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Abstract The allelopathic potency of rye (Secale cereale L.)
is due mainly to the presence of phytotoxic benzoxazinones—
compounds whose biosynthesis is developmentally regulated,
with the highest accumulation in young tissue and a depen-
dency on cultivar and environmental influences. Benzoxazi-
nones can be released from residues of greenhouse-grown rye
at levels between 12 and 20 kg/ha, with lower amounts
exuded by living plants. In soil, benzoxazinones are subject
to a cascade of transformation reactions, and levels in the
range 0.5–5 kg/ha have been reported. Starting with the accu-
mulation of less toxic benzoxazolinones, the transformation
reactions in soil primarily lead to the production of phenox-
azinones, acetamides, and malonamic acids. These reactions
are associated with microbial activity in the soil. In addition to
benzoxazinones, benzoxazolin-2(3H)-one (BOA) has been
investigated for phytotoxic effects in weeds and crops. Expo-
sure to BOA affects transcriptome, proteome, and metabo-
lome patterns of the seedlings, inhibits germination and
growth, and can induce death of sensitive species. Differences
in the sensitivity of cultivars and ecotypes are due to different
species-dependent strategies that have evolved to cope with

BOA. These strategies include the rapid activation of detoxi-
fication reactions and extrusion of detoxified compounds. In
contrast to sensitive ecotypes, tolerant ecotypes are less af-
fected by exposure to BOA. Like the original compounds
BOA and MBOA, all exuded detoxification products are
converted to phenoxazinones, which can be degraded by
several specialized fungi via the Fenton reaction. Because of
their selectivity, specific activity, and presumably limited per-
sistence in the soil, benzoxazinoids or rye residues are suitable
means for weed control. In fact, rye is one of the best cool
season cover crops and widely used because of its excellent
weed suppressive potential. Breeding of benzoxazinoid resis-
tant crops and of rye with high benzoxazinoid contents, as
well as a better understanding of the soil persistence of phe-
noxazinones, of the weed resistance against benzoxazinoids,
and of how allelopathic interactions are influenced by cultural
practices, would provide the means to include allelopathic rye
varieties in organic cropping systems for weed control.

Keywords Rye (Secale cereale L.) allelopathy .

Benzoxazinoids . Phenoxazinones . Detoxification .

Biodegradable allelochemicals . Organic farming . Soil
persistence . Sustainable weed control

Introduction

Secale cereale L. grew first as a weed in wheat and barley
fields until it became a crop on its own about 2,000 years
ago. Although the direct genetic origin is uncertain, Secale
montanum (native to Southern Europe) or S. anatolicum
(native to Anatolia) are believed to be ancestors of Secale
cereale (Chikmawati et al., 2005). Today, rye is used as a
grain, forage, green manure crop or for hay, as a cover crop
to reduce soil erosion and for retention of soil nitrates
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mainly in Europe, North America, and Northern Asia. The
plant can grow on poor and acid soils, has a higher frost and
drought resistance than wheat, and is therefore particularly
suitable for cropping in mountain or infertile areas (Clark,
2007). During the last decades, the use of rye as a cover crop
or mulch for allelopathic weed control, e.g., in maize, cot-
ton, and soybean fields, has gained importance (Barnes and
Putman, 1983; de Bruin et al., 2005). In this review, we
focus on the main secondary compounds that function as
allelochemicals/bioherbicides, the fate of these molecules in
the environment, as it is known so far, and the ability of rye
to reduce weed growth in organic farming. We also focus on
the resistance response of some weeds to these compounds,
since this ability may limit the use of rye residues as a
suitable tool of weed control.

Major Secondary Compounds and Allelochemicals

Major secondary products of Secale cereale are phenylpropa-
noids, particularly ferulic acids, such as 2-(E)-0-feruloylglu-
conic acid in primary leaves or ferulic acid dehydrodimers,
p-coumaric and sinapic acids in kernels (Strack et al., 1986;
Wojcik-Wojtkowiak et al., 1990; Andreasen et al., 2000).
Several flavonoids are present in young rye leaves. In addition
to cyanidine glycosides, isovitexine 2″-O-glycosides,
apigenine-glycosides, and luteoline-0-glucuronides are found
in primary leaves (Strack et al., 1982; Dellamonica et al., 1983;
Schulz et al., 1985; Schulz and Weissenböck, 1987, 1988).
Whereas p-coumaric acid, ferulic acid, and two isovitexine-
glycosides accumulate in the adaxial and abaxial epidermis,
the mesophyll contains the two luteoline-glucuronides. The
most important secondary products are glucosylated benzox-
azinones (BX), 2,4-dihydroxy-2H-1,4-benzoxazin-3(4H)-one
(DIBOA glucoside) in the shoots and 2,4-dihydroxy-7-
methoxy-2H-1,4-benzoxazin-3(4H)-one (DIMBOA gluco-
side) in the roots (Copaja et al., 2006). They occur together
with the aglucones and their degradation products, the benzox-
azolinones BOA and MBOA (BXL), (Table 1). The discovery
of natural benzoxazinones started from the observation that rye
plants exhibited a higher resistance against pathogenic fungi.
Thus, the first identified plant benzoxazinoids were from rye
(Virtanen and Hietala, 1960; Hofman and Hofmanova, 1969;
Barnes et al., 1987; Hartenstein and Sicker, 1994; Sicker and
Schulz, 2002; Finney et al., 2005; Niemeyer, 2009). The
aglycones and their derivatives are mainly responsible for the
phytotoxic effects of rye residues, but they may act in concert
with other compounds, such as ferulic acid and related com-
pounds, luteoline glucuronides, β-phenyllactic acid, and β-
hydroxybutyric acid (Shilling et al., 1985). Allelopathic effects
of luteoline glucuronides and ferulic acid have been described
by Booker et al. (1992) and Beninger and Hall (2005), but
these compounds are less toxic thanDIBOA and BOA. Tissues

of young rye plants have the highest concentration of simple
phenolic allelochemicals. However, from results of bioas-
says, it was concluded that these phenolics cannot be the
major compounds responsible for growth inhibition. A
strong participation of BOA and DIBOA was assumed
(Wojcik-Wojtkowiak et al., 1990). The studies of Barnes
and Putnam (1983, 1986), Shilling et al. (1985), Barnes et
al. (1987), Burgos et al. (1999), and the groups of N.M.
Niemeyer and L. A. Weston also verified DIBOA and the
much more stable BOA as the major phytotoxic com-
pounds in rye (Queirolo et al., 1981; Niemeyer et al.,
1982; Niemeyer, 1988, 2009; Mwaja et al., 1995; Weston,
1996; Weston and Duke, 2003).

BX-Genes and Biosynthesis

Benzoxazinoids are characteristic secondary compounds not
only of rye but also of several other species of the Poaceae,
such as maize, triticale, and wheat, and of some dicot
species belonging to the Acanthaceae, Scrophulariaceae,
and Lamiaceae. Within the Ranuculaceae, only Consolida
orientalis contains these compounds (Sicker et al., 2000;
Sicker and Schulz, 2002; Schullehner et al., 2008; Frey et
al., 2009; Bertholdsson et al., 2012). Benzoxazinoids do not
occur in Sorghum or rice, which produce other highly active
allelochemicals (see reviews of Kato-Noguchi and Peters,
2013; Weston et al., 2013). The biosynthesis has been inves-
tigated in maize (Frey et al., 1997, 2003, 2009; Glawischnig

Table 1 Compounds/allelochemicals found in young rye plants

Compound Reference

p-Hydroxybenzoic acid Wojcik-Wojtkowiak et al., 1990

Protocatechuic acid Wojcik-Wojtkowiak et al., 1990

Gallic acid Wojcik-Wojtkowiak et al., 1990

Vanillic acid Wojcik-Wojtkowiak et al., 1990

Syringic acid Wojcik-Wojtkowiak et al., 1990

p-Coumaric acid Wojcik-Wojtkowiak et al., 1990

Ferulic acid/conjugates Strack et al., 1986

Cyanidin glycosides Strack et al., 1982

Apigenin-glycosides Strack et al., 1982

Isovitexin glucosides Dellamonica et al., 1983

Luteolin glucuronides Schulz et al., 1985; Schulz and
Weissenböck, 1987; 1988

DIBOA (glucoside) Barnes et al., 1987; Hietala and
Virtanen, 1960; Hartenstein
and Sicker, 1994

DIMBOA (glucoside) Hofman and Hofmanova, 1969;
Copaja et al., 2006

Benzoxazolinones BOA Barnes et al., 1987

β-Phenyllactic acid Shilling et al., 1985

β-Hydroxybutric acid Shilling et al., 1985
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et al., 1999; von Rad et al., 2001; Jonczyk et al., 2008;
Schullehner et al., 2008; Dick et al., 2012). Following the
synthesis of indole by BENZOXAZINELESS1 BX1, four
cytochrome P450 monooxygenases (BX2-BX5) complete
the formation of the benzoxazinone (DIBOA) molecule.
DIBOA is subsequently glucosylated at the 2-position by
specific glucosyltransferase(s), (Dick et al., 2012). Two ho-
mologous glucosyltransferase genes, Bx8 and Bx9, have
been identified, and the resulting enzymes are both able to
glucosylate DIBOA. However, BX9 seems to be more im-
portant for detoxification than for biosynthesis. The pre-
ferred involvement in detoxification might originate from
adaptation during evolution. (von Rad et al., 2001; Schulz
et al., 2011,. unpublished). The product DIBOA-glucoside is
the precursor of DIMBOA-glucoside. The final steps of
DIMBOA-glc synthesis are catalyzed by dioxygenase BX6
and methyltransferase BX7. Whereas BX1 is located in the
plastids, BX2, BX3, BX4, and BX5 are associated with
microsomes, BX8, BX9, BX6, and BX7 are cytosolic
enzymes. The glucosylated end products are stored in the
vacuoles of cells in young tissues of roots and leaves. In rye,
the subcelluar localization of the enzymes has not been
investigated but is probably similar to that of maize.

In maize, BX8 is located in a cluster with the benzoxazinone
biosynthetic genes Bx1- Bx5 on chromosome 4, whereas BX9
is located at the short arm of chromosome 1. In rye, the ScBX1-
BX5 genes are dispersed to chromosomes 7R and 5R (Nomura
et al., 2003), but the glucosyltransferase gene ScGT is located
on chromosome 4R (Sue et al., 2011). Sue et al. (2011)
suggested that the biosynthesis is not necessarily dependent
on gene clustering. A similar situation was found with Triticum
aestivum. The specific plastid-localized β-glucosidases were
first isolated from maize (Cicek et al., 2000). The β-
glucosidase releases the bioactive aglucon DIBOA after tissue
damage and destruction of the cell compartments. A
corresponding rye gene is located at chromosome R2 (Sue et
al., 2011). Phylogenomics of the benzoxazinone biosynthesis
in Poaceae is not further described here, as it is beyond the
scope of this review. Moreover, two excellent articles which
cover this interesting topic were recently published by Dick et
al. (2012) and Dutartre et al. (2012).

BX-Gene Activities

All ScBX genes involved in the biosynthesis exhibit a high
expression during the seedling stage, whereas transcript
levels decline with further development (La Hovary, 2011;
Sue et al., 2011). This gene expression pattern is similar to
that found in maize (Frey et al., 1997, 2009; Ebisui et al.,
2001; Nomura et al., 2005) and matches the benzoxazinoid
accumulation. La Hovary (2011) found a significant in-
crease in BX content after wounding in immature, but not

in mature rye leaves. This was associated with a 3.5 fold
increase in ScBX1 and ScBX2 transcription. Methyl jasmo-
nate treatment also increased BX content in immature
leaves, but there was no corresponding increase in ScBX1
and ScBX2 transcripts.

An up-regulation of BX biosynthesis by pathogens
and herbivore attack has been reported in maize (Ahmad
et al., 2011; Glauser et al., 2011). Here, the increase in
BX accumulation was attributed to a highly increased
expression of Igl (indol-3-glycerolphosphate lyase gene),
and of BX1, although to a much lesser extent. Whereas
the expression of BX1 is developmentally regulated, Igl
expression is induced by herbivore feeding, wounding, or
methyl jasmonate treatment, and the Igl reaction results
in the release of the volatile indole (Frey et al., 2000,
2004). Currently, it is unknown whether rye possesses a
stress inducible IGL enzyme that could contribute to BX
biosynthesis.

Benzoxazinoid Content and Future Breeding Aims

There is increasing interest in breeding rye cultivars
with high allelopathic potential. Brooks et al. (2012)
investigated DIBOA contents in a synthetic population
of half-sib families at the flag leaf stage. They identified
low and high producers among the different genotypes.
They differed in the BOA and DIBOA content (from
0.52 to 1.15 mg/g dry tissue), and those with the high-
est content of benzoxazinoids were also most suppres-
sive on weeds. Another indication of heritability was
observed by Burgos et al. (1999).

Rye cultivars have been thoroughly investigated for
their BX contents during plant development. In Table 2,
the BX concentrations determined in shoot tissue of 17
rye cultivars are presented. Depending on the cultivar
and developmental stage, total BX contents range from
161 to 1,981 μgg−1 d.m. The highest amounts were
detected in 111 day old plants of the cultivars Aroostock,
Bonel, Wheeler, and Wrens Abruzi. All these cultivars
showed a 62–63 % reduction of the total BX content at later
growth stages (136 up to 240 days), (Burgos et al., 1999;
Weston and Duke, 2003; Reberg-Horton et al., 2005; Rice et
al., 2005; La Hovary, 2011; Sue et al., 2011). As mentioned
above, BX synthesis is generally highest in young tissue and
decreases during plant development. Since the shoot and root
biomasses of the plant increase during the entire vegetative
growth phase, the absolute BX content is highest in the
youngest tissues, and at the end of the growth phase, when
biomass production is maximal (La Hovary, 2011).

A number of studies have shown that the variable
capacity to suppress weeds can be explained in part by
the ability of the plants to secrete allelochemicals (Weih
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et al., 2008). These results may indicate a potential of
allelopathic traits for use as selection criteria in breeding
programs of cereals (Bertholdsson, 2010). Genetic and
molecular biological work on rye allelopathy or allelo-
chemicals includes initial studies on gene functions and
the identification of Quantitative Traits Loci (QTLs)
(Niemeyer and Jerez, 1997; Wu et al., 2003; Macías et
al., 2007; Dick et al., 2012). In cereals, little genetic
information is available on quantitative differences in
allelochemical production of cultivars with different al-
lelopathic activity (Belz, 2007). The identification of
QTLs for allelopathic functions represents a strategy to
enhance allelopathic activity in crops by using marker-
assisted selection.

Influence of Stress and Environmental Factors on BX
Contents

Aside from the genotype, the concentrations of BOA
and DIBOA depend on plant organ, plant age, on the
fertilization regime, and on environmental factors: tem-
perature, water supply, photoperiod, UV irradiation, and
light intensity, which have been reviewed thoroughly by
Niemeyer (2009).

Mwaja et al. (1995) grew Wheeler rye for 75 days at low,
medium, and high amounts of N, P, and K, whereas micro-
nutrients, S, Ca, and Mg were kept constant. Analyses of the
DIBOA and BOA contents in the dried shoot material
revealed a higher benzoxazinoid production under low and

Table 2 Age and Cultivar Dependent Bx Concentration In Shoot Tissue (selection)

Rye cultivar Sowing-harvest
(days)

DIBOA content
μg/g−1dm

BOA content
μg/g−1dm

Total BX
μg/g−1dm

Reference

Abruzzi 56 287 114 407 Rice et al., 2005

Abruzzi 190 108 96 208 Rice et al., 2005

Aroostook 111 1981 La Hovary, thesis 2011

Aroostook 136 542 La Hovary, thesis 2011

Bonel 104 ~1800 Reberg-Horton et al., 2005

Bonel 161 below 200 Reberg-Horton et al., 2005

Bonel 111 1960 La Hovary, thesis 2011

Bonel 136 554 La Hovary, thesis 2011

Born 121 177 n.d. 177 Tabaglio et al., 2008

Emerald 20 2.1 mmol/kg fr.w. Argandoña et al., 1980

Fasto 106 534 11 545 Tabaglio et al., 2008

Forestier 126 338 62 400 Tabaglio et al., 2008

Forrajero Baer seedlings 1300 (fr.w.) Peréz and Ormeño-Nuñez, 1991

Matador 121 329 n.d. 329 Tabaglio et al., 2008

NC unnamed 104 ~1500 Reberg-Horton et al., 2005

NC unnamed 161 ~0 Reberg-Horton et al., 2005

Nikita 121 286 1 287 Tabaglio et al., 2008

Primizia 107 283 114 397 Tabaglio et al., 2008

Protector 106 225 n.d. 225 Tabaglio et al., 2008

Tetra Baer seedlings 800 (fr.wt.) Peréz and Ormeño-Nuñez, 1991

Trevisio 121 266 n.d. 266 Tabaglio et al., 2008

Wheeler* 75 532.8 16.8 550 Mwaja et al., 1995

Wheeler 240 138 23.5 161 Mwaja et al., 1995

Wheeler 111 1922 La Hovary, thesis 2011

Wheeler 136 521 La Hovary, thesis 2011

Wheeler 104 ~1600 Reberg-Horton et al., 2005

Wheeler 161 below 100 Reberg-Horton et al., 2005

Wrens Abruzzi 111 1744 La Hovary, thesis 2011

Wrens Abruzzi 136 472 La Hovary, thesis 2011

Wrens Abruzzi 104 ~1000 Reberg-Horton et al., 2005

Wrens Abruzzi 161 ~0 Reberg-Horton et al., 2005
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medium fertilization regimes. Severe nitrogen deficiency,
however, reduced the benzoxazinoid content. In comparison
to 0 N regimes, application of 50 kgNha−1 led to an increase
of benzoxazinoid content by 41 % (Gavazzi et al., 2010).
Stress conditions do not only enhance benzoxazinoid con-
tent, but can induce shifts in the organ specific production of
the compounds (Collantes et al., 1999; Gianoli et al., 1999).
Stress due to defoliation led to an allocation of BX from
shoots to roots and root exudates. The molecular signals
necessary to initiate long distance transport of benzoxazi-
noids are not known at present.

Release of Benzoxazinoids

Benzoxazinoids are released passively from plant resi-
dues or actively by root exudation. Peréz and Ormeño-
Nuñez (1991) determined the DIBOA contents in root
exudates of two rye varieties. Tetra Baer released only
70 nmol DIBOA kg−1 fresh weight, but the cultivar
Forrajero Baer released 25 μmol DIBOA kg−1 fresh
weight. DIMBOA was detected in neither case. It is
not known if the two cultivars do not synthesize DIM-
BOA in the roots or if this compound is not exuded. In
maize, the mode of molecular transportation of BXs into
the apoplast of roots is presently under investigation
(Ahmad et al., 2011).

Evidence for cultivar-dependent differences in the com-
position and amount of BX in root exudates is emerging.
This aspect warrants further attention, not only because the
allelopathic activity of living rye plants is modified but also
because the interaction of the root and micro-organisms may
be affected by the BX concentration in the rhizosphere, as
described for maize and wheat (Saunders and Kohn, 2008;
Chen et al., 2010; Neal et al., 2012). The amounts of BX
released by rye residues are estimated to be between 12 and
about 20 kg/ha, depending on the date of plant death and the
cultivar (Argandoña et al., 1980; Barnes and Putnam, 1987;
Mwaja et al., 1995). The afore mentioned BX values were
estimated from greenhouse-grown rye, although the levels
derived from field-grown rye have been reported to be
between 0.5 and 5 kgha−1 (Barnes and Putnam, 1987;
Reberg-Horton et al., 2005).

Chemical Stability of Benzoxazinoids

The fate of the secondary metabolites after release/excretion
into the soil has recently become the focus of research
(Macías et al., 2006a; Jilani et al., 2008; Kong et al., 2008;
Tharayil, 2009; Zhang et al., 2010; Ehlers, 2011; Chen et al.,
2011; Cipollini et al., 2012). The interest in this research
area stems from the finding that the cyclic hydroxamic acids

with a (2H)-1,4-benzoxazin-3 (4H)-one skeleton are chem-
ically labile, and are prone to degradation to benzoxazoli-
nones. Furthermore, the transformation compounds, such as
2-aminophenoxazin-3-one, sometimes show a higher bioac-
tivity than the parent compounds (Gealy et al., 1996; Coja et
al., 2006; Bacon et al., 2007; Kato-Noguchi et al., 2010).
Thus, any study of the role of benzoxazinones in allelopath-
ic interactions should take into account the contribution of
degradation compounds to overall bioactivity.

Interestingly, both DIBOA and DIMBOA have been
found to be unstable in aqueous solutions (Bredenberg et
al., 1962; Woodward et al., 1978; Bravo and Niemeyer,
1985). Temperature and pH are two factors that determine
the kinetics of the degradation, with the influence of pH
being crucial. Thus, the half-life for chemical degradation of
DIBOA at 75 °C increases from 16 hr at pH 4 to 4.5 min at
pH 8 (Bredenberg et al., 1962). Similarly, the half life of
DIMBOA is 7 hr at 25 °C and pH 7.5, and about 20 hr at pH
6 (Woodward et al., 1978). This strong influence of pH is
related to deprotonation of the hydroxamic acid, a process
that is necessary to initiate the degradation (Bravo and
Niemeyer, 1985). Two different mechanisms have been
proposed for the transformation reactions (Fig. 1), although
it is difficult to postulate a completely satisfactory mecha-
nism. Studies carried out on soil-water suspension have
revealed similar results, with half-life values of 1 day and
30 min for DIBOA and DIMBOA, respectively (Macías et
al., 2004, 2005a). Based on these findings, the majority of
studies on activity and degradation of these allelochemicals
have been conducted on their immediate degradation prod-
ucts, the benzoxazolinones. In juice from injured maize
cells, the half life of DIMBOA is about 1 day (Woodward
et al., 1978), which demonstrates the biological relevance of
the degradation.

Microbial Activities and BX Transformation Products

BOA and MBOA are much more stable than DIBOA and
DIMBOA, and rapid degradation requires microbial activ-
ity. As an example, when MBOA was placed in a previ-
ously sterilized soil, the concentration did not change over
a period of 4 days (Macías et al., 2004). Identical results
were obtained when BOA was incubated in media with
Plectosporium tabacinum and Glioclaudium cibotii for
24 days (Zikmundova et al., 2002a), indicating that some
microorganisms require priming or are unable to start the
degradation process.

The degradation of BOA and MBOA has been exten-
sively studied. The first process seems to be the conver-
sion to the corresponding aminophenol (Niemeyer, 1988).
The role of 2-aminophenol as a key intermediate in the
degradation of BOA and the lactam HBOA has been
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confirmed through isotopic labeling experiments with
metabolic intermediates (Zikmundova et al., 2002a). Ami-
nophenols can be transformed mainly into three different
classes of compounds: aminophenoxazinones, acetamides,
and malonamic acids, (Fig. 2). These compounds were
identified when experiments were conducted with endo-
phytic fungi (Zikmundova et al., 2002a, b), and they are
produced by different species of fungi and bacteria (Friebe
et al., 1996, 1998; Yue et al., 1998). Subsequent N-oxi-
dation that led to 2-(N-hydroxy)acetylamino-phenoxazin-
3-one (NHAAPO) and finally to 2-(2-hydroxyacetyl)a-
mino-3H-phenoxazin-3-one (HAAPO) was also described
(Zikmundova et al., 2002a). It is worth noting that the
dimerization of aminophenols that gives rise to the
corresponding aminophenoxazin-3-one proceeds without
the intervention of microorganisms. Thus, oxidation of
aminophenol, mediated by oxygen in the air, produces
aminophenoxazinone (APO), which was first reported as
2,2′-oxo-1,1′-azonezene (AZOB) (Nair et al., 1990) and
corrected by Gagliardo and Chilton in 1992 to 2-amino-
3H-phenoxazin-3-one. Oxidation of aminophenol is a
commonly used procedure for the preparation of APO in
the laboratory (Macías et al., 2006b).

Fate of the Compounds in the Soil

During degradation in the soil, different metabolites accu-
mulate in a concentration and soil type dependent manner.
The differences can be related to the density and diversity of
microorganisms associated with the plant and those in the
soil (Hashimoto and Shudo, 1996; Grayston et al., 1998;
Glenn et al., 2001). Indeed, compounds released from plants
depend on the plant species, and can also influence the
micro flora associated with the root system. The microor-
ganisms may have different capacities to metabolize these
compounds. Another important aspect is the humidity of the
sample. Gagliardo and Chilton (1992) did not find any
transformation after the incubation of BOA in a sandy loam
soil, whereas the transformation was complete in 4 days in
liquid media.

Regarding the concentration, the biotransformation of
3 nmol BOA g−1 in soil was almost complete in the first
24 hr, and neither APO nor acetylaminophenoxazinone
(AAPO) were detected (Gents et al., 2005; Understrup et
al., 2005). The process was retarded at higher concentrations
in the same soil. At 3,000 nmolg−1 soil, the biotransforma-
tion was not complete after 30 days, and the maximum level
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Fig. 2 Transformation of aminophenols into three different classes of compounds: Aminophenoxazinones, acetamides and malonamic acids
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of APO was reached after 5 days, after which it decreased
with the appearance of AAPO. At 30,000 nmolg−1, soil
degradation was even slower, with BOA detected even after
90 days and a maximum concentration of APO achieved
after 50 days.

The biodegradation of DIBOA-Glc, DIBOA, and BOA
also was carried out in a soil in which wheat varieties had
previously been cultivated (Macías et al., 2005a). Concen-
trations between 0.25 and 5 mg were used. The complete set
of compounds from the pathway of DIBOA-Glc to APO
was observed, but AAPO could not be detected. Conversion
of BOAwas close to 99 % after 10 days at 2 mgg−1 soil, and
this decreased with concentration. Under these conditions,
the APO concentration persists without significant variation
after 90 days. This suggests that during the degradation
process the concentrations of APO become toxic to the
associated microorganisms, thus preventing subsequent bio-
transformation. APO is toxic to a number of organisms,
including bacteria and fungi. Similar results were obtained
when the same amounts of DIMBOA and MBOA were
subjected to degradation in the same soils (Macías et al.,
2004). A significant influence between dose and degrada-
tion was observed, with a maximum conversion rate at the
lowest concentration. Once again, transformation of the
aminophenoxazinone AAPO was not detected after 90 days.

The incorporation of wheat and rye shoots into the soil is
a common practice in crop rotation (see below for more
details). The study of Krogh et al. (2006) provided informa-
tion about the dynamic pattern of biologically active ben-
zoxazinone derivatives in soil after the incorporation of
wheat and rye shoots. The highest concentrations of most
of the compounds were measured at day 1 after incorpora-
tion. A maximum concentration was reached at day 4 for a
few of the compounds.

In the wheat experiments, MBOA, HMBOA, and HBOA
were detected, but phenoxazinones were not observed. The
degradation pattern for the rye system was more complex. In
the first 2 days of incubation, MBOA and 2,4-DIBOAwere
detected as the main allelochemicals, along with HBOA,
HMBOA, and BOA in decreasing order. Later in the incu-
bation period, some APO was detected, and the amount of
HBOA increased considerably before decreasing once
again. The profiling of the benzoxazinone metabolites and
their derivatives in soil was dynamic and time-dependent.

Recently, Rice et al. (2012) reported the concentrations of
benzoxazinoids in field soils treated with rye cover crop and
some unexpected results were obtained. First, a different
proportion of methoxylated and non-methoxylated deriva-
tives were found in the rye residue compared to soil that
contained predominantly methoxy compounds. This was
explained by the presence of residual roots that remain in
the soil after harvest. Even more surprising was the finding
that the relative amounts of the different compounds did not

change during the two weeks in which benzoxazinoids
persisted in soil. Almost no degradation was observed, and
concentrations of APO and AMPO were negligible. Despite
the concentrations of benzoxazinoids being seemingly too
low to cause inhibition, phytotoxic effects were found in
these soils. Another unexpected finding was the minimal
movement of BOA and MBOA into the soil column, with
more than 97 % MBOA remaining in the top 1-cm of the
soil profiles.

Structure-Activity Relationship

A complete structure-activity relationship study (SAR) of
the phytotoxic effects of these compounds (shown in Figs. 1,
2, and 3) has been performed. Targets were cultivars of the
species Lepidium sativum, Lactuca sativa, Solanum lyco-
persicon (formerly Lycopersicon esculentum), Triticum aes-
tivum, Allium cepa, Lolium rigidum, Avena fatua, and
Echinochloa crus-galli (Macías et al., 2005a, b; 2006a, b).
The natural allelochemicals DIBOA and DIMBOA, and
their synthetic analogs D-DIBOA, D-DIMBOA, and
ABOA, were the most active compounds. The other ana-
lyzed chemicals, which are intermediates in natural benzox-
azinone degradation pathways, had moderate or null
activity, except for APO, which showed high inhibitory
effects. The most affected parameter was root length for all
the active compounds, followed by shoot length. Regarding
selectivity, wheat and lettuce were the least affected species.
These selective characteristics, which were particularly ob-
served for DIMBOA, D-DIMBOA, DIBOA, and D-
DIBOA, indicated that these natural allelochemicals are
not involved in the intraspecific competition phenomena
observed for wheat. These compounds and APO inhibited
wheat growth. However, the concentrations used in these
assays here were significantly higher than the natural ones.

Cluster analysis of all data showed that the most active
chemicals were the aminophenoxazine APO and the modi-
fied benzoxazinone ABOA (Fig. 4). The synthetic benzox-
azinones D-DIBOA, D-DIMBOA, the natural products
DIMBOA and DIBOA, and the degradation product 2-
aminophenol showed significant activities. Lower activities
were found in this system for the degradation products
(AAPO, BOA, MBOA, AMPO, and AAMPO) and the
lactams D-HMBOA and D-HBOA. Natural lactams (HBOA
and HMBOA) and malonamic acids (HPMA and HMPMA)
were not included in these analyses due to their lack of
phytotoxic effect. Thus, the transformation from benzoxazi-
none to the benzoxazolinone skeleton leads to dramatic
reductions in phytotoxicity.

Studies on the structural requirements for phytotoxicity
on the benzoxazinone skeleton revealed that the oxygen
atom at N-4 is crucial for the phytotoxic effect, since all 4-
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hydroxy benzoxazinones (DIBOA, DIMBOA, D-DIBOA,
and D-DIMBOA) are more active than the corresponding
lactams (HBOA, HMBOA, D-HBOA, and D-HMBOA).

A similar SAR study was performed with respect to
the growth inhibition and α-amylase activity in cress
seedlings (Kato-Noguchi et al., 2010). Benzoxazinones
and their degradation products inhibited root growth and
α-amylase activity. The structure-activity relationship for
these compounds suggests that systems that have a
benzoxazinone skeleton are most active. Furthermore,
the presence of a hydroxyl group at position C-2 does
not affect inhibitory activity on root growth and α-
amylase activity, whereas a hydroxyl group at position
N-4 on the skeleton is essential for inhibitory activity.
Additionally, a positive correlation was found between
the concentration-response curves and I50 values for root
growth and those of α-amylase activity. Therefore, a
reduction in α-amylase activity after exposure to these
compounds might contribute to root growth inhibition of
cress seedlings.

In general, the contribution of degradation products to
bioactivities must be taken into account in any biological
study of benzoxazinoids, since half-life times are, in some
cases, as short as the bioassay time (Fritz and Braun, 2006;
Idinger et al., 2006; Macías et al., 2009).

Efffects of Benzoxazinoids in Target Plants and Weed
Suppression

The mutagenic, electrophilic benzoxazinoids interact
with proteins, intercalate with nucleic acids (Dufall and
Solomon, 2011), and are deleterious for many cellular
structures and activities. They influence plant cells on
the transcriptome, proteome, and metabolome level. Of-
ten, experiments have been performed with BOA and
not with DIBOA because of the relatively fast transfor-
mation of DIBOA to the more stable BOA in non-
sterile systems. BOA is actively absorbed by all tested
plants, but the exact mechanism of uptake is not under-
stood (Wieland et al., 1998; Chiapusio et al., 2004).

The inhibition of germination and particularly the reduc-
tion of seedling growth are observed with many plant spe-
cies exposed to BOA. Often, radicles and root tips are more
sensitive than shoots. Generation of ROS (Reactive Oxygen
Species) and oxidative stress are key events in the mode of
action. As a consequence, membrane damage, lipid perox-
idation, and protein oxidation occur (Sanchez-Moreiras et
al., 2003; Sanchez-Moreiras and Reigosa, 2005; Singh et al.,
2005; Batish et al., 2006). Subsequently, membrane integri-
ty, photosynthesis, electron transport in the mitochondria,
and protein synthesis are affected (Burgos et al., 2004;

Fig. 3 Structures of the natural BX allelochemicals and their synthetic analogs

Fig. 4 Cluster analysis for
selected allelochemicals,
synthetic analogs and
degradation products (root and
shoot lengths on tested species)
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Hussain et al., 2008; Sanchez-Moreiras et al., 2010, 2011;
Hussain and Reigosa, 2011;). Lipid metabolism is disrupted,
enzymes such as PMH+-ATPase or α-amylase, are inhibited
(Friebe et al., 1997; Burgos et al., 2004; Kato-Noguchi et
al., 2010). Cellular transport and the actin cytoskeleton are
disturbed (Schulz et al., 2012a). BOA treatment results in
the decrease of the densities of ribosomes, dictyosomes, and
mitochondria (Burgos et al., 2004). Due to an increased per-
oxidase activity and H2O2 production in BX-treated plants,
lignin accumulation and cell wall rigidity are enhanced, which
contribute to the growth inhibition (González and Rojas,
1999). Nuclei show shifts in their typical central to lateral
and/or axial positions (Schulz et al., 2012a). Benzoxazoli-
nones, known as anti-auxin, can block lateral root formation
(Hoshi-Sakoda et al., 1994; Anai et al., 1996; Burgos et al.,
2004). Final events are senescence and plant death.

Confronted with sub lethal concentrations, plants activate
their rescue and defense program. In A. thaliana, about 1 %
of the total genes respond with a strong alteration of the
expression pattern. Deleterious BOA effects are counter-
acted by repair and detoxification mechanisms (Baerson et
al., 2005). However, the sensitivity to benzoxazinoids
depends on plant age, species, and previous stress exposure.
For instance, sulfur deficiency leads to a breakdown of BOA
detoxification, when additional stresses, such as herbicide
treatments, influence maize seedlings (Knop et al., 2007).
Monocots often are less sensitive than dicots. According to
their genetic, biochemical, and physiological constitution,
many weeds in the seedlings stage are sensitive to BOA
(Tables 3, 4, and 5); others show almost no stress response.

Moreover, not only different species but also cultivars
and ecotypes of one species can exhibit strong differences in
their sensitivity, which has to be considered in bioassays for
inhibition studies. In one study, Echinochloa crus-galli L.
was inhibited by BOA, in another one, the species was
almost not affected (Nair et al., 1990; Burgos and Talbert,
2000; Macías et al., 2005b). The same is true with Cheno-
podium album ecotypes or different crop cultivars. Maize
seems to be able to switch between the different detoxifica-
tion pathways, depending on the physiological situation
(Schulz and Wieland, 1999; Schulz et al., 2012a, b, unpub-
lished). These variations may point to an ongoing adaption
of some species to a phytotoxin enriched environment with
individual variations in defined populations. Detoxification
activities, which are developed in the seedlings, are also
dependent on seed and plant age. As a consequence, weed
species with ecotypes that are good detoxifiers are less or
almost not affected by rye allelochemicals and cannot be
controlled by the residues. For instance, the germination of
common chickweed [(Stellaria media L. (Vill.)] is not
inhibited by rye mulch application (Kruidhof et al., 2009).

Although recent work of Rice et al. (2012) indicates that,
at most, little amounts of benzoxazolinones remain in the

top cm of the soil profile, rye mulch applications have been
found to reduce germination and growth of several prob-
lematic weeds (Putnam and DeFrank, 1983; Shilling et al.,
1985; Hoffman et al., 1996). In a recent study (Tabaglio et
al., 2008), rye mulches from several cultivars (Table 2) were
not able to suppress velvetleaf and common lambsquarters
seedlings, while redroot pigweed and common purslane
were significantly affected. However, there was no correla-
tion between total benzoxazinoid amounts and the number
of weed seedlings suppressed. The tolerance of A. theo-
phrasti to rye mulch leachate agreed with the findings of
Hoffman et al. (1996). For Abutilon theophrasti, BOA con-
centrations that occur under natural conditions are not suf-
ficient to suppress seedling growth. Much higher BOA
concentrations (Tables 3, 4, and 5) are necessary to achieve
growth reduction for this species as it was shown in the
study of Burgos and Talbert (2000).

Weed Defense Against Benzoxazinoids - Detoxification
Strategies

Since the growth of Abutilon theophrasti was not inhibited
by BOA, detoxification activities might reduce growth sup-
pression. Four weeds, Chenopodium album L., Amaranthus
retroflexus L., Abutilon theophrasti, and Portulaca oleracea
L., were analyzed in detail for detoxification capacity
against a series of low and high BOA concentrations. Ex-
posure to the high BOA concentrations resulted in the
production of known BOA detoxification products
(Fig. 5). Generally, roots had a higher detoxification activity
than shoots. The BOA detoxification products do not accu-
mulate in the plant, as the fraction of the products extract-
able from the roots is low after several days. At least a
portion is exuded by the roots, and can be found in the
medium when plants are placed into tap water after BOA
incubation (Sicker et al., 2001). BOA-6-O-glucoside was
synthesized in all of the species, glucoside carbamate main-
ly in P. oleracea, A. retroflexus, and C. album. Malonylglu-
coside carbamate could be detected in these three species
but not in A. theophrasti. Traces of gentiobioside carbamate
were found in C. album. In contrast to the other species, A.
theophrasti did not accumulate high amounts of free BOA.
(Schulz and Wieland, 1999; Wieland et al., 1999; Sicker et
al., 2000, 2001, 2003; Sicker and Schulz, 2002; Hofmann et
al., 2006; Schulz et al., 2012b) (Table 6).

In addition, germination and seedling growth of the four
species were measured after exposure to 0, 0.3, 1.5, 3, 6, and
15 μmol BOA. In contrast to P. oleracea and A. retroflexus,
A. theophrasti and C. album were only slightly affected by
the highest BOA concentrations.

The influence of the MDR (multi drug resistance) trans-
porter inhibitors verapamil, nifedipine, and the GST inhibitor
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ethacrynic acid on the BOA accumulation and detoxification
activity has been studied (Schulz et al., 2012b). All species
were mainly affected by nifadipine and ethacrynic acid but in
different ways. The most striking result of the inhibitor study
was the 3–4 fold higher accumulation of BOA in A. theo-
phrasti, which indicates the involvement of highly active
transporters and glutathione transferases (GSTs) for extrusion
of BOA/detoxification products out of the protoplasts. Similar
mechanisms are known from synthetic herbicide detoxifica-
tion (Conte and Lloyed, 2011). Thus, the four weeds are able

to grow in environments with low BOA contents. At higher
BOA concentrations, Abutilon theophrasti and Chenopodium
album have a better chance to survive because these species
employ mechanisms that avoid the accumulation of BOA (A.
theophrasti) or contain a strong detoxification system in youn-
gest seedlings (C. album). Quite a number of other species
have been tested for their BOA detoxification capacity (Agro-
stemma githago, Amaranthus albus, Arabidopsis thaliana,
Avena fatua, Avena sativa, Capsella bursa-pastoris, Carduus
nutans, Centaurea cyanus, Consolida orientalis, Consolida

Table 3 Representative crop plants (root or shoot; root and shoot growth) inhibited by rye residues (RR)/rye extract (RE) and benzoxazinones
(BX), benzoxazolinones (BXL) in the given concentrations. CV = cultivar

Crops RR Highest
[BX] used

Highest
[BXL] used

Reference
RE

Allium cepa 5 ml, 1.0 mM 5 ml, 1 mM Macías et al., 2005a, b, c

Avena sativa cv. Jumbo 2 ml, 2 mM 2 ml, 2 mM Friebe et al., 1997

Lactuca sativa RE 5 ml, 1 mM 0.3 mg/3 ml 5 ml, 1.0 mM, 0.6 mg/2 ml 1 mM Macías et al., 2005a, b, c

L. sativa Iceberg Burgos and Talbert, 2000

L. sativa cv. Great Lakes Chiapusio et al., 1997

Solanum lycopersicon RE 5 ml, 1.0 mM 0.3 mg/3 ml 5 ml, 1.0 mM 0.6 mg/2 ml Macías et al., 2005a, b, c

S. lycopersicon Mt Spring Burgos and Talbert, 2000

Cucumis melo Mission RE 1.2 mg/3 ml Burgos and Talbert, 2000

Cucumis sativum Calypso RE 0.3 mg/2 ml 1.2 mg/3 ml Burgos and Talbert, 2000;
Burgos et al., 2004

Cucurbito pepo var. melopepo Dixie RE 1.2 mg/3 ml Burgos and Talbert, 2000

C. pepo Independence II RR Walters and Young, 2008

Lepidium sativum 370 μM 5 ml, 1.0 mM Barnes et al., 1987

Lepidium sativum 5 ml, 1.0 mM Macías et al., 2005a, b, c

Phaseolus aureus 1–4.7 mg/ml Singh et al., 2005;
Batish et al., 2006

Portulaca oleracea cv. Gelber 0.5 mM, 20 ml/gFW Hofmann et al., 2006

Raphanus sativus 2 ml, 1 mM Chiapusio et al., 2004

Vicia faba cv. Alfred 1.0 mM 40 ml/gFW Wieland et al., 1999

Table 4 Representative monocot. plants (root or shoot; root and shoot growth) inhibited by rye residues (RR)/rye extract (RE) and benzoxazinones
(BX)/benzoxazolinones (BXL) in the given concentrations

Monocotyledonous weeds Reference

Avena fatua RR 5 ml, 1.0 mM 5 ml, 1.0 mM Osvald, 1953; Peréz 1990

Avena fatua Macías et al., 2006a, b, c

Dactylis glomerata 100 ml/1.5 mM/70 g perlite Hussain and Reigosa, 2011

Digitaria saguinalis 1.5 ml, 200 μg 0.6 g/3 ml Barnes et al., 1987

0.2 mg Burgos and Talbert, 2000

Echinochloa crus-galli 200 μg/1.5 ml 5 ml, 1.0 mM Barnes et al., 1987

5 ml, 1.0 mM Macías et al., 2005b

Eleusine indica 0.3 mg/3 ml 0.6 mg/2 ml Burgos and Talbert, 2000

Lolium perenne 100 ml/1.5 mM/70 g Perlite Hussain and Reigosa, 2011

Lolium rigidum 5 ml, 1.0 mM 5 ml, 1.0 mM Macías et al., 2006b

Panicum milaceum 1.5 ml, 200 μg Barnes et al., 1987
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regalis, Coriandrum sativum, Daucus carota, Digitaria san-
guinalis, Diplotaxis tenuifolia, Galinsoga ciliata, Helianthus
annuus, Hordeum vulgare, Legousia speculum veneris, Lolium
perenne, Matricaria chamomilla, Papaver rhoeas, Plantago
major, Polygonum aviculare, Rhaphanus sativus, Secale cere-
ale, Triticum aestivum, Urtica urens, Vicia faba), (Schulz and
Wieland, 1999; Sicker et al., 2003).

As shown above for the four weeds, the plants’ strategies
to cope with BOA include the rapid activation of detoxifi-
cation, exudation of phytotoxic compounds and their detox-
ification products, or an activation of defense mechanisms
already in the extracellular matrix (EMC). These mecha-
nisms reveal pronounced differences in their efficiency. In
addition, specific (beneficial) microorganisms can partici-
pate in mechanisms that lead to a reduced sensitivity to
BOA, for instance, by a general strengthening of the plant.
Such an interaction seems to be active in Abutilon theo-
phrasti roots (Haghikia S., Paetz C., Schneider B. and
Schulz M., unpublished). Another possibility is the scav-
enging of toxic intermediates and radicals.

Weed Coexisting with BX-Containg Plants - A Matter
of Co-evolution

Except for the BX containing Poacea, which are excellent
BOA detoxifiers, detoxification capacity is not necessarily
conserved among the species within one plant family. In fact,
the affiliation to a defined plant community seems to be much
more important. Weed species of the old Secalietea commu-
nities have co-existed with wild rye (or wheat) for thousands
of years, and may thus have undergone a co-evolutionary
process that enables them to share their habitat with BX-
containing plants. It is, therefore, not surprising, that species

occurring in European ecologically managed rye and wheat
fields, such as Centaurea cyanus, Papaver rhoeas, Legousia
speculum-veneris, Consolida regalis, or Matricaria chamo-
milla can perform BOA detoxification. They are better adap-
ted to BX enriched environments than species of communities
without BX containing plants (Schulz and Wieland, 1999;
Sicker et al., 2003). It is completely unknown whether these
weeds can also have beneficial influences on the crop, perhaps
in the defense against pathogens. In manmade agrosystems,
adaptation to agrochemicals obviously occurs faster, as under-
lined by the many weeds which have developed herbicide
resistances since the 80s of the last century. Therefore, the
use of allelopathy in agriculture demands approaches that
decelerate adaptation to allelochemicals. On the other hand,
some crops are sensitive to rye residues (Tables 3, 4, and 5).
They can develop severe injuries when intercropped with rye,
as described for zucchini (Cucurbita pepo Independence II),
cucumber (Cucumis sativa), or snap bean (Phaseolus vulga-
ris) (Chase et al., 1991;Walters and Young, 2008). In contrast,
tomato yield was similar or even higher in a tomato cropping
system with rye as a cover crop (Masiunas et al., 1995).

Degradation of Plant Detoxification Products

All plant detoxification products exuded by the roots can be
converted to phenoxazinone(s), by fungal and bacterial activ-
ities, which most likely localize to the rhizosphere. In maize,
phenoxazinone in concentrations of less than 0.3 mM have a
stimulatory effect on root growth, but higher concentrations
are inhibitory although the compound is obviously not
absorbed (Knop et al., 2007; Schulz et al., 2012a). The rela-
tively stable glucoside carbamate is subject to ring opening at
the lactone group, which yields glucosylated carbamic acid as

Table 5 Representative dicot. plants (root or shoot; root and shoot growth) inhibited by rye residues (RR)/rye extract (RE) and benzoxazinones
(BX)/benzoxazolinones (BXL) in the given concentrations. CV = Cultivar

Dicotyledonous weeds Reference

Abutilon theophrasti 1 mg/2 ml Burgos and Talbert, 2000

Ambrosia artemisiifolia RR Barnes et al., 1987

Amaranthus retroflexus RR 40 ml/gFW 5 mM Schulz et al., 2012a, b; Tabaglio et al., 2008

Amranthus palmeri 0.3 mg/3 ml 0.6 mg/2 ml Burgos and Talbert, 2000

Arabidopsis thaliana Col-0 1 mM 20–40 ml/gFW, 2 mM von Rad et al., 2001; Baerson et al., 2005

Chenopodium album RR 20–40 ml/gFW 5 mM Schulz and Wieland, 1999; Schulz et al., 2012a, b

Ipomea lacunosa 1 mg/2 ml Burgos and Talbert, 2000

Portulaca oleracea RR 20–40 ml/gFW, 5 mM Schulz et al., 2012a, b; Tabaglio et al., 2008

Rumex acetosa 100 ml/1.5 mM/70 g Perlite Hussain and Reigosa, 2011

Senna obtusifolia 1 mg/2 ml Burgos and Talbert, 2000

Sesbania exaltata 1 mg/2 ml Burgos and Talbert, 2000

Sida spinosa 1 mg/2 ml Burgos and Talbert, 2000

Taraxacum officinale RR Phillips and Young, 1973
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an intermediate (Schulz et al., 2008; 2012a). Because of the
instability of free carbamic acid, subsequent deglucosylation
causes either a rearrangement back to BOA, or the aglycone is
decarboxylated to 2-aminophenol, the precursor for phenox-
azinone production. Some fungi, i.e., Fusarium graminearum
or F. oxysporum (Kobayashi et al., 1998; Brown et al., 2012),
secrete lactonohydrolases, which are involved in detoxifica-
tion reactions (Kimura et al., 2006). Possibly, such enzymes
also are able to cleave the glucoside carbamate heterocycle.

BOA-5-O- and -6-O-glucoside can easily be hydrolyzed by
common β-glucosidases. BOA-6-OH, which also are inter-
mediates of the detoxification pathway via O-glucoside for-
mation, which is much more toxic than the glucoside (Schulz
and Wieland, 1999). Accumulation of highly toxic 6-
hydroxylated BOA is, therefore, characteristic for BOA sen-
sitive species. Hydroxylated BOA molecules also are sub-
strates for heterocyclic ring opening by certain fungi, such as
Fusarium solani, and production of phenoxazinones (Schulz
et al., unpublished).

As already mentioned, phenoxazinones are toxic for
many plants, fungi, and bacteria (Knop et al., 2007, and
see above). At least some specialized fungi, for instance,
Fusarium species, destroy the reducting agent phenoxazi-
none via the Fenton reaction, if the chemical environment,
such as pH and Fe 2+ ion concentrations, is suitable (Schulz
et al., 2012a). Those fungi excrete H2O2 or oxalate that
initiates the destruction of the phenoxazinone skeleton in
the presence of Fe2+. Quite a number of fungi are known to
excrete H2O2/oxalate under certain conditions, dependent on
substrate availablitiy, pathogenicity of the fungus, and stress
(Dutton and Evans, 1996; Cessna et al., 2000). Oxalate can
facilitate hydroxyl radical formation (Varela and Tien,

2003). The importance of the Fenton reaction for organic
molecule destruction in natural environments is increasingly
recognized (Vlyssides et al., 2011). The capability of soil
fungi to degrade phenoxazinones by the Fenton reaction in
the aerated soil is thus of high importance to fulfill several
of the major prerequisites for the use of benzoxazinoids as
bioherbicides: a selective efficiency, biodegradability, and
therefore a short half life in the environment. However,
more research in this field has to be done.

Allelopathic Weed Management

Weed management is the most difficult challenge for organ-
ic producers (Wallace, 2001; Teasdale et al., 2004; Liebman
and Davis, 2009). Simply replacing synthetic herbicides by
other direct control measures is inadequate. Instead, weed
management should be seen as a component of integrated
crop management, with the need for a deep integration with
the other cultural practices, to optimize the entire cropping
system rather than the weed control per se (Bàrberi,
2002). In organic farming systems, weeds are controlled
through crop rotation, cover crops, mechanical means,
primary and secondary cultivation, hand weeding, flam-
ing, biocontrol, weed seed predation, smoother crops,
competition, natural herbicides, and allelopathy (Liebman
and Gallandt, 1997; Wallace, 2001; Liebman and Davis,
2009; Kalinova, 2010; Flamini, 2012).

Cover crops fit well into such an integrated approach, as
they provide many additional services to the agro-ecosystem,
including improvement of soil structure and water infiltration,
reduction of soil erosion, increase of soil fertility and nutrient
cycling, reduction of soil nutrient losses due to leaching,
enhancement of biodiversity, and contribution to weed and
pest management (Altieri, 1987; Sarrantonio and Gallandt,

Table 6 BOA-detoxification
products in plants and degrada-
tion of glucoside carbamate

Detoxification product Occurrence- first description Reference

BOA-6-O-β-D-glucoside Dicots/monocots Wieland et al., 1999

Avena sativa Sicker et al., 2003

BOA-5-O-β-D-glucoside Portulaca oleracea Hofmann et al., 2006

Glucoside carbamate
(from BOA-N-β-D-glucoside)

Mainly monocots
(Secale cereale, Zea mays,)
some dicots

Wieland et al., 1998

Avena sativa Sicker et al., 2003

Gentiobioside carbamate Zea mays Sicker et al., 2001
Chenopodium album ec.

Malonyl-glucoside carbamate Zea mays Hofmann et al., 2006
Portulaca oleracea

Glucoside methoxycarbamate Zea mays Hofmann et al., 2006

N-ß-D-glucopyranosyl-N-(2′-hydroxyphenyl)
carbamic acid, fungal degradation product
of plant produced glucoside carbamate

Fusarium verticillioides Schulz et al., 2012a
F. oxysporum and others

�Fig. 5 Structures of known BOA detoxification products found in higher
plants and a fungal transformation product of glucoside carbamate
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2003; Clark, 2007). Some cover crops produce allelochemi-
cals, and they can exert a strong influence on weeds through
the release of chemicals from living or dead plant tissue (Lieb-
man and Davis, 2009).

Rye’S Weed Suppressive Potential in Organic Farming

Rye is one of the best cool season cover crop and widely
used for its high biomass production, earliness, wide soil
and climate adaptability, and exceptional weed suppression
potential (Masiunas et al., 1995; Batish et al., 2001; Clark,
2007; Tabaglio et al., 2008; Gavazzi et al., 2010). Rye
effectively suppresses weeds by shading, competition, and
allelopathy. Allelopathic suppression can occur while the
rye crop is living, due to the thick and tall stand. At termi-
nation of the cover crop, chemicals are released from the
dead mulch produced by mowing, chopping, rolling, or
spraying (not allowed in organic farming) the biomass.
The mulch can be left on the soil surface, to ensure a
stronger and more persistent inhibitory effect, or tilled in
by disking or plowing. The level of weed suppression also
depends on the thickness of the mulch layer, with an expo-
nential relationship between mulch mass and weed emer-
gence (Teasdale and Mohler, 2000). Mulching has other
favorable mechanisms to suppress weeds in the field. Res-
idues left on the soil surface can lead to decreased soil
temperature fluctuations and reduced light penetration,
which both have been shown to inhibit weed germination
(Teasdale and Mohler, 1993; Liebman and Mohler, 2001).
Furthermore, in some cases, soil microbial populations,
including soil pathogens, are either stimulated (Dabney et
al., 1996; Conklin et al., 2002; Manici et al., 2004) or sup-
pressed (Matthiessen and Kirkegaard, 2006) after soil
amendment with fresh residue material.

Figure 6 demonstrates that rye mulch significantly re-
duced the germination and growth emergence of several
problematic agronomic grass and broadleaf weeds. These
includes common ragweed (Ambrosia artemisiifolia L.),
eastern black night shade (Solanum ptycanthum Dum.),
bermuda grass [Cynodon dactylon (L.) Pers.], crabgrass

(Digitaria spp.), barnyardgrass (Echinochloa crus-galli
L.), yellow and green foxtail (Setaria spp. L. Beauv.], and
the weed species already mentioned. (Putnam and DeFrank,
1983; Shilling et al., 1985; Narwal, 1994; Khanh et al.,
2005; Tabaglio et al., 2008; Gavazzi et al., 2010; Narwal,
2010; Schulz et al., 2012b). In particular, Gavazzi et al.
(2010) found that grass weeds were reduced by 61 %,
whereas broadleaf were reduced by 96 % when rye mulch
was used in a no-tillage system. These findings agree with
those of Barnes and Putnam (1987) who found that broad-
leaf weeds were approximately 30 % more sensitive to
DIBOA and BOA compared with grass weeds. Other
authors have confirmed a lower sensibility for grass weeds,
but with very different values (Nagabhushana et al., 2001;
Tet-Vun and Ismail, 2006). Further reports have shown that
larger-seeded species are less sensitive to allelochemicals
(Weidenhamer et al., 1987; Chase et al., 1991; Tabaglio et
al., 2008) and that seed mass is particularly important for the
selective suppression of weeds with crop residues (Mohler,
1996; Liebman and Davis, 2000).

Kruidhof et al. (2010) found that seed mass and time of
emergence significantly contributed to the variance in target
plant emergence. In particular, this study indicated that
residue-mediated inhibition of a receptor plant only takes
place when there is an overlap of the time course of sensi-
tivity of the receptor plant and the time course of the
residue-mediated inhibitory potential.

Crop residues left on the soil surface decompose more
slowly than residues incorporated into the soil, which may
result in a slower release rate but longer lasting supply of
allelochemicals (Kruidhof et al., 2009). When the residue
material is retained on the soil surface, effective weed con-
trol can be observed up to 4 to 8 weeks after mulching
(Smeda and Weller, 1996; Ercoli et al. 2005; Gavazzi et
al., 2010). Alternatively, the cover crop can be incorporated
into the soil directly or after chopping. This treatment
increases the decomposition rate and thereafter the release
rate of allelochemicals (Angers and Recous, 1997). The
incorporation may explain the different results reported by
Krogh et al. (2006) in comparison to Rice et al. (2012) and
Teasdale et al. (2012).

Fig. 6 Field trial on allelopathic
cover crops preceding a tomato
crop in a biological farm. Left,
plot with rye mulch left on the
soil surface, showing the good
weed suppression ability. Right,
control plot without cover crop,
split in two treatments: left side,
untreated sub-plot in which to-
mato plants are almost com-
pletely overgrown by weeds;
right side, sub-plot with me-
chanical control by cultivations
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Recent Practices and Future Strategies

The study of pure stand cover crops allows obtaining de-
tailed information on the effect of a particular species;
however, various combinations of cover crops might pro-
vide additional agronomic advantages. Altieri et al. (2011)
assessed the effects of various combinations of rye (Secale
cereale), vetch (Vicia villosa), fodder radish (Raphanus
sativus subsp. oleiferus), black oats (Avena strigosa), and
ryegrass (Lolium multiflorum) in reducing winter and sum-
mer weed populations in bean crops. Results indicate that
the best cover crop mixtures should include a significant
proportion of rye, vetch, and fodder radish. Moreover, Wor-
sham (1991) used a mixture of rye and Trifolium subterra-
neum and noted a reduction of 80–90 % sicklepod (Cassia
obtusifolia L.), morning glory (Ipomoea spp.), prickly sida
(Sida spinosa L.), and pigweed (Amaranthus spp.) in soy-
bean, tobacco, maize, sorghum, and sunflower. The main
advantages of mixtures are: higher biomass, larger spec-
trum of target weeds, wider adaptability to pedo-climatic
conditions, complementary effects on soil quality (N-
fixation for legumes, nematocidal effect and improving
soil tilth for brassicas, nitrate scavenging and building
soil structure for grasses).

In organic farming, weed management is based on a
combination of agronomic practices, including a false
seedbed approach to deplete seed banks, consisting in
repeated cultivations before planting. For instance,
Kruidhof et al. (2008) in field experiments carried out
in a biological experimental farm in the Netherlands,
reported that delayed sowing of winter rye cover crop
in combination with a stale seedbed can severely reduce
weed pressure more than five times. On the other hand,
a later sowing date also implies a reduced amount of
residue that can be incorporated in spring.

The strategy to use allelochemical extracts as natural
herbicides represents a future challenge. Several researchers
have suggested the use of aqueous extracts, which have
provided excellent results in laboratory studies, also in
applications under field conditions (Ercoli et al., 2007).
However, the identification of a plant-based chemical that
shows allelopathic properties in the laboratory represents
only the first step towards the development of an agronomically
relevant weed control system. It is furthermore required that
this chemical suppress weed growth in a farming system, and
also that the chemical can be economically extracted and used
as a natural herbicide (Breen and Ogasawara, 2011). From an
agronomic perspective, selectivity between crop and weeds is
another important consideration that should be addressed. The
management of a rye cover crop or the use of bioherbicides
must be optimized to provide maximized weed suppression,
but must not interfere with crop production. In addition, high
residue biomass may facilitate weed suppression, but interfere

with planting and establishment of the crop, or with crop
growth by raising the soil C/N ratio, leading to unavailability
of nitrogen to crops.

In summary, it is useful to add rye cover crops, in pure
stand or mixtures, to a kit for a weed management strategy
in organic farming, even if the efficacy and the extent of the
suppressive effect are not guaranteed. A better understand-
ing of allelopathic effects in field situations (soil, climate
and agronomic conditions), and of the dependency on cul-
tural practices (cultivar, mixtures, fertilization level, conven-
tional tillage or no till systems, timing, and system of
termination) would provide the means to profitably include
rye cover in organic cropping systems and use it as a
complementary strategy in weed management. Advisors
and farmers should recognize the importance of individual
field and farm analyses to develop site-specific, farm-
adapted weed management strategies in organic farming
(Lundkvist et al., 2008).

Perspectives

The present knowledge of rye allelopathy shows some strik-
ing deficits that should be considered in future research.
Systematic screenings for crop detoxification strategies
and their differences in cultivars will help to unravel the
different detoxification pathways in plants and microbes.
Rye cultivar dependent variations of BX compositions in
root exudates have rarely been investigated, and the path-
ways of exudation are not known, nor is the degree of long
distance transport of benzoxazinones. The strategies of
weeds to cope with benzoxazinoids combined with the
genetic background of these strategies have not been stud-
ied, except for Arabidopsis. These questions should be
addressed if rye allelopathy is to be used more commonly
in the future. Another necessary focus is the protection of
the environment, which demands further research on the
degradability of phenoxazinones. Some specific considera-
tions for further research needs are listed below:

– The detoxification potentials of crop cultivars should be
important traits for breeding strategies.

– BX contents in rye cultivars need to be systematically
analyzed, as well as the dependence of BX contents on
environmental factors. These two parameters are pre-
requisites for breeding of high BX rye varieties as cover
crop. Such breeding programs already have been started
by US researchers (see review of Worthington and
Reberg-Horton, 2013).

– The use of rye mulching in sustainable agroecosystems has
to be optimized by studying more intensively BX accumu-
lation patterns in rye plants during growth in order to
choose the best time point for the cover crop termination.
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– Aspects of agroecology must be considered, such as:
avoidance of fast weed adaption, which should include
research in population genetics; the maintenance of a
high diversity of soil microorganisms; plant signaling
that is important for herbivore defense (Degenhardt et
al., 2009); and beneficial plant-plant interactions.

– Additional research is necessary to provide unequivocal
evidence for BX and, even more important, phenoxazi-
none biodegradability in the soil, which is not only a
requirement for organic farming and for optimizing soil
management, but is of general importance for the pro-
tection of the environment. Such studies should be
combined with research on weed suppression and with
systematic screenings to identify primary and secondary
effects of the mode of action. In the past, this important
area either has been ignored or has not received suffi-
cient attention.
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