytoestrogens. In later years, more evidence on the involvement of

phytoestrogens in plant reproduction has been accumulated, and is now accepted by

researchers. On the topic of sex determination in plants, Dellaporta and Calderon-Urrea

(1994) concluded that it is determined at a certain, critical developmental stage in plants

life cycle, and controlled by genetic factors, programmed cell death and steroid-like

hormones.

Plants offer unique systems and mechanisms of sex determination and reproduction.

Probably there is not one unifying mechanism that explains sex determination in plants

(Irish and Nelson, 1989). The mechanism of action of phytoestrogens is not known. It is

accepted that genetic and environmental factors are controlling flower differentiation and

reproduction in plants, but very little is known about the molecular mechanisms.



94

Phytoestrogens, themselves, can be under the influence of environmental factors,

activated or inactivated at certain points in the development. It is not known at this stage

if the phytoestrogen-induced transcriptional activity decreases in May-June because of a

decrease in the amount of synthesized compound or because the phytoestrogens are

inactivated in plant cells. Environmental factors are responsible for the evolution and

maintenance of dioecism, which allows more efficient coupling of reproductive effort to

environmental resources (Willson, 1983; Cox, 1988). Little is known about the

reproductive ecology of Maclura and Morus. It seems that Morus species live in a more

variable environment than Maclura pomifera. Osage-orange is perhaps one of the classic

examples of an endemic species in North America; there is little doubt that it is native to

the bottomlands of the Red River between Texas and Oklahoma (Smith and Perino,

1981). Its true unisexuality may indicate a well established evolutionary mechanism of

sex determination in an environment which is less variable and expanded than that of

Morus. It is thought that unisexual flowers develop from bisexual meristems, even if

some species never form vestiges of the missing sex organ in their flowers (Dellaporta

and Calderon-Urrea, 1994), as is the case with Maclura. The fact that Maclura exhibits

true unisexuality, compared to Morus unisexuality by organ abortion, indicates an old

mechanism of sex determination which reflects a long adaptative process to a relatively

steady environment. The phytoestrogens in Maclura and Morus can be involved directly

in the sexual reproduction in a pattern similar to that of animals, in the formation of

female sex organ, and/or in the reproductive ecology of these species, as either deterrents

or attractants for predators, pollinators and fruit and seed carriers.
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Phytoestrogens may interact with either regulatory or homeotic genes or with sex

determination genes, under signals (light, temperature, nutrients, predators, others) that

trigger the sex organogenesis in a meristem. A gene is expressed when the appropriate

set of factors have bound to the regulatory regions. Several lines of evidence indicate that

all genes that express in flowers have binding sites for flower-specific factors, and cells of

each organ contain factors that bind to the regulatory sequences of genes expressed in

that organ (Gasser, 1991; Almeida et al., 1989; Sommer et al., 1990; Yanofsky et al.,

1990). Budelier et al. (1990) have examined the functionality of the putative promoter of

a tomato gene, called 9612, that is predominantly expressed in the pistil. Transcripts

from this gene also accumulate in immature stamens but 50 times lower than the maximal

level in the pistil, declining to an undetectable level as the stamens mature.

When tested in a transient co-transfection assay, several of the flavonoids and the

related open-chain chalcones appeared to support an estrogen response (Miksicek, 1993).

The ability of the estrogen antagonist ICI-164,384 to inhibit this response by the

flavonoids strongly implies that they act by binding directly to the ER (Miksicek, 1993).

The fact that in transgenic yeast the phytoestrogens acted through the estrogen receptor

implies that in vivo they may operate by means of transcriptional factors, i. e. endogenous

receptors. The lower affinity of the phytoestrogens for the estrogen receptor, relative to

the affinity showed by 17- -estradiol is likely to reflect deviations in the ring system or

the disposition of hydroxyl substituents from the optimal pattern present in estradiol

(Miksicek, 1993). Future work will focus on structural characterization of phytoestrogens

and on identification of phytoestrogen receptors in Maclura and Morus. Janik and Adler
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(1984) characterized a receptor from Gladiolus ovules with similar properties to the

mammalian estrogen receptor.

The genetic dissection of sex determination in Maclura presently suffers from

several limitations. First of all, this species is a tetraploid with high number of

chromosomes and is difficult to karyotype. No genetic and physiological studies have

been done in Maclura. No mutants known; and, anyway, because of the tetraploid

genome, many genes may be refractory to standard mutagenesis due to functional

redundancy. Also, no studies are known on the effect of growth regulators on changes of

sex in Maclura and Morus. The presence of sex chromosomes in Maclura is dubious.

The simplest mode of sex determination in dioecious plants is by the segregation of a

single allele pair: one mutation in the sex gene F (female) will suppress the pistil and

another mutation in M (male) will suppress the stamens. Then one sex, usually the male,

remains heterozygous for one of these genes (i.e., Mm), which therefore segregates to

yield male and female progeny. Naturally occurring subdioecious species with

segregating sex genes but no sex chromosomes, such as Ecballium may represent actual

transitional stages to simple gen-controlled dioecism (Lewis, 1942; Westtergaard, 1958).

Results from other laboratories (Galli et al., 1988) showed that there were no differences

in mRNA activities in male and female flowers at a young and mature stages of

Asparagus development. Specific mRNA were produced only very late during

development of flowers, which agreed with the morphological observations that in the

later phases of flower development there was a burst of growth in sex-specific organs.

This pattern of development is different from one observed in Mercurialis annua
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(Delaigue et al., 1984), where the polypeptides synthesized from RNA of male and

female flowers are sex-specific, but invariable whatever the developmental stage of the

flowers used for RNA extractions. Since Maclura shows true unisexuality, its sex genes

probably act early in establishing organ identity rather than later in the sex determination

pathway, avoiding the stage of programmed cell death (in the rudimentary opposite sex

organ primordium). At least in male Morus the sex genes seem to act at stages during the

sex determination pathway, causing the formation of the vestigial gynoecium.

Unisexuality has evolved independently and through a variety of patterns in many

different species of plants providing good opportunities to study a variety of genetic,

molecular and cellular processes. The present work is a small contribution to those

studies. It forms, in fact, the basis for continued studies on reproduction in dioecious

Moraceae, as well as on other related or less related topics as listed in the summary .

Methods

Plant Material

Osage-orange, Maclura pomifera (Raf.) Scheind. and mulberry, Morus rubra L., M.

microphylla Buckl. and M. alba L. (Moraceae) male and female plants, located in

Denton, Texas, were used. Samples consisting of branches with or without leaves and

inflorescences from both species were collected monthly for a period of two years. Buds

were collected at different stages of development and designated as follows: winter buds,

collected in December 1994, flowering buds, collected in March and April 1995, summer

buds, collected in August 1995, and fall buds, collected in October 1995.
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Screening for Phytoestrogens

Preparation of plant extracts to be screened for estrogenic compounds was performed

as previously described (Maier et al., 1995). Screening of Maclura and Morus plant

extracts was carried out using Saccharomyces cerevisiae strain BJ3505 [MAT a, pep

4::His 3, prb 1-A1.6R, his 3-A200, lys 2-801, trp 1-A101(gal 3), ura 3-52(gal 2), can 1]

containing the estrogen receptor expression plasmid YEpE10 and the estrogen responsive

reporter plasmid YRpE2, as described previously (Maier et al., 1995).

GAL4 Transcriptional Interference Assay

S. cerevisiae strain BJ2168, co-transformed with YEpAR, an expression plasmid in

which ER coding region was deleted, and a reporter plasmid YRpEG3, containing three

copies of the one-base-overlapped GAL4ERE upstream of lac Z, was used to test the

possibility that ER is required for the phytoestrogens to induce the transcription of the

reporter gene. This was confirmed by tests in S. cerevisiae strain BJ2168 co-transformed

with the high-copy-number ER expression plasmid YEpE10 and the reporter plasmid

YRpEG3. The transcriptional activity was examined following growth of yeast cells in

glucose and galactose as described previously (Maier et al., 1995).

Cytogenetics

Maclura seeds were germinated in water on filter paper in petri plates. The 8-10 mm

root tips were prefixed in 0.08% colchicine for 1-2 hr and then fixed in Carnoy's solution

(absolute ethyl alcohol: chloroform: glacial acetic acid, 6: 3: 1) at 4C for 24 hr. The root
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tips were either immediately used after fixation or preserved in 70% ethyl alcohol at 4 C

until use. They were hydrolyzed in 1N HCl at 600C for 5-12 min and were then stained in

Schiff's reagent (basic fuxin) for 30 min (Darlington and LaCour, 1976). Squash

preparations were made in acetocarmine solution and examined under a Zeiss

microscope.

Scanning Electron Microscopy

Buds were trimmed under a dissecting microscope, scales and larger organs that

obscured the inner structures removed, prior fixation. The winter buds were sectioned

longitudinally. The trimmed buds were fixed in 4% glutaraldehyde in 0.2 M cacodylate

buffer (pH 7.4) for 48 hr to I week, depending on the plant material. For Maclura

specimens, the fixative was changed with fresh one after the first half an hour of fixation

because of the diffusion of milky sap from the tissues into the fixative solution. The

specimens were dehydrated through a graded series of ethyl alcohol before being critical-

point dried in CO2. After being mounted on stubs, the dissection of buds, inflorescences

and flowers was completed using glass needles. The specimens were then sputter-coated

with gold or gold-palladium in a sputter-coater. SEM was performed with a JEOL

electron microscope at 15 kV. At least 10 different specimens for each stage and species

were examined and pictures were taken with a Kodak P-55 film.
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SUMMARY AND SIGNIFICANCE

Compounds extracted from Maclura pomifera and Morus microphylla exhibited

similar properties to a known mammalian steroid hormone, estradiol, a synthetic

estrogen, diethylstilbestrol, and to an isoflavone, genistein, when tested in transgenic

yeast. A ranking of the estrogenic potency of these compounds was as follows: 17-p-

estradiol > diethylstilbestrol > genistein > Maclura phytoestrogen > Morus

phytoestrogen. Although the phytoestrogens were less potent than 17-p-estradiol and

diethylstilbestrol at inducing a biological response in the yeast system, they are able to

generate the response at concentrations in the nm range (Maier et al., 1995). Maclura

phytoestrogen is likely an isoflavone for the following reasons: (1) the active compound

was lipid soluble and co-migrated with genistein in TLC separations; (2) the absorption

spectrum of the HPLC purified phytoestrogen most closely resembled that of genistein;

(3) genistein, but not other flavonoids tested, activated the transcription of the reporter

gene in the yeast system; and (4) preliminary 1H-NMR spectroscopy of the HPLC purified

phytoestrogen indicated that Maclura phytoestrogen is not a sterol but most likely an

isoflavone. The possibility that the phytoestrogen can be another type of flavonoid is not

excluded.

Maclura and Morus phytoestrogens are likely implicated in the sexual

reproduction and/or the reproductive ecology of these dioecious species. Higher

transcriptional activities were induced by female extracts than by corresponding male
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extracts. The effective concentrations of phytoestrogens were comparable to those used

for estradiol, which suggests that these compounds may act as signal molecules in these

dioecious plants, similar to mammalian hormones. They were not found in monoecious

species of Moraceae, indicating that they are not a characteristic of the family, but rather

have an unrecognized function in dioecious Moraceae. Moreover, there is a correlation

between the level of transcriptional activity induced in transgenic yeast and the

development of gynoecium in female flowers in both species, as well as the development

of a rudiment of gynoecium in Morus male flowers. The phytoestrogens in both species

activated the transcription of the reporter gene in transgenic yeast at specific plant

developmental stages: prior to and during flowering and during bud formation for the

following year. This fact suggests a possible role in plant reproduction and that the

phytoestrogen synthesis and/or activation in plant tissues is developmentally regulated. It

is possible that the differences in results among research groups were due to the fact that

samples were collected and compared at different developmental stages in the life cycles

of the plants tested.

Maclura female and male flowers show characteristics of true unisexuality by

lacking vestiges of the opposite sex organs, which may suggest an old, already

evolutionary established, mechanism of sex determination. Morus male flowers develop

a vestige of gynoecium by the time of anthesis only, while the female flowers show true

unisexuality. This mechanism may allow for better correlation of the sexual expression

of Morus plants to the requirements and opportunities of their environment.

The phytoestrogens in both species acted via estrogen receptor expressed in yeast
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in activating the transcription of lac Z. This suggests that phytoestrogens may act through

endogenous receptors to regulate target genes in plants. The interference assays

developed in S. cerevisiae strain BJ2168, as well as the estrogen-responsive

transcriptional system in strain BJ3505 proved to be powerful tools for the presence of

phytoestrogens and for studying their mode of action, both in crude plant extracts and in

samples during purification procedures. These assays are based on measurement of a

primary transcriptional response in which the accumulation of P-galactosidase enzyme

reflects ligand-dependent activation of the estrogen receptor. Another advantage of the

interference assays is that they allow the estrogen receptor to be manipulated as a

variable, a feature that is useful when controlling for the specificity of the ligand

response. The more traditional assays for estrogenic compounds, based on their

uterotrophic activity in vivo or on their mitogenic activity towards several breast tumor

cell lines in culture suffer from the disadvantage that the mechanisms for these biological

responses are complex and poorly understood. They require days to weeks of

hormone/ligand treatment, and their results can be perturbed by metabolism or

bioconversion of the estrogenic compounds being tested.

The structural identification of compounds with estrogenic activity in plants is

important for the advancement of scientific understanding of their function and

mechanism of action in plants. Any bit of information that will decipher the complexity

of the diverse cellular and molecular processes that affect, interfere or control the sexual

mechanism in these two species will help for a better understanding of sex determination

in plants, in general, and in dioecious plants, in particular. However, in order to test the
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hypothesis that phytoestrogens may be responsible for the manifestation of female sex in

plants as they are in animal organisms, data must be obtained on estrogens in more

species of plants, monoecious, dioecious, hermaphrodite, in which femaleness is induced

by environmental factors, as well as genetically determined. Also, usage of homeotic

genes that provide insights into the molecular regulatory mechanisms of flower

development will be very helpful.

Sexual plant reproduction is a direct issue in the economic sphere. It is of crucial

importance to crop production, for the nutritional requirements of man and livestock.

Horticulture and seed production are matters of strategic importance for the

phytoestrogens alone or in combination with steroid hormones to be considered for

studies on crop improvements. During the last few decades, many research groups have

tried to develop in vitro pollen germination systems for various commercially important

plant species. Flavonoids, and especially flavonols, alone or in combination with steroid

hormones have been proven to be successful enhancers of pollen tube growth in tobacco,

petunia, tomato and Brassica (Sedgley, 1975; Ylstra 1992, 1995; Groot and de Ruiter,

1993).

All dioecious plants and others pollinated by wind produce large amounts of

pollen which can be perceived by man as the unpleasant experience of allergy. Allergies

against pollen (pollinoses) have been known for more than 100 years and at present it is a

major branch of medical allergy research. Manipulating sex in plants (to a certain extent)

might help us fight against pollen allergies and increase the crops in plants of interest.

Recently, studies involving antisense inhibition of flavonoid biosynthesis in petunia



111

anthers resulted in male sterility (van der Meer et al., 1992).

Other medical aspects of phytoestrogens is prevention and treatment of cancers,

especially of breast cancer and development of oral contraceptives. Current research

shows that flavonoids, for example, have antimutagenic and anticarcinogenic properties

in experimental animal studies (Francis et al., 1989; Deschner et al., 1991). It has been

shown that the estrogen receptor and progesterone receptor, along with the steroid

hormones, estradiol and progesterone, are the molecules mostly associated with the

evolution of the breast cancer tumors (Clarke et al., 1991). Several antiestrogens have

been tested as potential pharmacological antagonists of steroid hormones in breast cancer

cells since they can form nonproductive receptor complexes at target genes (Martin et al.,

1978; Jordan et al., 1986; Pham et al., 1991). Among those, tamoxifen, a synthetic non-

steroidal antiestrogen is considered a risky drug (carcinogen) because of its side effects,

endometrial and gastrointestinal cancers (Science 270/1995, p. 910 and 1101-1102). The

search for more effective antiestrogens with minimum of side effects continues. Natural

compounds from plants can be a better source of antiestrogens. Epidemiological studies

could be very valuable in assessing the importance of Maclura and Morus phytoestrogens

to human cancer.

It is known that the release of the follicle-stimulating hormone from the anterior

pituitary gland is inhibited when the concentration of estrogenic hormones rises in the

blood. Thus, modern oral contraceptive pills inhibit the maturation of follicles and their

ova, impeding fertilization, by keeping estrogen concentration in the blood at a relatively

high level (Riddle and Estes, 1992). Evidence of how substances from plants might
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affect animal fertility came, meanwhile, from the well-known "clover-disease" translated

in Australian sheep infertility (Shutt, 1976). Phytoestrogens in Maclura and Morus might

prove to be contraceptive and be used as antifertility agents either.

Studies on phytoestrogens will also improve our knowledge of the physiological

and ecological aspects of estrogenic plant substances on man health and mammalian

reproduction. Several plants contain phytoestrogens which are present in our food and

can function in the same manner as the authentic estradiol once ingested. These

compounds are potentially capable of having profound effects on estrogen target cells in

human and animal bodies (Farnsworth et al., 1975; Shutt, 1976). Data presented by

Markaverich et al (1988) show that bioflavonoid treatment in vivo and in vitro inhibit cell

growth and proliferation. Therefore, bioflavonoids of dietary origin may be involved in

the regulation of mammalian cell functions. Furthermore, Markaverich et al (1988)

believe that nuclear type II sites may function as a bioflavonoid receptors involved in cell

growth regulation. It is also interesting to speculate that such a mechanism might explain

the correlation between high dietary intake of bioflavonoids in humans and a lower

incidence of stomach (Haenszel et al, 1980), colon (Graham et al., 1978; Haenszel et al.,

1980), and breast (Kuhnau, 1976; Adlercreutz, 1984) cancers in these populations.

Many more plant species consumed by herbivores, in addition to those considered

important to humans and livestock, should be analyzed for estrogenic components to

understand better the extent of their distribution. It is well established that even weak

estrogens of plant origin can nonetheless have dramatic effects on the reproductive

physiology of animals when they are present in sufficient quantities in the diet (Shutt,
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1976). Such data could be most useful to animal population biologists in their attempts to

assess the factors affecting population dynamics and cycles (Labov, 1977). Concern has

previously been voiced regarding the possible health consequences caused by the

presence of estrogenic substances in the human diet (Verdeal and Ryan, 1979).

Considerable controversy exists regarding the consequences of long term exposure to

dietary estrogens when they are present in the human diet: coumestrol and isoflavones in

members of the family Leguminosae (Fabaceae), flavones and flavonols widely

distributed among fruits, vegetables and crop species of plants (Kuhnau, 1976).

Pharmacological doses of dietary estrogens can in some cases induce mammary

carcinogenesis in animal models (Noble and Hoover, 1975; Hertog et al., 1992), but they

may also have an inhibitory effect on the growth of some transplantable breast tumors

(Wattenberg, 1983). Data suggest that dietary flavonoids have the potential to contribute

to the growth of estrogen-dependent tumors in post-menopausal women, under conditions

where 17-p-estradiol is limiting (Miksicek, 1993). A more detailed look at the content of

individual flavonoids in the human diet and an analysis of the pharmacology of flavonoid

uptake and metabolism in humans is necessary to better assess their potential benefits and

risks.

In conclusion, the present work opens new perspectives of research in different

areas, mostly in the biochemistry, molecular biology, ecology of plant reproduction and

medical research. The two phytoestrogens described in this study, as well as other,

represent a fertile starting point for such studies.
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