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transformation
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Summary. To exploit biologically active compounds from
white clover (Trifolium repens L.) for suppressing weeds
and soil-borne diseases, either as isolated products (bio-
pesticides) or through cultivars with enhanced production
of these compounds, the biologically active compounds
must be identified, plant content measured, and their fate
in soil known. The present review summarizes the pub-
lished knowledge needed for such exploitation; providing
essential information on structure and concentration of
flavonols, flavones, condensed tannins, isoflavones, isof-
lavanones, pterocarpans, coumestans, cyanogenic gluco-
sides, and saponins in healthy and stressed white clover
plants. Various stresses and particular cultivars affect the
concentrations of several of the compounds. Information
on biological effects and the degradation/transformation
of these compounds in plants or by microorganisms is
available. There is no information on the degradation
pathway in soil, the mechanisms of exudation and leach-
ing of compounds from plants, and soil sorption proper-
ties of the compounds. The clover soil fatigue problem is
increasing in grasslands and causes problems especially in
organic farming. Research efforts focused on biological
elements of clover soil fatigue have not explained it, and
the influence of secondary metabolites has not been in-
vestigated. There are few investigations into the interac-
tion between beneficial fungi/fungal-diseases and the
occurrence of biologically active secondary metabolites
in white clover plants. Such studies are critical to better
understand beneficial fungi and pathogens.
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Introduction

Legumes can improve cereal growth in crop rotations by
supplying the soil with nitrogen derived from symbiotic
fixation (Foo et al., 2000). Legumes also improve soil
physical properties and reduce soil erosion (Inderjit and
Keating, 1999); the beneficial soil-sanitation effects of
legumes in rotations are widely acknowledged in agri-
cultural practice.

While rotation is an absolute prerequisite in organic
farming, it is playing an important role even in conven-
tional farming in preventing weeds, pests, and diseases. A
reduction in weed pressure and diseases in cereals fol-
lowing legume crops has been reported in numerous cases
(Abdin et al., 2000; Clayton et al., 1997; Doyle et al.,
1988; Hiltbrunner et al., 2007; Ohno et al., 2000; Reeves
et al., 1984; Stevenson and van Kessel, 1996), and sec-
ondary metabolites have been assumed to play an im-
portant role. White clover is highly used as cover crop and
source of green manure in Northern Europe, and the use
of white clover as cover crop for winter wheat (Triticum
aestivum L.) showed the highest reduction in various
weeds in the field compared to other legumes but at the
same time had a negative effect on growth and yield of
winter wheat (Hiltbrunner et al., 2007). The negative
impact on winter wheat may be reduced by a different
management strategy and compensated for by a high
production of biomass of white clover, which can be used
for feed for cattle (Hiltbrunner et al., 2007). However,
farmers have occasionally observed unexplained over-
sowing failure of grasses on clover-dominant swards, even
when soil nitrogen, climatic conditions, and management
practices seem adequate (Macfarlane et al., 1982).
Whether this depressive effect is due to secondary me-
tabolites (allelochemicals) released from clover is un-
known. The self-inhibitory effect that white clover (77i-
folium repens L.) can have may be relevant to clover soil
fatigue, believed to explain the reduced growth of white
clover crops in Denmark. This has occurred especially in
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organic farming, with total crop failure in some instances
(Sgegaard et al., 2004). Grasslands are a vital resource in
agriculture, and clover soil fatigue is becoming more
frequent when new clover—grass mixed swards are es-
tablished after ploughing-under older clover—grass fields.
In some cases clover growth has completely failed, leav-
ing only grass. Research has focused on biological ele-
ments of this phenomenon and no satisfactory explana-
tion has been determined (Sgegaard et al., 2004).

To exploit biologically active compounds from white
clover for suppressing weeds and soil-borne diseases, ei-
ther as isolated products (so-called biopesticides) or
through cultivars with enhanced production of these
compounds, then the compounds must be identified, the
amounts in plants determined, and the fate in soil known
in detail. The present review summarizes current knowl-
edge.

Biological effects of white clover plants or plant extracts

Allelopathic effects in clover plant extracts or whole
clover plants are often studied without assigning the ob-
servations to specific compounds; such results are sum-
marized in Table 1. White clover can depress growth of
grasses and dicotyledons, including itself and other le-
gumes (Grant and Sallans, 1964; Newman and Rovira,
1975; Scott, 1975). Macfarlane et al. (1982) observed that
the allelopathic effect of white clover dominated at ger-
mination and initial seedling establishment stages and
was slowly lost or replaced by mineralization-promoting
effects on the mature plant. Some cultivars have antibi-
otic effects (Hale and Mathers, 1977), and seed toxins
have been found to affect rhizobia survival on the seed
and thereby the establishment of oversown white clover
(Hale and Mathers, 1977; Hale et al., 1979). White clover
incorporated into the soil can also reduce the number of
nematode (Pratylenchus penetrans) populations (Widmer
and Abawi, 1998). White clover also has estrogenic
properties in mice, rats, sheep, and cattle (Table 1). Es-
trogenic activity can increase with fungal infection (Wong
et al., 1971), growth stage, location, climatic conditions,
and date of harvest (Bickoff et al., 1960a). Virus infection
in white clover may increase estrogenic activity in mice
(Bickoff et al., 1960a).

Due toits allelopathic effects on both weeds and other
cultivars, Breland (1996) suggested that spring sowing of
white clover should be delayed 3-4 weeks after fresh
cover-crop material is mixed into the seedbed to avoid
inhibition of the newly sown crop.

Secondary metabolites in white clover

Some secondary metabolites in white clover have docu-
mented biological effects and are suspected of causing
many of the effects described in section 2 above. These
compounds include flavonoids/isoflavonoids, cyanogenic
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glucosides, and saponins — all are widely distributed in
plant species (Harborne and Williams, 2000; Oleszek and
Marston, 2000) and divided into several subclasses (Table
2; Aoki et al., 2000). The defence compounds of white
clover may also include several other chemical classes of
compounds, some undiscovered, or compounds like for
instance small amino acids and antifungal macromole-
cules such as proteins, but these are normally not cate-
gorized as secondary metabolites and therefore falls out
of the scope of present review. Several important com-
pounds (Table 3), their content in plants (Table 4), their
biological effects (Tables 2 and 5, and sections 4—11), and
their degradation (Figs. 1-5) are summarized in this re-
view. Plant flavonoids are generally sugar conjugates
(Duke, 1986); the first step in their degradation is the
release of aglucones (Bickoff, 1968; Price and Fenwick,
1985), but further soil degradation has been little inves-
tigated. Some degradation pathways involve anaerobic
bacteria not usually present in soil. However, these
pathways have been included in the present review, as the
same degradation products could be formed in the soil as
a result of the action of other bacteria or fungi.

Flavonols
Flavonols in white clover

The flavonol contents of white clover (Table 3) vary sig-
nificantly among cultivars (Hofmann et al., 2000).
Flavonol contents of white clover seeds (2.8-2000 ug/g),
leaves (<2-1700 pg/g), and total above-ground material
(20-2210 pg/g) are higher than in roots (n.d.—208 pg/g)
and flowers (66-481 pg/g) (Table 4), but in no experi-
ments were contents determined in different parts of the
same plant. Consequently, any conclusions on the flavo-
nol distribution between plant parts should be cautious.
The three flavonols quercetin, kaempferol, and myricetin
were the main flavonoids in seeds of a single cultivar
(Prati et al., 2007), major flavonoids were derivatives of
quercetin and kaempferol in leaves of white clover plants
(Hofmann et al., 2000), and major flavonoids in flowers of
white clover were identified as glycosidic derivatives of
quercetin and myricetin (Foo et al., 2000; Schittko et al.,
1999). There is little knowledge of flavonol content vari-
ations in white clover in relation to stress; some evidence
indicates increases with plant exposure to UV-B light or
to drought (Hofmann et al., 2000, 2003). Plant flavonol
concentrations do not increase with fungal infections
(Carlsen et al., 2008; Wong and Latch, 1971b), and there
is no consistent influence of inoculation by arbuscular
mycorrhizal (AM) fungi, with some increases and other
decreases (Carlsen et al., 2008; Ponce et al., 2004).
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Fig. 1. Degradation of quercetin inside the plant, by fungi and by bacteria. 1: Bacteria from liver/kidney (Olthof et al., 2003) and colon (Rechner et
al., 2002). 2: Bacteria from colon (Rechner et al., 2002). 3: Bacteria from colon (Rechner et al., 2004). 4: Bacteria from fecal bacteria (Aura et al.,
2002) and colon (Olthof et al., 2003; Rechner et al., 2004). 5: Eubacterium ramulus (Schneider and Blaut, 2000; Schneider et al., 1999). 6: Bacteria
from intestine (Winter et al., 1989), Eubacterium oxidoreducens sp. nov. (Krumholz and Bryant 1986) and bacteria from digested municipal sludge
(Herrmann et al., 2001). 7: Bacteria (Siqueira et al., 1991b). 8: Rhizobia leguminosarum bv. phaseoli (Rao and Cooper, 1994). 9: Plants (Siqueira et
al. 1991b). 10: Pseudomonas putida (Pillai and Swarup, 2002). 11: Bacteria from colon (Rechner et al., 2004). 12: Fungi (Siqueira et al., 1991b). 13:
Aspergillus flavus and Aspergillus niger (Simpson et al., 1960; 1962 ; Westlake et al., 1959). 14: P. putida (Schultz et al., 1974).15: A. flavus and A. niger
(Simpson et al., 1960; Westlake et al., 1959). 16: Bacteria from gut (Konishi, 2005) and liver/kidney (Olthof et al., 2003). 17: Bacteria from colon
(Olthof et al., 2003; Rechner et al., 2004), fecal bacteria (Aura et al., 2002) and gut bacteria (Konishi, 2005). 18: Bacteria from digested municipal
sludge (Herrmann et al., 2001). 19: Escherichia coli W (Prieto et al., 1996). 20: Pelobacter acidigallici (Brune and Schink, 1992) and Penicillium
simplicissimum (Patel et al., 1990). 21: Pseudomonas solanaceraum and Rhizobium japonicum (William et al. 1986). 22: P. solanaceraum and R.
japonicum (William et al. 1986). 23: P. simplicissimum (Patel et al., 1990). 24: P. simplicissimum (Patel et al., 1990) and P. solanaceraum, R. japonicum
(William et al. 1986).

Degradation of flavonols Degradation of other flavonols may be similar to that
of quercetin. Schneider and Blaut (2000) suggested that
Degradation of quercetin has been studied extensively the degradation pathway of flavonols by a human intes-
(Fig. 1). In vitro studies indicate co-metabolic anaerobic tinal bacterium could be more general, and Winter et al.
degradation of quercetin (Schneider and Blaut, 2000; (1989) found that quercetin and kaempferol were de-
Schneider et al., 1999) and kaempferol (Schneider and graded similarly by human intestinal bacteria.

Blaut, 2000) by Eubacterium ramulus, a dominant bac-
terium in the human intestinal tract (Schneider et al.,

1999). Degradation of quercetin is relatively fast: in Biological activity of flavonols and their degradation
human fecal suspensions bacteria degraded 60 % of 2 mM products

quercetin-3-glucoside in 6 h and 100 % in 24 h (Schneider

et al., 1999); Pseudomonas putida, a plant growth-pro- Flavonols are toxic to insects, fungi, bacteria and plants
moting rhizobacteria, aerobically degraded 98 % in 60 h (Table 5). Rhamnetin inhibits many AM fungal parame-
(Pillai and Swarup, 2002). ters (Scervino et al., 2005), while quercetin, myricetin and

keampferol all stimulates the growth of AM fungi (Bé-
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cardetal., 1992; Scervino et al., 2005). With the exception
of plants, it seems that the activity of myricetin is higher
than that of quercetin. In general, the biological activity
of quercetin seems to be higher than that of kaempferol
(Table 5).

Quercetin is highly toxic to plants, but has a variable
activity towards fungi, and has very low antibacterial ac-
tivity (Table 5). Its fungal-degradation product, proto-
catechuic acid, is toxic to insects (Todd et al., 1971) and
has in vitro activity against fungi at levels of EDs, >50 to
>1000 ug/mL, while phloroglucinol (a fungal and bacte-
rial degradation product) has EDy, >1000 pg/mL (Fawc-
ett and Spencer, 1967). At low concentrations, quercetin
and its derivatives stimulate plant nodule formation by
the beneficial fungi Rhizobium trifolii and N,-fixing ac-
tivity, while at high concentrations the plant growth and
development of the plant-rhizobia symbiosis are inhib-
ited (Novikova, 1994). Quercetin and its glucoside have
the potential to stimulate the growth of Rhizobium spp.
but not of bacterial or fungal pathogens (Edwards and
Parry, 1994). Quercetin has many health-promoting ef-
fects, indicated by the number of hits (163 published from
2001 to May 2007) when a search is made in the biblio-
graphic database “Food Science and Technology Ab-
stracts” via OVID of “quercetin and health”.

Myricetin is highly toxic towards fungi and bacteria at
high concentrations, but shows no activity at lower con-
centrations (Table 5). Nakatani et al. (1989) observed no
activity against bacteria or fungi at 100 ug/mL (=~ 100 pg/
g), > 50 times the highest reported content of myricetin in
healthy white clover plants (Table 4); it is not known
whether the content in stressed plants exceeds this level.

Flavones
Flavones in white clover

There are few records of flavone content of white clover
(Table 3), and flavones have only been quantified in roots
(n.d.—843 pg/g) and leaves (<2-55 pg/g) (Table 4) with no
concurrent measurements in different parts of the same
plants. Production of flavones is higher when white clover
is grown in fields compared to glasshouses, or when they
are infected with a pathogenic fungus (Wong and Latch,
1971b). Inoculation with an AM fungus can increase or
decrease flavone concentration (Ponce et al.,2004), while
the concentration of 4’,7-dihydroxyflavone is higher in
plants without rhizobial nodules than in plants with active
or inactive nodules (Johnson et al., 2005).

Degradation and biological effects of flavones

Like the flavonols, there is evidence of co-metabolic de-
gradation of flavones when glucose is required for de-
gradation of luteolin by FEubacterium ramulus in the
human intestinal tract (Schneider and Blaut, 2000).

Biologically active secondary metabolites in white clover (Trifolium repens L.) 147

Flavones are toxic to insects (Elliger et al., 1980),
bacteria (Van Etten and Pueppke, 1976), fungi (We-
idenborner and Jha, 1994), plants (Duke, 1986), and an-
imals including mice, rats, guinea pigs and rabbits (De-
mole, 1962). Fungicidal activity is usually reduced if one
or more hydroxyl or methoxy group(s) are introduced
(Weidenborner and Jha, 1994).

Like some of the flavonols, luteolin can stimulate the
growth of Rhizobium spp. and AM fungi, while not
stimulating the growth of bacterial or fungal pathogens
(Bécardetal., 1992; Edwards and Parry, 1994; Scervino et
al., 2005b; Table 5). Luteolin is toxic to the insect Helio-
this zea (Elliger et al., 1980). In contrast, acacetin shows
an inhibitory effect on many AM fungal parameters
(Scervino et al., 2005a; Table 5), but shows no insecticidal
behaviour (Elliger et al., 1980).

Condensed tannins
Condensed tannins in white clover

Condensed tannins (or proanthocyanidins) are present in
white clover seeds (Fottrell et al., 1964; Masterson, 1965;
Young and Paterson, 1980), flowers (0.048-94 mg/g)
(Burggraaf et al., 2003, 2006; Foo et al., 2000; Hart, 1987;
Jones et al., 1976; Meagher et al., 2006; Stockdale, 1994;
Stockdale and Dellow, 1995) and leaves (n.d.—0.6 mg/g)
(Li et al., 1996). Comparisons within experiments show
higher contents in flowers (13-79 mg/g) than in total
above-ground material (0-12.1 mg/g) (Burggraaf et al.,
2003; Stockdale and Dellow, 1995; Table 4) and higher in
petals (60 mg/g) than in entire flowers (33 mg/g) (Stock-
dale, 1994).

Contents in flowers vary seasonally, being highest
when warm (Burggraaf et al., 2003; Stockdale and Del-
low, 1995); and with developmental stage, being higher in
flowers in full bloom compared to green buds or senes-
cent flowers (Burggraaf et al., 2006) (Table 4).

There has been little research on tannins in white
clover. Few have been identified, and their exact distri-
bution is not known (Table 3). The molecular weight
distribution is 6000—18000 g/mol from seeds (Young and
Paterson, 1980) and 8500-9100 g/mol from flowers
(Jones et al., 1976). Prodelphinidins are present in seeds
(Young and Paterson, 1980) and flowers (Foo et al., 2000;
Jones et al., 1976; Meagher et al., 2006; Sivakumaran et
al., 2004). In flowers, the terminal units of prodelphini-
dins contain similar amounts of epigallocathin and gal-
locatechin (Foo et al., 2000; Meagher et al., 2006; Siva-
kumaran et al., 2004); there is more epigallocatechin than
gallocatechin in the extender units (Meagher et al., 2006;
Sivakumaran et al., 2004).
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Degradation of condensed tannins

Condensed tannins do not break down readily under
physiological conditions; if treated drastically, they usu-
ally produce less soluble polymeric “phlobaphenes” or
flavonoid monomers (Haslam, 1966). There are few data
on microbial degradation pathways of tannins (Scalbert,
1991).

Biological effects of flavan-3-ols and condensed tannins

Condensed tannins are toxic to bacteria (Fottrell et al.,
1964 ; Hale and Mathers, 1977; Mila and Scalbert, 1994,
Scalbert, 1991; Young and Paterson, 1980; Table 5), fungi
(Levin, 1976; Masterson, 1965; Scalbert, 1991), insects
(Levin, 1976), plants (Duke, 1986) and yeasts (Scalbert,
1991). They constitute significant feeding barriers to
phytophagous insects (Harborne, 1994) and grazing
mammals (Harborne, 1994; Singleton and Kratzer, 1973).
The minimum inhibitory concentration of tannins varies
according to microorganisms, between 0.012 g/L. and 1 g/
L (~0.012-1 mg/g) for bacteria and between 0.5 g/L and
10-20 g/l (=~0.5-20 mg/g) for fungi (Scalbert, 1991).
Differences in toxicity to groups of microorganisms could
be a result of their ability to degrade tannins or secrete
polymers that combine with tannins (Scalbert, 1991).

Prodelphinidin is very important in toxicity of white
clover seed tannins to Rhizobium trifolii bacteria (Young
and Paterson, 1980) and the astringency of the white
clover plant (Jones et al., 1976). However, most investi-
gations have been on raw tannin extracts (Scalbert, 1991),
and little is known of the effects of tannin structure on
toxicity.

Tannins inhibit plant growth and seed germination,
but they have relatively non-specific binding to proteins
and low efficacy, indicating that they are not suitable
herbicides (Duke, 1986).

Isoflavones and isoflavanones
Isoflavones/isoflavanones in white clover

Isoflavones have been quantified in white clover roots
(n.d.—4920 pg/g), stems (4-354 pg/g), leaves (4-900 pg/g),
flowers (1-213 pg/g), leaves and stems (88-500 pg/g) and
total above-ground material (n.d.-920 ug/g) (Table 4).
However, there is no pattern in isoflavone distribution,
either as single compounds or total contents among the
different plant parts (Cook et al., 1995; Vetter, 1995; Wu
et al., 2003; Table 4). There are some large differences
between cultivars (Bennet et al., 1967; Carlsen et al.,
2008; Sachse, 1974), while some show no differences
(Saloniemi et al., 1993). The formononetin content can
differ between resistant and susceptible populations
(Cook et al., 1995).

CHEMOECOLOGY

Contents in healthy white clover plants are low
(Francis et al., 1967; Saloniemi et al., 1993; Shutt, 1976;
Wong and Latch, 1971b). When plants are infected with
pathogenic fungi the formononetin concentration can
increase markedly at infection sites in leaves (Wong and
Latch, 1971b), stems (Cook et al., 1995) and roots
(Carlsen et al., 2008), while there is no relationship be-
tween plant contents and degree of infection of a fungal
disease (Leptosphaerulina trifolii) (Saba et al., 1974). The
content of formononetin is higher in roots with active
rhizobial nodules than in inactive nodules and roots alone
(Johnson et al., 2005), while formononetin and daidzein
contents decreases with AM fungal inoculation (Carlsen
et al., 2008).

The proportions of different isoflavones may change
during infection; formononetin (90-95 %) and genistein
(5-10 %) are the main isoflavones in healthy white clover
(Saloniemi et al., 1993). In plants infected with fungi, both
formononetin and 2’-hydroxyformononetin were present
in almost equal amounts (Woodward, 1981b).

There are no records of isoflavanoid contents in
healthy plants or cultivar differences.

Degradation of isoflavones and isoflavanones

The degradation of isoflavones and isoflavanones is
complex, with isoflavones and isoflavanones formed from
each other (Figs. 2- 4). Biochanin A, genistein, formo-
nonetin, daidzein, and vestitone are the isoflavones/isof-
lavanones whose degradation has been the most studied.
Vestitone degradation is highly coupled with medicarpin
and is therefore presented with pterocarpan degradation
(Fig. 4). Formononetin and biochanin A are stable in
sterile soil during a 15 day period, but are degraded in soil
(40% and 80%, respectively) and even faster in soil
planted with corn seedlings (95% and 100 %, respec-
tively), with the degradation of biochanin A being much
faster than that of formononetin (Ozan et al., 1997).

Biological effects of isoflavones and isoflavanones and
their degradation products

Isoflavone phytoalexins have antimicrobial properties
(Cruickshank, 1963; Van Etten and Pueppke, 1976), and
biochanin A and genistein show phytoalexinic behaviour
(Stenlid, 1970; Weidenborner et al., 1990). Many isof-
lavones show antifungal properties (Ingham, 1982; Van
Etten, 1976; Virtanen and Hietala, 1958; Weidenborner
et al., 1990) and estrogenic effects in ruminants (Bennet
et al., 1967; Pettersson et al., 1984 ; Saloniemi et al., 1993;
Shutt and Braden, 1968; Shutt and Cox, 1972). The isof-
lavones formononetin and biochanin A stimulate colo-
nization by one AM fungus (Glomus intraradices) and
white clover growth (Siqueira et al., 1991a), while bi-
ochanin A inhibit the growth of another AM fungus
(Gigaspora margarita) (Bécard et al., 1992).
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Fig. 2. Degradation of biochanin A and genistein by fungi and by bacteria. 1: Fusarium javanicum (Schlieper et al., 1984) and Nectria haematococca
isolates (Willeke et al., 1983). 2: Very small amounts by Ascochyta rabiei (Kraft and Barz, 1985). 3: Human liver microsomes (Tolleson et al., 2002). 4:
Metabolised in sheep (Batterham et al., 1965; 1971; Braden et al., 1967), in rumen fluid from sheep (Nilsson et al., 1967), human faces (Eubacterium
limosum) (Hur and Rafii, 2000), human liver microsomes (Tolleson et al., 2002), by 16 Fusarium species (Barz et al., 1976), Armillaria mellea Vahl
(Kuhn) (Curir et al., 1994) and Ascochyta rabiei (minor metabolite) (Kraft and Barz, 1985). 5: Metabolised in sheep (Batterham et al., 1965, 1971
Braden et al., 1967). 6: Ascochyta rabiei (major metabolite) (Kraft and Barz, 1985), Fusarium oxysporum L.sp. lin (very slowly), Fusarium oxysporum
f.sp. lycopersici (almost quantitatively) (Weltring et al., 1982). 7: Tempe-derived bacterial strain I (gram-positive short rod cells, Micrococcus or
Arthrobacter specie) (Klus and Barz, 1998). 8: Tempe-derived bacterial strains I and III (gram-positive short rod and coccoid cells, Micrococcus or
Arthrobacter species) (very low amounts of 8-hydroxygenistein) (Klus and Barz, 1998). 9: Fusarium javanicum (Schlieper et al., 1984). 10: Nectria
haematococca isolates (Willeke et al., 1983). 11: Fusarium javanicum (Schlieper et al., 1984) and Nectria haematococca isolates (Willeke et al., 1983).
12: 16 Fusarium species (Barz et al., 1976) and Ascochyta rabiei (Kraft and Barz, 1985). 13: Armillaria mellea Vahl (Kuhn) (Curir et al., 1994). 14:
Rhizobia fredii (Rao and Cooper, 1994). 15: Human gut bacteria (Joannou et al., 1995) and Ascochyta rabiei (Kraft and Barz, 1985). 16: Metabolised

in sheep (Batterham et al., 1971; Braden et al., 1967). 17: Gut bacteria (Joannou et al., 1995).
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Biochanin A, genistein, formononetin, daidzein and
glycitein are antifungal (Table 5). Biochanin A and its
fungal degradation product, dihydrobiochanin A, are
more fungitoxic than genistein and its fungal and bacte-
rial degradation product, dihydrogenistein (Weidenbor-
ner et al., 1990), and genistein is more toxic than formo-
nonetin and daidzein (Ingham, 1982). When one looks at
the C-4’ position in genistein and biochanin A, the pres-
ence of a methoxy group (in biochanin A) instead of a
hydroxyl group (in genistein) gives biochanin A a higher
activity (Weidenborner et al., 1990). Equol and methy-
lequol (anaerobic bacterial degradation products of for-
mononetin and daidzein) also shows some antifungal
activities depending on fungal species and concentration
of the compounds (Kramer et al., 1984). The isoflavanone
vestitone is fungitoxic, although less active than medi-
carpin (Denny and Van Etten, 1981; Ingham, 1982). As
concluded by Kriamer et al. (1984) and is shown in Table 5,
the fungitoxic activity of isoflavones and isoflavanones is
highly dependent on the individual fungi, the specific
compound and their concentrations.

Rumen degradation of formononetin and daidzein
produces estrogenically active equol (Saloniemi et al.,
1993; Shutt and Braden, 1968) that is probably responsi-
ble for estrogenic effects in sheep known as ‘clover dis-
ease’. Genistein and biochanin A are inactive in rumi-
nants as they are degraded to inactive paraethylphenol
(Pettersson et al., 1984; Shutt and Braden, 1968). How-
ever, there were no relationships between effects on
sheep grazing white clover and contents of formononetin,
genistein or coumestrol (Bennet et al., 1967). In monog-
astric animals such as mice and rats, the estrogenic effects
of isoflavonoids (Bickoff et al., 1962; Bradbury and
White, 1954; Jurzysta et al., 1988; Saba et al., 1974; Sa-
loniemi et al., 1993) and their degradation product equol
(Medlock et al., 1995) are more moderate than for ru-
minants.

Pterocarpans

Pterocarpans and their degradation products in white
clover

Medicarpin and demethylmedicarpin are difficult to
synthesize or isolate in a purified form (Oleszek, W.,
personal communication), and thereby quantify. Few re-
cords exist on the levels (Table 4) of the pterocarpans
(Table 3) in white clover. In two populations of healthy
white clover, medicarpin occurred in the following order:
leaves (9-32 ng/g) > stems (618 pg/g) > roots (1-8 pg/g)
(Cook et al., 1995). The concentration increased in dis-
eased plants at the site of fungal infection (Cook et al.,
1995), and with temperature and day length in which in-
fected plants were grown prior to fungal infection, but
was unaffected by light intensity (Cruickshank et al.,
1974). The contents of medicarpin and its fungal degra-
dation product vestitol varied among cultivars infected
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with a fungal pathogen (Ingham, 1978). In white clover
infected with fungi, medicarpin and demethylmedicarpin
levels were 135 and 27 times higher, respectively, than
those of the measured isoflavones and isoflavanones
(Woodward, 1981b). The influence of inoculation with
AM fungi on medicarpin contents in roots of two white
clover cultivars was highly variable and depended on
fungal isolate and plant cultivar (Carlsen et al., 2008).

Degradation of pterocarpans

Medicarpin degradation is mainly studied using fungi
(Fig. 4). The degradation of vestitone is highly coupled to
that of medicarpin and so is presented with the ptero-
carpans.

Biological effects of the pterocarpans and their
degradation products

Medicarpin is antifungal (Table 5) as are several of its
degradation products following plant metabolization
(Ingham, 1982; Van Etten, 1976; Weidenborner et al.,
1990). For example, the following have antifungal prop-
erties: sativan (Ingham, 1982; Van Etten, 1976; We-
idenborner et al., 1990), variabilin (Ingham, 1982), and
vestitol (Van Etten, 1976); vestitol is less active than
sativan (Van Etten, 1976). Medicarpin is known to be
phytotoxic to alfalfa (Medicago sativa) while the auto-
toxic effects of sativan and variabilin are unknown, and
further metabolism of medicarpin could produce com-
pounds that, while still fungitoxic, are less phytotoxic
(Gregory and Edwards, 1994). Fungi can metabolize
medicarpin into less fungitoxic compounds (Denny and
Van Etten, 1981; Ingham, 1982), with vestitone (Denny
and Van Etten, 1981; Ingham, 1982), 1a-OH-medicarpin
(Denny and Van Etten, 1981; Miao and Van Etten,
1992a), 6a-OH-medicarpin (Denny and Van Etten, 1981;
Miao and Van Etten, 1992a), and demethylmedicarpin
(Ingham, 1982) all less toxic than medicarpin.

Coumestans
Coumestans in white clover

Coumestan contents in white clover (Table 3) have been
determined in leaves (<2-166 ug/g), leaves and stems
(<5-52.5 pg/g), total above-ground material (0-170 pg/g)
and roots (n.d.-97.0 ug/g) but not in seeds or flowers
(Table 4). Coumestrol content is lower in immature than
in mature plants (Price and Fenwick, 1985) and varies
among cultivars (Bennet et al., 1967; Carlsen et al., 2008;
Saloniemi et al., 1993). In healthy white clover plants the
levels (Table 4) of most of the compounds (Table 3), in-
cluding coumestrol (Francis et al., 1967), are very low
(Wong and Latch, 1971b). When infected with pathogens,
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Fig. 3. Degradation of daidzein and formononetin inside the plant, by fungi and by bacteria. 1: Human liver microsomes (Tolleson et al., 2002) and
Fusarium avenaceum (Weltring et al., 1982). 2: Fusarium proliferatum (Weltring et al., 1982). 3: Metabolism in rumen of sheep (Braden et al., 1967). 4:
Human ruminal bacteria (Adlercreutz et al., 1987). 5: Human liver microsomes (Tolleson et al., 2002). 6: Enzymatic (isoflavone 2’-hydroxylase)
conversion in Lotus japonicus (Shimada et al., 2000) and in white clover inoculated with Monilinia fructicola (Woodward, 1981b). 7: Metabolism in
rumen of sheep (Batterham et al., 1965,1971; Braden et al., 1967; Nilsson et al., 1967) and in humans (Adlercreutz et al., 1987), hydrolysed in humans
by cytochrome P450 1B1 (Roberts et al., 2002) and metabolised by Fusarium proliferatum (Weltring et al., 1982). 8: Enzymatic (isoflavone 2’-
hydroxylase) conversion in Lotus japonicus (Shimada et al., 2000). 9: Metabolism in sheep (Batterham et al., 1971). 10: Ruminal (Adlercreutz et al.,
1987) and gut bacteria (Joannou et al., 1995). 11: Metabolism in rumen of sheep (Batterham et al., 1965, 1971; Nilsson et al., 1967). 12: Rhizobia sp.
strain NGR234) (Rao and Cooper, 1994). 13: Tempe-derived bacteria (Micrococcus or Arthrobacter species) (Klus and Barz, 1995). 14: Tempe-
derived bacteria (Micrococcus or Arthrobacter species (Klus and Barz, 1995) and Microbacterium aborescens (Klus et al., 1993). 15: enzymatic
(isoflavone reductase) conversion in Lotus japonicus (Shimada et al., 2000) and in white clover inoculated with Monilinia fructicola (Woodward,
1981b). 16: Metabolism in humans (Adlercreutz et al., 1987). 17: Human gut bacteria (Joannou et al., 1995). 18: Microbacterium aborescens (Klus et
al., 1993). 19: Tempe-derived bacteria (Brevibacterium epidermidis and Micrococcus or Arthrobacter species (Klus and Barz, 1995), Brevibacterium
epidermidis and Micrococcus luteus (Klus et al., 1993).

the contents increases markedly in the lesion areas (Sa- mosseae and/or infection with Pythium ultimum had no
loniemi et al., 1995; Wong and Latch, 1971a, 1971b). The significant influence on contents (Carlsen et al., 2008).
coumestrol content can increase with disease severity

(Saba et al., 1974). The coumestan contents are lower in

glasshouse-infected samples than in the field (Wong and Biological effects of coumestans

Latch, 1971b). Higher contents of coumestrol in two

cultivars of white clover were detected in plants inocu- Coumestans apparently lack antifungal activity (Bickoff
lated with the AM fungus Glomus claroideum as com- et al., 1969; Perrin and Cruickshank, 1969; Van Etten,

pared to non-AM plants, while inoculation with Glomus 1976; Table 5), while coumestrol has some antibacterial



160 S. C. K. Carlsen and I. S. Fomsgaard CHEMOECOLOGY

[ IO o

HO’ (&)
Vestitone

PLANT

o-c,  FUNGI(4)
6a-OH-Medicarpin

Medicarpin ‘o-—cx

GENIC
NGI (5)

PLANT LANT
PATHOGENIC PATHQGENIC
FUNGI (6) FUN |(7)
HO. 0.
DemethylmedicarS?n Vestltol 1a(S)OH Medlcarpln 1a(R)OH- Medlcarpln

P T PLANT PLANT
PATHOGENIC PATHOG IC PAT{OGENIC PATHOGENIC
FUNGUS (11) FUNGH12) FUNGWNS (11) FUN S (14)

HO. o) O O,
© . J oag
O " JOL o
o ,CHG o/c '3 O"CHa

HO’
Demethyl 7,2- Dlhydroxy- 10,2'-Dihydroxy-4'-methoxy- PLANT
vestitol 4'-methoxyisoflav-3-ene isoflav-5,8-diene-7-one PATHOGENIC
FUNGUS (14)
PLANT PLANT PLANT
THOGENIC PATHPGENIC PATHQGENIC
UNGU FUN$S (13) FUNCLiS an e o o
o “° %@/‘ SN LSO
Z O "-Q
HO' O'CHa \O'CHs
2 4-D|hydroxy- 7,2- Dlhydroxy- 10,2- D|hydroxy-4'
benzoic acid 4'-methoxyisoflav- -methoxy-isoflav-
3-en-2-one 8-en-7-one

Fig. 4. Degradation of vestitone and medicarpin inside the plant and by fungi. 1: In white clover inoculated with Monilinia fructicola (Woodward,
1981b). 2: Enzymatic conversion in Lotus japonicus (Shimada et al., 2000). 3: Nectria haematococcaisolate T-30 (Denny and Van Etten, 1981), isolates
of Fusarium solani (Denny and Van Etten, 1982), Nectria haematococca MP VI (Miao and Van Etten, 1992b) and Colletotrichum trifolii (Soby et al.,
1996). 4: Cercospora arachidicola (Edwards and Strange, 1991), Colletotrichum trifolii, C. dematium, C. destructivum, Verticillium albo-atrum,
Cercospora medicaginis (Soby et al., 1996) and Monilinia fructicola (Wint.) Honey (Woodward, 1981b). 5: Nectria haematococcaisolate T-145 (Denny
and Van Etten, 1981), isolates of Fusarium solani (Denny and Van Etten, 1982), Ascochyta rabiei (Kraft et al., 1987), Nectria haematococca MP V1
(Miao and Van Etten, 1992b), Colletotrichum trifolii, C. dematium and C. destructivum (Soby et al., 1996). 6: Ascochyta rabiei (Kraft et al., 1987),
Stemphylium alfalfae (Soby et al., 1996), Stemphylium botrosum (Van Etten and Pueppke, 1976) and Fusarium oxysporum f.sp. lycopersici (Weltring
et al., 1983). 7: Nectria haematococca isolate T-30 (Denny and Van Etten, 1981), isolates of Fusarium solani (Denny and Van Etten, 1982), Nectria
haematococca MP VI (Miao and Van Etten, 1992b), Colletotrichum trifolii, Leptosphaerulina briosiana, Verticillium albo-atrum and Fusarium
oxysporum f. sp. medicaginis (Soby et al., 1996). 8: Nectria haematococca isolate T-30 (Denny and Van Etten, 1981), isolates of Fusarium solani
(Denny and Van Etten, 1982) and Cercospora medicaginis (Soby et al., 1996). 9: Fungi (Edwards et al., 1994) and by plants analogous to pathogenic
fungi (Gregory and Edwards, 1994). 10: By plants analogous to pathogenic fungi (Gregory and Edwards, 1994). 11: Ascochyta rabiei (Kraft et al.,
1987). 12: Ascochyta rabiei (Kraft et al., 1987) and Fusarium oxysporum f.sp. lycopersici (Weltring et al., 1983). 13: Fusarium oxysporum f.sp.
lycopersici (Weltring et al., 1983). 14: Cercospora medicaginis (Soby et al., 1996).

(Keen and Kennedy, 1974) and phytotoxic activity there are contrasting results on the estrogenic properties
(Stenlid, 1970). of coumestrol in white clover (Bickoff et al., 1960a, 1962;

Coumestans are generally estrogenic (Bickoff et al., Medlock et al., 1995; Saba et al., 1974). It is the pre-
1960b, 1962, 1969; Livingston et al., 1964b; Saba et al., dominant phytoestrogen in white clover (cv. Ladino)

1974; Wong and Latch, 1971b; Wong et al., 1971), but (Bickoff et al., 1960a), and is more active than several of
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the isoflavones (Bickoff et al., 1962). Others found that
coumestrol only accounted for a small part of the ob-
served estrogenic activity in mice (Saba et al., 1974), that
the activities of coumestrol and repensol are comparable
in mice (Livingston et al., 1964b), or that coumestrol is
weakly estrogenic in rats (Medlock et al., 1995). The
minimum coumestan level in white clover that will cause
sheep fertility disorders is 20-50 pg/g (Wong et al., 1971),
similar to content in diseased plants (Table 4). 9-O-
methylcoumestrol (Bickoff et al., 1960b) and trifoliol
(Livingston et al., 1964b) are relatively inactive in mice.
The potency of diseased white clover in sheep (Wong et
al., 1971) and mice (Saba et al., 1974; Wong et al., 1971)
has shown a relationship to coumestan levels, while no
similar relationship was found for coumestrol in grazing
sheep (Bennet et al., 1967).

Cyanogenic glucosides
Cyanogenic glucosides in white clover

There is high variation in cyanoglucoside contents
(Table 4) among cultivars (Butler, 1965; Corkill, 1943;
Lehmann et al., 1990; Stochmal and Oleszek, 1995, 1997;
Tava and Annicchiarico, 2000; Vickery et al., 1987; Viette
et al., 2000; Wheeler and Vickery, 1989). Cyanogenic
glucosides have been detected in leaves (16-2242 ng/g),
leaves combined with stems (0-1204 ug/g) and total
above-ground material (n.d.—4844 pg/g) (Table 4), there
is no data for roots or flowers, and the distribution be-
tween plant parts is unknown.

White clover is polymorphic and two unlinked loci
(AC/ac and Li/li) determine the presence of cyanogenic
glucosides and an enzyme (linamarase), respectively
(Corkill, 1943; Jones, 1972); thus the cyanogenic property
in varieties is genetically determined (Hughes, 1991;
Hughes and Conn, 1976; Jones, 1972). Within popula-
tions, the variation is highly significant (P < 0.001) (Tava
and Annicchiarico, 2000). The frequency of cyanogenic
individuals within populations is related to latitude
(Daday, 1965), altitude (Aradjo, 1976) and drought
(Foulds and Grime, 1972; Raffaelli and Mordue, 1990);
there are less cyanogenic individuals with lower temper-
ature (Daday, 1965), dry conditions (Foulds and Grime,
1972; Raffaelli and Mordue, 1990), and high altitude
(Aratjo, 1976). For a more complete review of cyano-
genic polymorphism in white clover, see Hughes (1991).

In white clover, two related glycosides occur as native
substrates: linamarin and lotaustralin (Table 3). The li-
namarin/lotaustralin ratio differs between white clover
cultivars (0.25-1.0; Butler, 1965; Daday, 1965; Maher and
Hughes, 1971; Stochmal and Oleszek, 1997). In white
clover linamarin and lotaustralin always occurs together
(Jones, 1972); high-cyanogen varieties preferably syn-
thesize lotaustralin over linamarin (Stochmal and Oles-
zek, 1997), and thus have a lower linamarin/lotaustralin
ratio.
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In contrast to cyanoglucosides, determined by modi-
fying genes, cyanogen synthesis in white clover is depen-
dent on a number of external factors, including temper-
ature, season, water availability, light intensity, P fertil-
ization and altitude (Stochmal and Oleszek, 1997; Vic-
kery et al., 1987; Viette et al., 2000; Wheeler and Vickery,
1989). When white clover is stressed, due to periods of low
temperature (<15 C) (Stochmal and Oleszek, 1997) or
water stress (Vickery et al., 1987), the plant produces
greater amounts of HCN. By contrast, when plants are
provided with good growth conditions — increased light
intensity (Vickery et al., 1987), higher temperature
(Vickery et al., 1987; Stochmal and Oleszek, 1997), P
fertilizer application (Vickery et al., 1987; Wheeler and
Vickery, 1989), and/or a low grazing hazard (Stochmal
and Oleszek, 1997), cyanogen synthesis is reduced.

Cyanogen synthesis varies with plant age; increasing
with seedling age (by 37%, day 5-35) (Horrill and
Richards, 1986), but decreasing with mature plant age (by
90 %, day 19-159) (Vickery et al., 1987). The greater
synthesis in seedlings than in mature plants probably re-
sults from the fact that the cyanogenic defence mecha-
nism is more important for seedlings, as the fitness of
mature plants will be only marginally reduced if mature
plants are attacked by herbivores (Crawford-Sidebo-
tham, 1972).

Production of HCN is not influenced by fungal in-
fection (Angseesing and Angseesing, 1973).

Degradation of cyanogenic glucosides

The cyanogenic glucosides and the enzyme linamarase
are produced during shoot growth (location not known),
while the components of cyanogenesis are synthesized
during leaf development and then stored in the mature
leaf (Hughes, 1991). In plants containing glucosides and
linamarase, damage to the leaf (Raffaelli and Mordue,
1990) by insect attack or animal ingestion (Tava and
Annicchiarico, 2000), brings the enzyme into contact with
glucosides and releases cyanide (Fig.5) (Butler and
Butler, 1960; Hughes and Conn, 1976; Raffaelli and
Mordue, 1990). The hydrolysis is very rapid, and most
glucosides are broken down in several minutes (Tapper
and Reay, 1973).

Biological effects of cyanogenic glucosides

Cyanogenesis in white clover is effective against fungi
(Levin, 1976), herbivores (Hughes, 1991; Stochmal and
Oleszek, 1997) including slugs and snails (Angseesing,
1974; Angseesing and Angseesing, 1973; Crawford-Si-
debotham, 1972; Horrill and Richards, 1986; Raffaelli
and Mordue, 1990), weevils (Ellsbury et al., 1992;
Raffaelli and Mordue, 1990) and mammals (sheep, cattle,
water voles) (Coop and Blakley, 1949; Lehmann et al.,
1990; Moran, 1954; Vickery et al., 1987; Viette et al.,
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Fig. 5. Degradation of cyanogenic glucosides in plants and mam-
mals. 1: Enzymatic with linamarase (Maher and Hughes, 1971), is hy-
drolysed in damaged tissue by linamarase (Hughes and Conn, 1976). 2:
Enzymatic detoxification in mammals (Westley, 1988).

2000). The suppressing effect of sudan grass (Sorghum
vulgare var. sudanense) on nematode (Pratylenchus pen-
etrans) populations has been linked to its content of cy-
anogenic glucosides (Widmer, 2000; Widmer and Abawi,
1998; 2002) and therefore the supressing effect of white
clover on the same nematodes (Abawi and Ludwig, 1995)
may also be correlated to its content of cyanogenic glu-
cosides. Some fungi have adapted to host cyanide pro-
duction; Stemphylium loti converts HCN to non-toxic
formamide (Ingham, 1973). Ruminants (e.g. sheep and
cattle) are more susceptible to HCN poisoning than mo-
nogastrics (e.g. rats and mice) (Kingsbury, 1964; Moran,
1954) due to differences in degradation and absorption
(Coop and Blakley, 1949; Couch, 1932; Dykstra, 1952;
Kingsbury, 1964).

Molluscs, insects and some mammals will eat cyano-
genic white clover when given no alternative, but prefer to
eat the non-cyanogenic form (Angseesing, 1974; Ang-
seesing and Angseesing, 1973; Ennos, 1981b; Horrill and
Richards 1986; Raffaelli and Mordue 1990; Viette et al.,
2000).

In Switzerland, white clover varieties that release
>370 pg/g of HCN are not recommended (Lehmann et
al., 1990), while Coop and Blackley (1950) considered
700 pg/g dry weight of HCN in leaves as a safe limit for
new clover strains in general in New Zealand .

Saponins

Saponin in white clover

There is limited information on saponin contents
(Table 4) in white clover (Table 3) and it is not possible to

draw conclusions about factors influencing plant levels.
Saponins have been detected in seeds (<50-3160 ug/g;
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Oleszek and Stochmal, 2002) of one, and in whole plants
(1.5-75 pglg; Sakamoto et al., 1992) of another cultivar.

Degradation of saponins

Molluscicidal saponins of berries from the Endod plant
(Phytolacca dodecandra 1.’Herit) are quickly degraded in
aerobic aqueous solutions (50 % in 16 h, 100 % in 10 d),
but are stable for a long time when bacterial growth is
prevented (Mglgaard et al., 2000). Degradation of white
clover saponins has not been investigated.

Biological effects of saponins

Saponins are toxic to fungi (Wolters, 1968), insects
(Horber etal., 1974; Adel et al.,2000), molluscs (Agarwal
and Rastogi, 1974; Mglgaard et al., 2000), nematodes
(Argentieri et al., 2007) and ruminants (Agarwal and
Rastogi, 1974), but can have health-promoting activities
(Rao and Gurfinkel, 2000). Soyasaponin I is toxic to the
plant-parasitic nematode Xiphinema index (Argentieri et
al., 2007), causes prolongation of the larval and pupal
stages, retards growth, increase mortality, and reduce fe-
cundity and fertility of the insect Spodoptera littoralis
(Adel et al., 2000), but stimulates the growth of wheat
(Triticum aestivum L.) (Oleszek, 1993). Of 19 saponins
and saponin fractions originating from various plant
species, all were active in different degrees towards 15
species of fungi, mostly plant pathogens (Wolters, 1968).
Acid saponins from alfalfa are strongly toxic to potato
leafthopper larvae (Empoasca fabae (Harris)) and pea
aphids (Acyrthosiphon pisum (Harris)) (Horber et al.,
1974), and water-extracted saponins from the Endod
plant berries are lethal to snails (Mglgaard et al., 2000).
Six of the nine described saponins from white clover
contains the saponin aglycones soyasapogenol B and so-
yasapogenol E, both of which are much less active (almost
inactive) towards the insect Spodoptera littoralis than
soyasaponin I (Adel et al., 2000). This is in contrast to the
other secondary metabolites described in this review,
which are more active in their aglyconic form.

Discussion

To exploit biologically active compounds from white clo-
ver for suppressing weeds and soil-borne diseases, either as
isolated products (i.e. biopesticides) or through the use of
cultivars with enhanced production, their fate in soil must
be understood; from release of compounds to soil trans-
formations, that may be influenced by the compounds’
sorption properties. To optimize clover production without
harming grazing animals, knowledge is needed of second-
ary metabolite contents in plant parts that depend on ge-
netics or on plant interactions with beneficial/harmful mi-
croorganisms or other ecological stresses.
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Release of secondary metabolites from white clover

The release of these compounds from white clover into
the soil has not been studied in living plants or decaying
plant material. Flavonoids are exuded from roots of
soybean (Glycine max L. Merr.) (Pueppke et al., 1998)
and knapweed (Baldwin 2003), and from seeds of alfalfa
(Medicago sativa L.) (Hartwig and Phillips, 1990). It is
therefore likely that white clover secondary metabolites
will also be exuded from white clover present in soil after
incorporation of plant material or during growth.

Transformation pathways of secondary metabolites from
white clover in soil

The transformation pathways summarized in this review
occur inside the plant or under influence of bacteria and
fungi. Degradation by microorganisms in literature is
mainly anaerobic (occurring in the guts of animals and
humans), and it is important to investigate aerobic de-
gradation of flavonoids (Pillai and Swarup, 2002), as they
are highly reactive under these conditions. The soil en-
vironment is mainly aerobic, and the microbial environ-
ment is very complex, but anaerobic micro-sites exist in
soil, and anaerobic and aerobic pathways can produce the
same compounds. There have been degradation studies of
these compounds using isolated fungi, but these have
proved to be useful for soil degradation studies on other
groups of natural defense compounds (Etzerodt et al.,
2006; Fomsgaard, 2006; Fomsgaard et al., 2004, 2006;
Gents et al., 2005; Understrup et al., 2005). Information
about possible degradation products obtained from these
studies is a useful basis to understand soil degradation of
white clover natural defense compounds.

Sorption properties of secondary metabolites from white
clover

The sorption properties of compounds are critical to their
fate in soil, if they are sorbed strongly, they may not be
available to soil microorganisms. A search in “Web of
Science” from 1945 up to now, on sorption properties in
soil of the parent agluconic compounds described in the
review, returned no records. Incorporation of cyanogenic
glucosides from white clover in sandy and loamy soil re-
sulted in leaching of cyanogenic glycosides or toxic cya-
nide species to a depth of 1 m corresponding to 0.9-3.2 %
of the amount applied (Bjarnholt et al., 2008). A large
part of this leachate exeeded the EU treshold for drinking
water and US treshold for cyanide chronic ecotoxicity in
fresh water (30% and 85% of leachate, respectively)
(Bjarnholt et al., 2008). This result highlights the need for
fundamental studies on the transformation of natural
defense chemicals of white clover in soil, performed
under realistic conditions.

Biologically active secondary metabolites in white clover (Trifolium repens L.) 163

Biological activity of secondary metabolites from white
clover versus concentrations in the plant

If the compounds discussed in the present review are re-
leased in substantial amounts and not sorbed strongly into
the soil, the information in this review can help to address
the use of white clover for its anti- pest, plant, fungi, and
bacteria capabilities, in place of man-made compounds.

Flavonols can be present in the plants in relatively
high concentrations (Table 4) and their toxic effects on
insects, fungi, and plants — especially the case of quercetin
— suggests a useful biopesticide role. However, the de-
gradation of quercetin is relatively fast and even though
some of the degradation products have insecticidal and
fungicidal properties, there is little information on the soil
degradation pathways and the time that pests should be
exposed to the flavonols for biopesticidal effects.

The potential content of flavones in white clover are
much lower than the flavonols (Table 4) but the biological
effects are the same, and they may contribute to observed
effects on insects, fungi or plants — but not as key com-
pounds.

The tannin content of white clover is high compared to
other secondary metabolites (Table 4), but the toxicity to
microorganisms is correspondingly low (Scalbert, 1991).
The minimum inhibitory concentration of tannins is
0.012-1 g/L (=~0.012-1 mg/g) for bacteria, and 0.5-20 g/L
(~0.5-20 mg/g) for fungi (Scalbert, 1991), which suggests
that white clover can be toxic to some bacteria and fungi,
as tannin content of healthy plants is 0-79 mg/g (Table 4).

Isoflavonoids, many fungitoxic, are formed in infected
plant tissue and contents can be high compared to flav-
ones. These compounds may therefore be important as a
defense against pathogens.

Not much is known about pterocarpan levels in white
clover; medicarpin is fungitoxic, and more importantly so
are several of its degradation products. They could be
very important in the defense against fungi, as the effect
does not necessarily disappear as soon as they are re-
leased into soil.

The content of coumestans in white clover is low
(<170 pg/g, Table 4) compared to the other groups of
compounds, and biological activity is variable and it is
unlikely that they are of importance in the defense
mechanisms of white clover.

Cyanogenic glucosides are toxic to herbivores and
some fungi. Stochmal and Oleszek (1997) suggested that
white clover cannot be considered as a low-cyanogenic
substitute for red clover. In earlier times white clover had
low cyanogenic levels, as all varieties in eastern European
countries were bred from local populations, which were
low in cyanogenic compounds. Since that time, breeders
have been developing better, pest resistant varieties with
higher growth rates, and often use breeding lines con-
taining genes responsible for high levels of cyanogens
(Ennos 1981a; Stochmal and Oleszek, 1997). As previ-
ously mentioned, Swiss varieties that release more than 370
ug/g of HCN are not recommended (Lehmann et al.,
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1990), and Coop and Blakley (1950) considered HCN of
700 pg/g dry weight as a safe limit for new clover strains.
These levels are well exceeded in some white clover vari-
eties under some environmental conditions (see Table 4).

Knowledge of saponin contents in white clover is
limited, but some are present in comparable amounts
with the other groups of compounds in the review. Their
wide effects on fungi, insects, molluscs and ruminants,
suggest that these compounds also could be important in
plant defense against pathogens.

External factors affecting the contents of secondary
metabolites in white clover plants

The synthesis of many secondary metabolites in white
clover plants is highly dependent on external factors, in-
cluding weather (sunlight and temperature), infection
with pathogenic fungi, symbiosis with rhizobium or AM
fungi, and P and water content of the soil (Table 4).

The synthesis of the pterocarpan medicarpin (Cru-
ickshank et al., 1974) increases with day length, and
flavonol contents increase when plants are exposed to
UV-B light (Hofmann et al., 2000, 2003). By contrast,
synthesis of cyanogenic glucosides (Vickery et al., 1987)
decreases at higher light intensity. Higher temperatures
lead to greater production of condensed tannins (Burg-
graaf et al., 2003; Stockdale and Dellow, 1995) and
medicarpin (Cruickshank et al., 1974), but lower pro-
duction of cyanogenic glucosides (Stochmal and Oleszek,
1997; Vickery et al., 1987). This information is difficult to
use in practice, as weather cannot be controlled. How-
ever, it highlights the importance of investigations on
seasonal variations in contents of secondary metabolites
in white clover, as were done with the cyanogenic gluco-
sides (Stochmal and Oleszek, 1997), and that comparing
contents over different experiments/environmental con-
ditions should be done with care.

Infection with pathogenic fungi often increases syn-
thesis of secondary metabolites, including flavones
(Wong and Latch, 1971b), the isoflavone formononetin
(Carlsen et al., 2008; Cook et al., 1995; Wong and Latch,
1971b), the pterocarpan medicarpin (Cook et al., 1995),
and coumestans (Saloniemi et al., 1995; Wong and Latch,
1971a, 1971b), the coumestrol content even increasing
with the severity of disease (Saba et al., 1974). This in-
creased production could, considering the antifungal
properties of many of the secondary metabolites, be ex-
plained by induction of a plant defense system, including
production of defense compounds.

While some studies were performed under biological
stress — with diseased plants, investigations into the cor-
relation between growth of beneficial fungi on white
clover roots and the concentrations of biologically active
secondary metabolites are almost absent from literature.
If fungal diseases affect concentrations, beneficial fungi
could have similar — and important — effects. Ponce et al.
(2004) found that different flavonoids accumulated in
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roots of white clover inoculated with an AM fungus
(Glomus intraradices), compared with roots of non-in-
oculated plants, and Johnson et al. (2005) found that
different flavonoids increased in concentration in plants
without rhizobial nodules than in plants with active or
inactive nodules. This change in the composition of the
phytoalexins in the host could be very important in the
interaction between beneficial fungi and fungal diseases.
Wyss et al. (1991) suggested that increased resistance of
soybean (Glycine max) to a soil-borne pathogen (Rhi-
zoctonia solani) was due to an increased production of
phytoalexins by the host in response to colonization by an
AM fungus (Glomus mosseae). Sundaresan et al. (1993)
found a three times higher concentration of daidzein in
AM (Glomus fasciculatum) cowpea (Vigna unguiculata)
compared with non-mycorrhizal plants; they suggested
that the reduced colonization and disease severity by a
soil-borne pathogen (Fusarium oxysporum) in plants with
a pre-established mycorrhizal association could be a re-
sult of production of phytoalexins. Carlsen et al. (2008)
studied the effects of two AM fungi (Glomus mosseae and
G. claroideum) and a pathogenic fungus (Pythium ulti-
mum) on the production of eight flavonoids in roots of
two white clover cultivars, and found that the flavonoid
production varied, not only due to presence of AM fungi
and P. ultimum, but also depending on fungal isolate and
plant cultivar. Combined studies in which the growth of
both beneficial fungi and pathogens are followed and the
concentration levels of secondary metabolites are mea-
sured in white clover are necessary to understand these
interactions.

Factors that farmers can more easily influence are the
P status of the soil, with application decreasing contents
of cyanogenic glucosides (Vickery et al., 1987; Wheeler
and Vickery, 1989) and the water status of the soil, with
drought increasing contents of flavonols (Hofmann et al.,
2003) and cyanogenic glucosides (Vickery et al., 1987).
The production of flavones and coumestans increased
when white clover was grown in fields instead of glass-
houses (Wong and Latch, 1971b), possibly due to higher
levels of UV radiation, lower temperatures and different
moisture conditions.

Contents of secondary metabolites in different cultivars of
white clover

Concentration levels of some of the secondary metabo-
lites vary substantially among white clover cultivars. This
has been reported for flavonols (Carlsen et al., 2008;
Hofmann et al., 2000), isoflavones (Bennet et al., 1967,
Carlsen et al.,2008; Sachse, 1974), medicarpin (Carlsen et
al., 2008; Ingham, 1978), coumestrol (Bennet et al., 1967;
Carlsen et al., 2008; Saloniemi et al., 1993) and cyano-
genic glucosides (Butler, 1965; Lehmann et al., 1990;
Stochmal and Oleszek, 1995, 1997; Tava and Annicchia-
rico, 2000; Viette et al., 2000; Wheeler and Vickery,
1989).
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In spite of large variations, the choice of white clover
variety is almost never made for production of biologi-
cally active secondary metabolites — allelochemicals —
even though this could be essential for the interaction
with the soil environment. It is important to know the
concentrations of a range of secondary metabolites, as a
significant effect of these compounds is more likely when
they work in combination with each other, and not as a
single defense mechanism. Some secondary metabolites
would be desirable to have in high concentrations (e.g.
flavonoids), and others at low concentrations (e.g. cya-
nogenic glucosides). However, research has been almost
exclusively limited to the difference in cyanogenic
glucoside content between cultivars and there has been
little research on the other compounds.

The research of Bennet et al. (1967) indicated that
content of isoflavones and the coumestan coumestrol
followed the same trend in three different cultivars, but
this possible relationship needs to be confirmed and the
relationship between the contents of other groups of
secondary metabolites remains to be investigated.

Contents of secondary metabolites in different parts of
white clover plants

The majority of quantifications of the compounds have
been in whole plants or single plant parts. Cultivars and
environmental conditions varied among the experiments,
and both are factors expected to have large influences on
contents in the plant. Thus contents in different plant
parts determined in different experiments cannot be di-
rectly compared. The location in the plant of most of the
compounds is not known. Contents determined from
older studies of secondary metabolites in white clover
plants can be used for approximate levels, but should not
be used as exact values.

Clover soil fatigue

As regards clover soil fatigue, the autotoxicity of white
clover (probably caused by secondary metabolites) is an
obvious hypothesis, taking earlier research into account
(Table 1). However, Sgegaard et al. (2004) concluded that
the clover cyst nematode was probably the primary rea-
son for clover soil fatigue, that pathogenic fungi could
play arole, and that chemical compounds could not have a
direct effect in the clover-fatigued soil. An indirect effect
of allelochemicals was suggested as a trigger for the early
and synchronous hatching of clover cyst nematodes in the
clover-fatigued soil. This trigger was proposed to be de-
gradation products from newly ploughed clover. How-
ever, they only considered water extractable chemicals,
and less extractable compounds may have a more direct
role in clover soil fatigue.

Allelopathic compounds from other plants in the
clover—grass mixture could also affect white clover or the
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clover cyst nematode. The leaf extracts of tall fescue
(Festuca arundinacea Schreb.), commonly grown with
white clover in pastures of southeastern USA, had a toxic
effect on germination and/or root growth of many of the
40 white clover genotypes tested (Pederson, 1985).
However, Hoveland (1964) did not find reductions in
germination or radicle length of white clover tested by tall
fescue extracts, but did find a reduction with extracts from
four other grasses, and this was suggested as a factor in
frequently poor clover stands. Root competition between
perennial ryegrass (Lolium perenne L.) and white clover
has been investigated, and proved to be disadvantageous
for the clover (Kooistra, 1964), suggesting that the root
competition could be one of the causes of clover soil fa-
tigue.

The possible effects on the clover fatigue phenome-
non of biologically active secondary metabolites or their
soil transformation products should be a focus of future
research.

Conclusion

The studies which were included in this review provide
essential information on the structure and concentration
of a variety of secondary metabolites of white clover.
Important information on the biological effects of a
number of these compounds and on the degradation/
transformation of these compounds inside the plant, by
fungi or anaerobic bacteria, was available. However, it is
clear from the results of this review that substantial in-
formation is missing if the potential of white clover for
suppressing weeds and diseases is to be better exploited,
without causing negative effects in the soil environment.
If the increasingly important clover fatigue problems
(Sgegaard et al., 2004) are to be solved, additional re-
search is necessary.

References

Abdin OA, Zhou XM, Cloutier D, Coulman DC, Faris MA, Smith DL
(2000) Cover crops and interrow tillage for weed control in short
season maize (Zea mays). Eur J Agron 12: 93-102

Adel MM, Sehnal F, Jurzysta M (2000) Effects of alfalfa saponins on the
moth Spodoptera littoralis. I Chem Ecol 26(4): 1065-1078

Adlercreutz H, Hocherstedt K, Bannwart C, Bloigu S, Himélédinen E,
Fotsis T, Ollus A (1987) Effect of dietary components, including
lignans and phytoestrogens, on enterohepatic circulation and liver
metabolism of estrogens and on sex hormone binding globulin
(SHBG). J Steroid Biochem 27: 1135-1144

Agarwal SK, Rastogi RP (1974) Triterpenoid saponins and their genins.
Phytochemistry 13: 2623 -2645

Angseesing JPA, Angseesing WJ (1973) Field observations on the cy-
anogenesis polymorphism in Trifolium repens. Heredity 31: 276—
282

Angseesing JPA (1974) Selective eating of the acyanogenic form of
Trifolium repens. Heredity 32: 73-83

Aoki T, Akashi T, Ayabe S (2000) Flavonoids of leguminous plants:
structure, biological activity, and biosynthesis. J Plant Res 113:
475-488



166 S. C. K. Carlsen and I. S. Fomsgaard

Aratjo AMD (1976) The relationship between altitude and cyano-
genesis in white clover (7rifolium repens, L.). Heredity 37:291-293

Argentieri MP, D’Addabbo T, Tava A, Agostinelli A, Jurzysta M, Avato
P (2007) Evaluation of nematicidal properties of saponins from
Medicago spp. Eur J Plant Pathol. Online First

Aura A-M, O’Leary KA, Williamson G, Ojala M, Bailey M, Puuppo-
nen-Pimid R, Nuutila AM, Oksman-Caldentey K-M, Poutanen K
(2002) Quercetin derivatives are deconjugated and converted to
hydroxyphenylacetic acids but not methylated by human fecal flora
in vitro. J Agric Food Chem 50: 1725-1730

Bae SJ, Han SK, Im KS, Kim NH (1988) A scanning calorimetric study
of the effect of clover saponin on liposomal phospholipid mem-
brane. Arch Pharm Res 11: 181-184

Baldwin IT (2003) Finally, proof of weapons of mass destruction. Sci
STKE 2003, 42

Barz W, Schlepphorst R, Laimer J (1976) Ueber den Abbau von
Polyphenolen durch Pilze der Gattung Fusarium. Phytochemistry
15:87-90

Bate-Smith EC (1972) Attractants and repellents in higher animals.
Phytochem Ecol 8: 45-56

Batterham TJ, Hart NK, Lamberton JA (1965) Metabolism of oestro-
genic isoflavones in sheep. Nature 206: 509

Batterham TJ, Shutt DA, Hart NK, Braden AWH, Tweeddale, HJ.
(1971) Metabolism of intraruminally administered [4-"*C]formo-
nonetin and [4-"*C]biochanin A in sheep. Aust J Agric Res22: 131~
138

Bécard G, Douds DD, Pfeffer PE (1992) Extensive in vitro hyphal
growth of vesicular-arbuscular mycorrhizal fungi in the presence of
CO, and flavonols. Appl Environ Microbiol 58(3): 821-825

Beilstein MA, Whanger PD (1984) Effects of cyanide on selenium
metabolism in rats. J Nutr 114: 929-937

Bennet D, Morley FHW, Axelsen A (1967) Bioassay responses of ewes
to legume swards II. Uterine weight results from swards. Austr J
Agric Res 18: 504

Bickoff EM, Booth AN, Lyman RL, Livingston AL, Thompson CR,
Kohler GO. (1958) Isolation of a new estrogen from Ladino clover.
J Agric Food Chem 6: 536-539

Bickoff EM, Livingston AL, Booth AN, Thompson CR, Hollowell EA,
Beinhart EG (1960a) Some variation in estrogenic activity in fresh
and dried white clover clones and the Ladino variety. J Anim Sci 19:
1143-1149

Bickoff EM, Livingston AL, Booth AN (1960b) Estrogenic activity of
coumestrol and related compounds. Arch Biochem Biophys 88:
262-266

Bickoff EM, Livingston AL, Hendrickson AP, Booth AN (1962) Rel-
ative Potencies of Several Estrogen-Like Compounds Found in
Forages, J Agric Food Chem 10: 410-412

Bickoff EM, Livingston AL, Guggolz J (1965) Isolation of phenolic
compounds from ladino clover. J Agric Food Chem 13: 151-155

Bickoff EM (1968) Oestrogenic Constituents of Forage Plants. Review
Series, Commonwealth Agricultural Bureaux, Hurley, Berkshire,
pp- 1-39

Bickoff EM, Spencer RR, Witt SC, Knuckles BE (1969) Studies on the
Chemical and Biological Properties of Coumestrol and Related
Compounds. Agricultural Research Service, United States De-
partment of Agriculture, Washington, D.C.

Biggers JD, Curnow DH (1954) Oestrogenic activity of subterranean
clover I. The oestrogenic activity of genistein. Biochem J 58: 278 —
282

Bjarnholt N, Laegdsmand M, Hansen HCB, Jacobsen OH, Mgller BL
(2008) Leaching of cyanogenic glucosides and cyanide from white
clover green manure. Chemosphere. In Press.

Bradbury RB, White DE (1953) The chemistry of subterranean clover.
Part I11. Synthesis and reduction of isoflavones related to genistein
and formononetin. J Chem Soc: 871-876

Bradbury RB, White DE (1954) Estrogens and Related Substances in
Plants. Vitam Horm 12: 207-233

Braden AWH, Hart NK, Lamberton JA (1967) The oestrogenic activity
and metabolism of certain isoflavones in sheep. Aust J Agric Res
18:335-348

CHEMOECOLOGY

Breland TA (1996) Phytotoxic effects of fresh and decomposing cover
crop residues. Norw J Agric Sci 10: 355-362

Brune A, Schink, B (1992) Phloroglucinol pathway in the strictly an-
aerobic Pelobacter acidigallici: fermentation of trihydroxybenz-
enes to acetate via triacetic acid. Arch Microbiol 157: 417-424

Burda S, Oleszek W (2001) Antioxidant and antiradical activities of
flavonoids. J Agric Food Chem 49: 2774-2779

Burggraaf VT, Woodward SL, Woodfield DR, Thom ER, Waghorn GC,
Kemp PD (2006) Morphology and agronomic performance of
white clover with increased flowering and condensed tannin con-
centration. N Z J Agric Res 49: 147-155

Burggraaf VT, Kemp PD, Thom ER, Waghorn GC, Woodfield DR,
Woodward SL (2003) Agronomic evaluation of white clover se-
lected for increased floral condensed tannin. Proc N Z Grassland
Assoc 65: 139-145

Butler GW, Butler BG (1960) Biosynthesis of linamarin and lotaustr-
alin in white clover. Nature 187: 780-781

Butler GW (1965) The distribution of the cyanoglucosides linamarin
and lotaustralin in higher plants. Phytochemistry 4: 127-131

Carlsen SCK, Understrup A, Fomsgaard IS, Mortensen AG, Ravnskov
S (2008) Flavonoids in roots of white clover: interaction of arbus-
cular mycorrhizal fungi and a pathogenic fungus. Plant Soil 302:
33-43

Cheng E, Story CD, Payne LC, Yoder L, Burroughs W (1953) Detection
of estrogenic substances in alfalfa and clover hays fed to fattening
lambs. J Anim Sci 12: 507-514

Christensen HE (1976) Registry of toxic effects of chemical substances.
National Institute of Occupational Safety and Health. DHEW
Publication 191

Clawson AB, Bunyea H, Couch JF (1934) Remedies for cyanide poi-
soning in sheep and cattle. J] Washington Acad Sci 24: 369-385

Clayton G, Rice W, Lupwayi N, Turkington T (1997) Sustainability of
legume-based conservation tillage systems. Final Technical Report
on CAESA Project #9415, September 1997

Coja T, Idinger J, Bliimel S (2006a) Influence of the soil composition on
the effects of benzoxazinoid allelochemicals on two soil nontarget
organisms. J Agric Food Chem 54: 1093-1098

Coja T, Idinger J, Blimel S (2006b) Effects of the benzoxazolinone
BOA, selected degradation products and structure related pesti-
cides on two soil organisms. Ecotoxicology 15: 61-72

Cook R, Tiller SA, Mizen KA, Edwards R (1995) Isoflavonoid me-
tabolism in resistant and susceptiple cultivars of white clover in-
fected with the stem nematode Ditylenchus Dipsaci. J Plant Physiol
146: 348-354

Coop IE, Blakley RL (1949) The metabolism and toxicity of cyanides
and cyanogenic glucosides in sheep. I. Activity in the rumen. N Z J
Sci Tech 30: 277-291

Coop IE, Blakley RL (1950) The metabolism and toxicity of cyanides
and cyanogenic glucosides in sheep. III. The toxicity of cyanides
and cyanogenetic glucosides. N Z J Sci Tech 31: 44-58

Corkill L (1943) Cyanogenesis in white clover (Trifolium repens L.). V.
The inheritance of cyanogenesis. N Z J Sci Tech 23: 178-193

Couch JF (1932) Poisoning of livestock by plants that produce hydro-
cyanic acid. U.S.D.A. Leaflet. 88

Crawford-Sidebotham TJ (1972) The role of slugs and snails in the
maintenance of the cyanogenesis polymorphisms of Lotus corni-
culatus and Trifolium repens. Heredity 28: 405-411

Cruickshank IAM (1963) Phytoalexins. Annu Rev Phytopathol 1: 351 -
374

Cruickshank IAM, Veeraraghavan J, Perrin DR (1974) Some physical
factors affecting the formation and/or net accumulation of medi-
carpin in infection droplets on white clover leaflets. Aust J Plant
Physiol 1: 149-156

Curir P, Pasini C, Dolci M (1994) Detoxification of two Genista
monosperma Lam. isoflavones by its parasite Armillaria mellea
Vahl (Kuhn). Acta Hortic 381: 605-610

Daday H (1965) Gene frequencies in wild populations of Trifolium
repens L. Heredity 20: 355-365

Demole V (1962) Toxicité, résorption, élimination de la flavone syn-
thétique. Helv Physiol Pharm Acta 20: 93-96



Vol. 18, 2008

Denny TP, Van Etten HD (1981) Tolerance by Nectria haematococca
MP VI of the chickpea (Cicer arietinum) phytoalexins medicarpin
and maackiain. Physiol Plant Pathol 19: 419-437

Denny TP, Van Etten HD (1982) Metabolism of the phytoalexins
medicarpin and maackiain by Fusarium solani. Phytochemistry 21:
1023-1028

Doyle A, Moore K, Herridge DF (1988) The narrow-leafed lupin
(Lupinus angustifolius L.) as a nitrogen-fixing rotation crop for
cereal production. III. Residual effects of lupins on subsequent
cereal crops. Aust J Agric Res 39: 1029-1037

Duke SO (1986) Naturally occurring chemical compounds as herbi-
cides. Rev Weed Sci 2: 15-44

Dykstra RR (1952) Animal sanitation and disease control. Interstate,
Danville, Ill.pp. 445.

Edwards C, Strange RN (1991) Separation and identification of phy-
toalexins from leaves of groundnut (Arachis hypogaea) and de-
velopment of a method for their determination by reversed-phase
high-performance liquid chromatography. J Chromatogr A 547:
185-193

Edwards R, Parry AD, Gregory ACE, Tiller SA, Daniell TJ (1994)
Synthesis and degradation of phytoalexins in alfalfa. Acta Hortic
381:214-226

Edwards, R Parry, AD (1994) Medicago species (alfalfa): In vitro cul-
ture and the production of secondary metabolites, pp. 328-345. In:
Bajaj YPS (ed.). Medicinal and Aromatic Plants VII. Springer-
Verlag, Berlin.

Einhellig FA (1995) Mechanism of action of allelochemicals in allel-
opathy, in: Inderjit, Dakshini M, Einhellig FA (Eds.), Allelopathy:
Organisms, Processes, and Applications. ACS Symposium Series
582, American Chemical Society, Washington, DC., pp. 96-116.

Elliger CA, Chan BC, Waiss Jr AC. (1980) Flavonoids as larval growth
inhibitors. Naturwissenschaften 67: 358—360

Ellsbury MM, Pederson GA, Fairbrother TE (1992) Resistance to fo-
liar-feeding hyperine weevils (Coleoptera: Curculionidae) in cya-
nogenic white clover. J] Econ Entomol 85: 24672472

Ennos RA (1981a) Manifold effects of the cyanogenic loci in white
clover. Heredity 46:127-132

Ennos RA (1981b) Detection of selection in populations of white clo-
ver (Trifolium repens L.). Biol J Linnean Soc 15: 75-82

Etzerodt T, Nielsen ST, Mortensen AG, Christophersen C, Fomsgaard
IS (2006) Elucidating the transformation pattern of the cereal al-
lelochemical 6-methoxy-2-benzoxazolinone (MBOA) and the tri-
deuteriomethoxy analogue [D3]-MBOA in soil. J Agric Food
Chem 54: 1075-1085

Fawcett CH, Spencer DM (1967) Natural antifungal compounds. In:
Torgeson, DC (Ed.), Fungicides: An advanced treatise. Academic
Press, New York, pp. 637-669.

Fomsgaard IS (2006) Chemical ecology in wheat plant-pest interac-
tions. — How the use of modern techniques and a multidisciplinary
approach can throw new light on a well-known phenomenon: Al-
lelopathy. J Agric Food Chem 54: 987-990

Fomsgaard IS, Mortensen AG, Carlsen SCK (2004) Microbial trans-
formation products of benzoxazolinone and benzoxazinone allel-
ochemicals — a review. Chemosphere 54: 1025-1038

Fomsgaard IS, Mortensen AG, Idinger J, Coja T, Bliimel S (2006)
Transformation of benzoxazinones and derivatives and microbial
activity in the test environment of soil ecotoxicological tests on
Poecilus cupreus and Folsomia candida. J Agric Food Chem 54:
1086-1092

Foo LY, Lu Y, Molan AL, Woodfield DR, Mcnabb WC (2000) The
phenols and prodelphinidins of white clover flowers. Phytochem-
istry 54: 539-548

Fottrell PF, O’connor S, Masterson CL (1964) Identification of the
flavonol myricetin in legume seeds and its toxicity to nodule bac-
teria. Irish J Agric Res 3: 246-249

Foulds W, Grime JP (1972) The influence of soil moisture on the fre-
quency of cyanogenic plants in populations of Trifolium repens and
Lotus corniculatus. Heredity 28: 143-146

Francis CM, Millington AJ, Bailey ET (1967) The distribution of oes-
trogenic isoflavones in the genus 7Trifolium. Aust J Agric Res 18:
47-54

Biologically active secondary metabolites in white clover (7rifolium repens L.) 167

Ghazal SA, Abuzarqa M, Mahasneh AM (1992) Antimicrobial activity
of Polygonum equisetiforme extracts and flavonoids. Phytother Res
6:265-269

Gents MB, Mortensen AG, Nielsen ST, Christophersen C, Fomsgaard
IS (2005) Transformation products of 2-benzoxazolinone (BOA) in
soil. Chemosphere 61: 74-84

Grant EA, Sallans WG (1964) Influence of plant extracts on germi-
nation and growth of eight forage species. J] Br Grassland Soc 19:
191-197

Grayer RJ, Harborne JB (1994) A Survey of antifungal compounds
from higher plants, 1982-1993. Phytochemistry 37(1): 19-42.

Gregory ACE, Edwards R (1994) The metabolism of medicarpin and
related compounds in alfalfa (Medicago sativa L.). Acta Hortic 381:
291-297

Hale CN, Mathers DJ (1977) Toxicity of white clover seed diffusate and
its effect on the survival of Rhizobium trifolii. N Z J Agric Res 20:
69-73

Hale CN, Lowther WL, Lloyd JM (1979) Effect of inoculant formula-
tion on survival of Rhizobium trifolii and the establishment of
owersown white clover (7rifolium repens). N Z.J Exp Agric 7:311 -
314

Harborne JB (1994) Do natural plant phenols play a role in ecology ?
Acta Hortic 381: 3643

Harborne JB, Williams C (2000) Advances in flavonoid research since
1992. Phytochemistry 55: 481-504

Hart AL (1987) Physiology, in: Baker MJ, Williams WM (Eds.), White
Clover. CAB international, Oxford, pp. 125-151

Hartwig UA, Phillips DA (1991) Release and modification of nod-
gene-inducing flavonoids from alfalfa seeds. Plant Physiol 95: 804 —
807

Haslam E (1966) Chemistry of vegetable tannins. Academic Press, New
York.

Herrmann AP, Willems M, Janke HD (2001) Degradation of natural
polyphenols by methanogenic consortia enriched from digested
municipal sludge. Water Res 35: 2575-2582

Hiltbrunner J, Liedgens M, Bloch L, Stamp P, Streit B (2007) Legume
cover crops as living mulches for winter wheat: Components of
biomass and the control of weeds. Europ J Agronomy 26: 21-29

Hofmann RW, Swinny EE, Bloor SJ, Markham KR, Ryan KG,
Campbell BD, Jordan BR, Fountain DW (2000) Responses of nine
Trifolium repens L. populations to ultraviolet-B radiation: Differ-
ential flavonol glycoside accumulation and biomass production.
Ann Bot 86: 527-537

Hofmann RW, Campbell BD, Bloor SJ, Swinny EE, Markham KR,
Ryan KG, Fountain DW (2003) Responses to UV-B radiation in
Trifolium repens L. - physiological links to plant productivity and
water availability. Plant, Cell Environ 26: 603-612

Horber E, Leath KT, Berrang B, Marcarian V, Hanson CH (1974) Bi-
ological activities of saponin components from Dupuits and La-
hontan alfalfa. Entomol Exp Appl 17: 410-424

Horrill JC, Richards AJ (1986) Differential grazing by the mollusc
Arion hortensis Fér. on cyanogenic and acyanogenic seedlings of
the white clover, Trifolium repens L. Heredity 56: 277-281

Hoveland CS (1964) Germination and seedling vigor of clovers as af-
fected by grass root extracts. Crop Sci 4:211-213

Howlett WP, Brubaker GR, Mlingi N, Rosling H (1990) Konzo. An
epidemic upper motor neuron disease studied in Tanzania. Brain
113:223-235

Hughes MA, Conn EE (1976) Cyanoglucoside biosynthesis in white
clover (Trifolium repens). Phytochemistry 15: 697-701

Hughes MA (1991) The cyanogenic polymorphism in Trifolium repens
L. (white clover). Heredity 66: 105-115

Hur HG, Rafii F (2000) Biotransformation of the isoflavonoids bi-
ochanin A, formononetin, and glycitein by Eubacterium limosum.
FEMS Microbiol Lett 192: 21-25

Inderjit, Keating KI (1999) Allelopathy: Principles, procedures, pro-
cesses, and promises for biological control. Adv Agron 67: 141-231

Ingham JL (1973) Disease resistance in higher plants. The concept of
pre-infectional and post-infectional resistance. Phytopath Z 78:
314-335



168 S. C. K. Carlsen and I. S. Fomsgaard

Ingham JL (1978) Isoflavonoid and stilbene phytoalexins of the genus
Trifolium. Biochem Syst Ecol 6: 217-223

Ingham JL (1982) Phytoalexins from the Leguminosae, in: Bailey JA,
Mansfield JW (Eds.), Phytoalexins. Blackie, Glasgow and London,
pp- 21-80.

Joannou GE, Kelly GE, Reeder AY, Waring M, Nelson, C (1995) A
urinary profile study of dietary phytoestrogens. The identification
and mode of metabolism of new isoflavonoids. J Steroid Biochem
Mol Biol 54: 167-184

Johnson SN, Gregory PJ, Greenham JR, Zhang X, Murray PJ (2005)
Attractive properties of an isoflavonoid found in white clover root
nodules on the clover root weevil. J Chem Ecol 31: 2223-2229

Jones DA (1972) Cyanogenic glycosides and their function, in: Har-
borne, JB (Ed.), Phytochemical Ecology. Academic Press, London
and New York, pp. 103-124.

Jones WT, Broadhurst RB, Lyttleton JW (1976) The condensed tannins
of pasture legume species. Phytochemistry 15: 1407-1409

Jurzysta M, Burda S, Zurek J, Ploszynski M (1988) Wystepowanie i-
zoflawonéw w krajowych gatunkach koniczyny. Acta Agrobot 41:
77-90

Keen NT, Kennedy BW (1974) Hydroxyphaseollin and related isofl-
avonoids in the hypersensitive resistance reaction of soybeans to
Pseudomonas glycinea. Physiol Plant Pathol 4: 173-185

Kingsbury JM (1964) Poisonous Plants of the United States and Can-
ada. Prentice-Hall, Inc., Englewood Cliffs, New Jersey.

Klus K, Borger-Papendorf G, Barz W (1993) Formation of 6,7,4’-tri-
hydroxyisoflavone (factor 2) from soybean seed isoflavones by
bacteria isolated from tempe. Phytochemistry 34: 979-981

Klus K, Barz W (1995) Formation of polyhydroxylated isoflavones
from the soybean seed isoflavones daidzein and glycitein by bac-
teria isolated from tempe. Arch Microbiol 164: 428434

Klus K, Barz W (1998) Formation of polyhydroxylated isoflavones
from the isoflavones genistein and biochanin A by bacteria isolated
from tempe. Phytochemistry 47: 1045-1048

Koeppe DE, Miller RJ (1974) Kaempferol inhibitions of corn mitoc-
hondrial phosphorylation. Plant Physiol 54: 374-378

Konishi Y (2005) Transepithelial transport of microbial metabolites of
quercetin in intestinal Caco-2 cell monolayers. J Agric Food Chem
53:601-607

Kooistra G (1964) Wortelconcurrentie tussen witte klaver en raaigras.
Landbouwkundig Tijdschrift 76: 422428

Kraft B, Barz W (1985) Degradation of the isoflavone biochanin A and
its glucoside conjugates by Ascochyta rabiei. Appl Environ Mi-
crobiol 50: 45-48

Kraft B, Schwenen L, Stockl D, Barz W (1987) Degradation of the
pterocarpan phytoalexin medicarpin by Ascochyta rabiei. Arch
Microbiol 147: 201-206

Kriamer RP,Hindorf H, Jha HC, Kallage J, Zilliken F (1984) Antifungal
activity of soybean and chickpea isoflavones and their reduced
derivatives. Phytochemistry 23(10): 22032205

Lehmann J, Meister E, Gutzwiller A, Jans F, Charles J-P, Blum J (1990)
Sollen stark blausdurehaltige Weisskleesorten in Gras-Weissklee-
Mischungen eingesetzt werden? Landwirtschaft Schweiz Band 3:
559-565

Lehmann J, Briner H, Schubiger F, Mosimann E (1995) Weisskleesor-
ten in Priifung. Agrarforschung 2(4): 133-135

Levin DA (1976) The chemical defences of plants to pathogens and
herbivores. Ann Rev Ecol Syst 7: 121-159

Li YG, Tanner G, Larkin P (1996) The DMACA-HCI protocol and the
threshold proanthocyanidin content for bloat safety in forage le-
gumes. J Sci Food Agric 70: 89-101

Livingston AL, Bickoff EM, Jurd L (1964a) Isolation of daphnoretin
from Ladino clover. J Agric Food Chem 12: 535-536

Livingston AL, Bickoff EM, Lundin RE, Jurd L (1964b) Trifoliol, a new
coumestan from ladino clover. Tetrahedron 20: 1963-1970

Livingston AL, Bickoff EM (1964) Identification of 3’,4’,7-trihydr-
oxyflavone in ladino clover. J Pharm Sci 53: 1557

Macfarlane MJ, Scott D, Jarvis P (1982) Allelopathic effects of white
clover. 2. Field investigations in tussock grasslands. N Z J Agric Res
25:511-518

CHEMOECOLOGY

Mackey D, Moore C, Moore N (2006) Clover. Nitrogen for the future.
Cafre, DARD, UK.

Maher EP, Hughes MA (1971) Short communication. Isolation of li-
namarin-lotaustralin from 7rifolium repens. Phytochemistry 10:
3005-3007

Masterson CL (1965) Studies of the toxicity of legume seeds towards
Rhizobium. Ann Inst Pasteur (Paris). 109, Suppl: 216-217.

Medlock KL, Branham WS, Sheehan DM (1995) Effects of coumestrol
and equol on the developing reproductive tract of the rat. Proc Soc
Exp Biol Med 208: 67-71

Miao VPW, Van Etten HD (1992a) Genetic analysis of the role of
phytoalexin detoxification in virulence of the fungus Nectria
haematococca on chickpea (Cicer arietinum). Appl Environ Mi-
crobiol 58: 809-814

Miao VPW, Van Etten HD (1992b) Three genes for metabolism of the
phytoalexin maackiain in the plant pathogen Nectria haematococ-
ca: Meiotic instability and relationship to a new gene for pisatin
demethylase. Appl Environ Microbiol 58: 801-808

Mila I, Scalbert A (1994) Tannin antimicrobial properties though iron
deprivation: A new hypothesis. Acta Hortic 381: 749-755

Moran EA (1954) Cyanogenic compounds in plants and their signifi-
cance in animal industry. Am J Vet Res 15: 171-176

Mglgaard P, Chihaka A, Lemmich E, Furu P, Windberg C, Ingerslev F,
Halling-Sgrensen, B (2000) Biodegradability of the molluscicidal
saponins of Phytolacca dodecandra. Regul Toxicol Pharmacol 32 :
248-255

Nair MG, Safir GR, Siqueira JO (1991) Isolation and Identification of
Vesicular-Arbuscular Mycorrhiza-Stimulatory Compounds from
Clover (Trifolium repens) Roots. Appl Environ Microbiol 57: 434 -
439

Nakatani M, Tajiri M, Kaga T, Fukami R, Takada Y, Hase T (1989) A
dihydroxycyclopentadienone and other constituents from the seeds
of Trifolium repens. Phytochemistry 28: 2499-2501

Nemec S (1976) Response of three root rot fungi to strawberry phen-
olics and the relation of phenolics to disease resistance. Myco-
pathologia 59(1): 37-40

Newman EI, Rovira AD (1975) Allelopathy among some British
grassland species. J Ecol 63: 727-737

Novikova TI (1994) Influence of natural phenols on Trifolium pratense
— Rhizobium trifolii symbiosis. Acta Hortic 381: 421-424

Ohno T, Doolan, K, Zibilske LM, Liebman M, Gallandt ER, Berube C
(2000) Phytotoxic effects of red clover amended soils on wild
mustard seedling growth. Agr Eco Env 78(2): 187-192

Olah AF, Sherwood RT (1973) Glycosidase activity and flavonoid ac-
cumulation in alfalfa infected by Ascochyta imperfecta. Phytopa-
thology 63: 739-742

Oleszek W (1993) Allelopathic potentials of alfalfa (Medicago sativa)
saponins: their relation to antifungal and hemolytic activities. J
Chem Ecol 19(6): 1063-1074

Oleszek W, Jurzysta M (1986) Isolation, chemical characterization and
biological activity of red clover (Trifolium pratense L.) root sapo-
nins. Acta Soc Bot Pol 55(2): 247-252

Oleszek W, Marston A (Eds) (2000) Saponins in Food, Feedstuffs and
Medicinal Plants. Culinary and Hospitality Industry Publication
Services, Texas. Oleszek W, Stochmal A (2002) Triterpene saponins
and flavonoids in the seeds of Trifolium species. Phytochemistry 61:
165-170

Olthof MR, Hollman PCH, Buijsman MNCP, van Amelsvoort JMM,
Katan MB (2003) Chlorogenic acid, quercetin-3-rutinoside and
black tea phenols are extensively metabolized in humans. J Nutr
133:1806-1814

Ozan A, Safir GR, Nair MG (1997) Persistence of isoflavones formo-
nonetin and biochanin A in soil and their effects on soil microbe
populations. J Chem Ecol 23(2): 247-258

Park SH, Choi CW, Lee K-S, Kim C-J (1998) Influence of quercetin, a
bioflavonoid, on the toxicity of copper to Fusarium culmorum. Lett
Appl Micro 26: 363-366

Parvez MM, Tomita-Yokotani K, Fujii Y, Konishi T, Iwashina T (2004)
Effects of quercetin and its seven derivatives on the growth of
Arabidopsis thaliana and Neurospora crassa. Biochem Syst Ecol
32:631-635



Vol. 18, 2008

Paszkowski WL, Kremer RJ (1988) Biological activity and tentative
identification of flavonoid components in velvetleaf (Abutilon
theophrasti Medik.) seed coats. ] Chem Ecol 14(7): 1573-1582

Patel TR, Hameed N, Martin AM (1990) Initial steps of phloroglucinol
metabolism in Penicillium simplicissimum. Arch Microbiol 153:
438-443

Pederson GA (1985) Allelopathic effects of tall fescue on germination
and seedling growth of white clover genotypes. Int. Grassland
Congress 15: 323-324

Perrin DR, Cruikshank TAM (1969) The antifungal activity of ptero-
carpans towards Monilinia fructicola. Phytochemistry 8: 971-978

Pettersson H, Holmberg T, Kiessling K-H, Rutqvist L (1984) Vixto-
strogener i foder och reproduktionsstorningar hos idisslare. Svensk
Veterindrtidning 36: 677-683

Pillai BV, Swarup S (2002) Elucidation of the flavonoid catabolism
pathway in Pseudomonas putida PML2 by comparative metabolic
profiling. Appl Environ Microbiol 68: 143-151

Ponce MA, Scervino JM, Erra-Balsells R, Ocampo JA, Godeas AM
(2004) Flavonoids from shoots and roots of Trifolium repens (white
clover) grown in presence or absence of the abuscular mycorrhizal
fungus Glomus intraradices. Phytochemistry 65: 1925-1930

Popovici G, Reznik H (1976) The effect of some flavonoids on the
protoplasmic streaming in oat (Avena Sativa) root hairs. Z Pflan-
zenphysiol 80: 417-425

Prati S, Baravelli V, Fabbri D, Schwarzinger C, Brandolini V, Maietti A,
Tedeschi P, Benvenuti S, Macchia M, Marotti I, Bonetti A, Catizone
P, Dinelli G (2007) Composition and content of seed flavonoids in
forage and grain legume crops. J Sep Sci 30: 491-501

Price KR, Fenwick GR (1985) Naturally occurring oestrogens in foods
—areview. Food Addit Contam 2: 73-106

Prieto MA, Diaz E, Garcia JL (1996) Molecular characterization of the
4-hydroxyphenylacetate catabolic pathway of Escherichia coli W:
Engineering a mobile aromatic degradative cluster. J Bacteriol
178:111-120

Pueppke SG, Bolafios-Vasquez MC, Werner D, Bec-Ferté M-P, Promé
J-C, Krishnan HB (1998) Release of flavonoids by the soybean
cultivars McCall and Peking and their perception as signals by the
nitrogen-fixing symbiont Sinorhizobium fredii. Plant Physiol 117:
599-608

Raffaelli D, Mordue AJ (1990) The relative impotance of molluscs and
insects as selective grazers of acyanogenic white clover (Trifolium
repens). J Molluscan Stud 56: 37-46

Rao JR, Cooper JE (1994) Rhizobia catabolize nod gene-inducing
flavonoids via C-ring fission mechanisms. J Bacteriol 176: 5409—
5413

Rao AV, Gurfinkel DM (2000) Dietary saponins and human health, in:
Oleszek W, Marston A. (Eds.), Saponins in Food, Feedstuffs and
Medicinal Plants. Kluwer Academic, Dordrecht, the Nederlands,
pp- 255-270

Rechner AR, Kuhnle G, Bremner P, Hubbard GP, Moore KP, Rice-
Evans CA (2002) The metabolic fate of dietary polyphenols in
humans. Free Radic Biol Med 33: 220-235

Rechner AR, Smith MA, Kuhnle G, Gibson GR, Debnam ES, Srai SKS,
Moore KP, Rice-Evans CA (2004) Colonic metabolism of dietary
polyphenols: influence of structure on microbial fermentation
products. Free Rad Biol Med 36: 212-225

Reeves T, Ellington A, Brooke HD (1984) Effects of lupin-wheat ro-
tations on soil fertility, crop disease and crop yields. Aust J Exp
Agric Anim Husb 24 Rijke E de, Zappey H, Ariese F, Gooijer C,
Brinkman UAT (2004) Flavonoids in leguminosae: analysis of ex-
tracts of T. pratense L., T. dubium L., T. repens L., and L. corni-
culatus L. leaves using liquid chromatography with UV, mass
spectrometic and fluorescence detection. Anal Bioanal Chem 378:
995-1006

Rosling H (1987) Cassava toxicity and food security. Tryck Kontakt:
Uppsala, Sweden. Saba N, Drane HM, Herbert CN, Holdsworth
RJ, 1974. Seasonal variation in oestrogenic activity, coumestrol and
formononetin content of white clover. J Agric Sci 83: 505-510

Sachse J (1974) Die Bestimmung 6strogener Isoflavone und Cuméstrol
in Klee (7rifolium pratense L. und Trifolium repens L.). J Chro-
matogr A 96: 123-136

Biologically active secondary metabolites in white clover (7rifolium repens L.) 169

Sakamoto S, Kofuji S, Kuroyanagi M, Ueno A, Sekita S (1992) Saponins
from Trifolium repens. Phytochemistry 31: 1773-1777

Saloniemi H, Kallela K, Saastamoinen I (1993) Study of the phytoes-
trogen content of goat’s rue (Galega orientalis), alfalfa (Medicago
sativa) and white clover (Trifolium repens). Agric Sci Finland 2:
517-524

Saloniemi H, Wéhild K, Nykénen-Kurki P, Kallela K, Saastamoinen I
(1995) Phytoestrogen content and estrogenic effect of legume
fodder. Proc Soc Exp Biol Med 208: 13-17

Saxena VK, Jain AK (1986) Genistein 7-(2”’-p-coumaroylglucoside)
from Trifolium repens. Phytochemistry 25: 2687-2688

Saxena VK, Jain AK (1989) A new acetylated isoflavone glycoside from
Trifolium repens. Fitoterapia 60: 85

Scalbert A (1991) Antimicrobial properties of tannins. Phytochemistry
30:3875-3883

Scervino JM, Ponce MA, Erra-Balsells R, Vierheilig H, Ocampo JA,
Godeas A (2005a) Flavonoids exclusively present in mycorrhizal
roots of white clover exhibit a different effect on arbuscular my-
corrhizal fungi than flavonoids exclusively present in non-myco-
rhizal roots of white clover. J Plant Interact 1: 15-22

Scervino JM, Ponce MA, Erra-Balsells R, Vierheilig H, Ocampo JA,
Godeas A (2005b) Flavonoids exhibit fungal species and genus
specific effects on the presymbiotic growth of Gigaspora and
Glomus Mycol Res 7: 789-794

SchittkoU, Burghardt F, Fiedler K, Wray V, Proksch P (1999) Seques-
tration and distribution of flavonoids in the common blue butterfly
Polyommatus icarus reared on Trifolium repens. Phytochem 51:
609-614

Schlieper D, Komossa D, Barz B (1984) Degradation of the isoflavone
biochanin A-7-O-glucoside-6"’O-malonate and phenylacetic Acids
by Fusarium javanicum. Z Naturfors 39c: 882—887

Schneider H, Schwiertz A, Collins M D, Blaut M (1999) Anaerobic
transformation of quercetin-3-glucoside by bacteria from the
human intestinal tract. Arch Microbiol 171: 81-91

Schneider H, Blaut M (2000) Anaerobic degradation of flavonoids by
Eubacterium ramulus. Arch Microbiol 173: 71-75

Scott D (1975) Allelopathic interactions of resident tussock grassland
species on germination of oversown seed. J Exp Agric 3: 135-141

Shimada N, Akashi T, Aoki T, Ayabe S (2000) Induction of isoflavonoid
pathway in the model legume Lotus japonicus: Molecular charac-
terization of enzymes involved in phytoalexin biosynthesis. Plant
Sci 160: 37-47

Shutt DA, Braden AWH (1968) The significance of equol in relation to
the oestrogenic responses in sheep ingesting clover with a high
formononetin content. Aust J Agric Res 19: 545-553

Shutt DA, Cox RI (1972) Steroid and phyto-oestrogen binding to sheep
uterine receptors in vitro. J Endocrinol 52: 299-310

Shutt DA (1976) The effects of plant oestrogens on animal reproduc-
tion. Endeavour 35: 110-113

Simpson FJ, Narasimhachari N, Westlake DWS (1962) Degradation of
rutin by Aspergillus flavus. The carbon monoxide producing sys-
tem. Can J Microbiol 9: 15-25

Singleton VL, Kratzer FH (1973) Plant phenolics, in: Fa.N.B.N.R.C.
Committee on Food Protection (Ed.), Toxicants Occurring Natu-
rally in Foods. National Academy of Sciences, Washington, D.C,
pp. 309-345

Siqueira JO, Safir GR, Nair MG (1991a) Stimulation of vesicular-ar-
buscular mycorrhiza formation and growth of white clover by
flavonoid compounds. New Phytol 118: 87-93

Siqueira JO, Nair MG, Hammerschmidt R, Safir GR (1991b) Signifi-
cance of phenolic compounds in plant-soil-microbial systems. Crit
Rev Plant Sci 10: 63-121

Sivakumaran S, Meagher LP, Foo LY, Lane GA, Fraser K, Rumball W
(2004) Floral Procyanidins of the Forage Legume Red Clover
(Trifolium pratense L.) J Agric Food Chem 52: 1581-1585

Soby S, Caldera S, Bates R, Van Etten H (1996) Detoxification of the
phytoalexins maackiain and medicarpin by fungal pathogens of
alfalfa. Phytochemistry 41: 759-765

Sgegaard K, Mgller K, Elmholt S, Kjeldsen JB (2004) Klgvertrathed.
Grgn Viden, Markbrug 305: 1-12



170 S. C. K. Carlsen and I. S. Fomsgaard

Stenlid G (1970) Flavonoids as inhibitors of the formation of adenosine
thriphosphate in plant mitochondria. Phytochem 9:2251-2256

Stevenson F, vanKessel C (1996) The nitrogen and non-nitrogen rota-
tion benefits of pea to succeeding crops. Canadian Journal of Plant
Science 76: 735745

Stochmal A, Oleszek W (1994) Determination of cyanogenic gluco-
sides in white clover (Trifolium repens L.) by high performance
liquid chromatography. Phytochem Anal 5: 271-272

Stochmal A, Oleszek W (1995) Zastosowanie chromatografii cieczowej
do oznaczania glukozydéw cyjanogennych w roslinach krajowych
odmian koniczyny bialej (Trifolium repens L.). Pamietnik Pulawski
Prace IUNG 106: 119-130

Stochmal A, Oleszek W (1997) Changes of cyanogenic glucosides in
white clover (Trifolium repens L.) during the growing season. J
Agric Food Chem 45: 4333-4336

Stockdale CR (1994) Incidence of bloat in lactating dairy cows fed
clover-dominant herbage and mais silage. Proc Aust Soc Anim
Prod 20:214-216

Stockdale CR, Dellow DW (1995) The productivity of lactating dairy
cows grazing white clover and supplemented with maize silage.
Aust J Agric Res 46: 1205-1217

Sundaresan P, Ubalthoose Raja N, Gunasekaran P (1993) Induction
and accumulation of phytoalexins in cowpea roots infected with a
mycorrhizal fungus Glomus fasciculatum and their resistance to
Fusarium wilt disease. J Biosci 18: 291-301

Tapper BA, Reay PF (1973) Cyanogenic glycosides and glucosinolates
(mustard oil glucosides), in: Butler GW, Bailey, RW (Eds.)
Chemistry and Biochemistry of Herbage. Academic, New York,
pp- 447-476

Tava A, Annicchiarico P (2000) Spectrophotometer-aided evaluation
of cyanogenic potential in white clover (7rifolium repens L.).
Phytochem Anal 11: 169-173

Todd GW, Getahun A, Cress DC (1971) Resistance in barley to the
greenbug, Schizaphis graminum.1. Toxicity of phenolic and
flavonoid compounds and related substances. Ann Entomol Soc
Am 64:718-722

Tolleson WH, Doerge DR, Churchwell MI, Marques MM, Roberts DW
(2002) Metabolism of biochanin A and formononetin by human
liver microsomes in vitro. J Agric Food Chem 50: 4783-4790

Understrup AG, Ravnskov S, Hansen HCB, Fomsgaard IS (2005)
Biotransformation of 2-benzoxazolinone to 2-amino-phenoxazin-
3-one and 2-acetylamino-phenoxazin-3-one in soil. ] Chem Ecol
31:1205-1222

Van Etten HD, Pueppke SG (1976) Isoflavonoid phytoalexins, in:
Friend, J., Threlfall D.R. (Eds.), Biochemical Aspects of Plant-
Parasite Relationships. Academic Press, London, New York,
pp. 239-289

Van Etten HD (1976) Antifungal activity of pterocarpans and other
selected isoflavonoids. Phytochemistry 15: 655-659

Vetter J (1995) Isoflavones in different parts of common Trifolium
species. J Agric Food Chem 43: 106—108

Vickery PJ, Wheeler JL, Mulcahy C (1987) Factors affecting the hy-
drogen cyanide potential of white clover (Trifolium repens L.).
Aust. J Agric Res 38: 1053-1059

Viette M, Tettamanti C, Saucy F (2000) Preference for acyanogenic
white clover (Trifolium repens) in the Vole Arvicola terrestris. T1.
Generalization and further investigations. J Chem Ecol 26: 101 -
122

Virtanen Al Hietala PK (1958) Isolation of an anti-sclerotinia factor, 7-
hydroxy-4’-methoxyisoflavone from red clover. Acta Chem Scand
12: 579-580

Weidenborner M, Hindorf H, Jha HC, Tsotsonos P, Egge H (1990)
Antifungal activity of isoflavonoids in different reduced stages on
Rhizoctonia solani and Sclerotium rolfsii. Phytochemistry 29: 801 —
803

Received 22 July 2007; accepted 23 January 2008
Published Online First 7 March 2008

CHEMOECOLOGY

Weidenborner M, Jha HC (1994) Antifungal activity of flavonoids in
relation to degree of hydroxylation, methoxylation and glycosida-
tion. Acta Hortic 381: 702—-709

Weltring K-M, Mackenbrock K, Barz W (1982) Demethylation,
methylation and 3’-hydroxylation of isoflavones by Fusarium fungi.
Z Naturfors 37: 570-574

Weltring K-M, Barz W, Dewick PM (1983) Degradation of the phy-
toalexin medicarpin by Fusarium oxysporum f.sp. lycopersici.
Phytochemistry 22: 2883 -2884

Westlake DWS, Talbot G, Blakley ER, Simpson FJ (1959) Microbial
decomposition of rutin. Can J Microbiol 5: 621-629

Westlake DWS, Roxburgh JM, Talbot G (1961) Microbial production
of carbon monoxide from flavonoids. Nature 189: 510-511

Westley J (1988) Mammalian cyanide detoxification with sulphane
sulphur, in: Evered D, Harnett S, Chichester W (Eds.), Cyanide
Compounds in Biology. John Wiley & Sons, Chichester, New York,
Brisbane, Toronto, Singapore, pp. 201-218.

Wheeler JL, Vickery PJ (1989) Variation in HCN potential among
cultivars of white clover (Trifolium repens). Grass Forage Sci 44:
107-109

Widmer TL (2000) Mechanisms of suppression of Meloidogyne hapla
and its damage by a green manure of sudan grass. Plant Dis 84, 562 —
568

Widmer TL, Abawi GS (2002) Relationship between levels of cyanide
in sudangrass hybrids incorporated into soil and suppression of
Meloidogyne hapla. J. Nematol. 34, 16-22

Widmer TL, Abawi, GS (1998) Management of nematodes by the use
of cover crops and their incorporation as green manures, in:
Sharma SB, Johansen C, Midha SK (Eds.), Nematode pests in rice-
wheat-legume cropping systems: proceedings of a Regional
Training Course, 1-5 September 1997, CCS Haryana. Agricultural
University, Hisar, Haryana, India: Rice-Wheat Consortium Paper
Series 4. New Delhi, India: Rice-Wheat Consortium for the Indo-
Gangetic Plains.

Winter J, Moore LH, Dowell Jr VR, Bokkenheuser VD (1989) C-ring
cleavage of flavonoids by human intestinal bacteria. Appl Environ
Microbiol 55: 1203-1208

Willeke U, Weltring KM, Barz W, Van Etten HD (1983). Degradation
of the isoflavone biochanin A by isolates of Nectria haematococca
(Furarium solani). Phytochemistry 22: 1539—1541

Wolters B (1968) Saponine als pflanzliche Pilzabwehrstoffe. Zur anti-
biotischen Wirkung von Saponinen. III. Planta 79: 77-83

Wong E, Latch GCM (1971a) Leguminosae. Coumestans in diseased
white clover. Phytochemistry 10: 466468

Wong E, Latch GCM (1971b) Effect of fungal diseases on phenolic
contents of white clover. N Z J Agric Res 14: 633-638

Wong E, Flux DS, Latch GCM (1971) The oestrogenic activity of white
clover (Trifolium repens L.). N Z J Agric Res 14: 639-645

Woodward MD (1981a) Differentiation of dihydroxy-monomethoxyi-
soflavones by gas chromatography-mass spectroscopy. Phyto-
chemistry 20: 532-534

Woodward MD (1981b) Identification of the biosynthetic precursors of
medicarpin in inoculation droplets on white clover. Physiol Plant
Pathol 18:33-39

Wu Q, Wang M, Simon JE (2003) Determination of isoflavones in red
clover and related species by high-performance liquid chroma-
tography combined with ultraviolet and mass spectrometric de-
tection. J] Chromatogr A 1016: 195-209

Wyss P, Boller T, Wiemken A (1991) Phytoalexin response is elicited by
a pathogen (Rhizoctonia solani) but not by a mycorrhizal fungus
(Glomus mosseae) in soybean roots. Experientia 47: 395-399

Young H, Paterson VJ (1980) Condensed tannins from white clover
seed diffusate. Phytochemistry 19: 159-160



