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Contents of the hydroxamic acids 2,4-dihydroxy-1,4-benzoxazin-3-one (DIBOA), and 2,4-
dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA) in leaves and roots of 14 cultivars of
rye, Secale cereale L., were determined. Dynamics of accumulation in three cultivars were
evaluated. DIBOA was the main cyclic hydroxamic acid in leaves but the contents differed
significantly between the cultivars. Both DIBOA and DIMBOA were present in the roots.
Maximum concentration of DIBOA in leaves and DIMBOA in roots was reached between
48Ð54 h and 54Ð72 h after germination, respectively. Antifeedant activity of DIBOA towards
the aphid Rhopalosiphum padi and the feeding behavior were studied by electronic recording
in barley leaves treated with different contents of DIBOA. The deleterious activity of DI-
BOA could arise by starvation and/or a toxic effect. Additionally, allelopathic potential of
pure DIBOA and aqueous extracts of leaves and roots of rye (Tetra-Baer) on the germina-
tion of lettuce (Lactuca sativa) and rye (Tetra-Baer) seeds was evaluated. A high percentage
of germination inhibition of pure DIBOA and the extracts of leaves and roots was observed.
The activity is in agreement with the contents of hydroxamic acids in the plants. The sub-
strates had no allelopathic effect on rye seeds.
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Introduction

Cereals of great agricultural importance, like
wheat, maize and rye, produce hydroxamic acids
(Hx), a family of secondary metabolites discov-
ered over three past decades as inhibitors of fun-
gal diseases of rye (Virtanen and Hietala, 1960).
They are also present in a wide range of wild
Gramineae (Zúñiga et al., 1983; Barrı́a et al., 1991;
Copaja et al., 1991; Niemeyer et al., 1992) and
other higher plants (Pratt et al., 1995; Bravo and
Copaja 2002; Alipieva et al., 2003; Bravo et al.,
2004a, 2005). Hx exist in the intact plant as gluco-
sides which, upon injury of plant tissue, are trans-
formed to toxic aglucones by glucosidase (Hofman
and Hofmanová, 1969; Cuevas et al., 1992). The
main Hx found in rye extracts is DIBOA (Fig. 1),
while DIMBOA is the main Hx present in wheat
and maize. The concentration of Hx within culti-
vated Gramineae is variable. The man-made
wheat/rye hybrid triticale contains both 2,4-dihy-
droxy-1,4-benzoxazin-3-one (DIBOA) and 2,4-di-
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hydroxy-7-methoxy-1,4-benzoxazin-3-one (DIM-
BOA) (Niemeyer et al., 1992). Breeding maize for
increased concentrations of DIMBOA led to en-
hanced resistance against the European corn borer
(Grombacher et al., 1989). Inverse relationships
between performance of cereal aphids on wheat
and DIMBOA concentration have been reported
(Givovich and Niemeyer, 1996; Thackray et al.,
1990; Niemeyer et al., 1992) supporting the pro-
posal that increasing DIMBOA levels in wheat
plants afford increased resistance against aphids
(Bohidar et al., 1986; Thackray et al., 1990; Gianoli
and Niemeyer, 1996; Nicol et al., 1991, 1993).
DIBOA toxicity against the cereal aphid Schiza-
phis graminum (Rondani) is similar to that of
DIMBOA (Zúñiga et al., 1983). DIBOA is absent
in cultivated barley, however, it is present in wild
Hordeum L. species and its concentration corre-
lates negatively with fecundity of the cereal aphid
Rhopalosiphum padi L. (Barrı́a et al., 1991).

The dynamics of Hx accumulation, particularly
of DIMBOA, has been well studied in wheat and
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maize. Hx have not been detected in cereal seeds
but start accumulating during the first stages of
seedling development. The pattern of accumula-
tion in aerial parts and roots varies among species
and also among cultivars. Hx concentration in
younger leaves is higher than that in older ones
(Argandoña et al., 1981; Copaja et al., 1999), and
young tissues of mature plants still retain Hx levels
significant for insect resistance (Thackray et al.,
1990; Nicol and Wratten, 1997).

The highest recorded levels of Hx in cultivated
wheat range from 1.4 to 10.8 mmol/kg fresh weight
(Copaja et al., 1991; Thackray et al., 1990). Higher
contents are found in some wild Triticeae (Copaja
et al., 1991; Barrı́a et al., 1991; Niemeyer et al.,
1992), with wild Secale having a maximum content
of nearly 40 mmol/kg fresh weight (Barrı́a et al.,
1991).

The allelopathic potential of Hx has been rather
extensively studied only with rye (Sicker and
Schulz, 2002; Huang et al., 2003; Burgos et al.,
2004). An inhibitory effect of rye on growth of
wheat was already observed many years ago. Rye
mulch reduces the biomass of dicotyledonous
weeds dramatically up to 90%. Living rye showed
a similar effect like rye mulch, the weeds biomass
was reduced by 84%. DIBOA and 2-benzoxazolin-
one (BOA), the main product of decomposition of
DIBOA, were identified as allelochemicals mainly
responsible for phytotoxicity. Young plants have a
higher allelopathic potential due to DIBOA than
mature ones. Fresh rye mulch contained 20Ð
50 mmol/ha hydroxamic acids but have only half
of this content after 12 days and after 121Ð168
days the compounds are not detectable anymore.
Allelochemicals such as benzoxazinoids can influ-
ence germination, growth and development of
neighboring plants, but the inhibition or stimula-
tion produced by allelochemicals is determined by
the concentration of the metabolites in the plants.
Resistance can reduce the probability of a pest
outbreak, specially in combination with natural
enemies, even without pesticide use (Van Emden
and Wratten, 1990).

In this work, more evidence about the dynamics
of Hx accumulation in rye was investigated. Anti-
feedant activity and feeding behavior of Rhopalo-
siphum padi were evaluated. In addition, allelo-
pathic potential of pure and aqueous extracts was
determined.

Experimental

Chemicals

DIMBOA standard was isolated from extracts
of maize (Zea mays L. cv. T-129). DIBOA stand-
ard was synthesized as previously described (Mat-
lin et al., 1979).

Plant materials

Seeds of each rye (Secale cereale) cultivar were
planted in plastic pots containing vermiculite and
allowed to germinate in a plant growth room. The
temperature in the growth room was (20 ð 2) ∞C,
relative humidity ranged from 55Ð65%, and the
photoperiod was 12 h. At 96 h seeds, whole seed-
ling, roots and leaves were analyzed for Hx. Tetra-
Baer cultivar was obtained from CAMBEX-Baer,
Temuco, Chile and the other cultivars were ob-
tained from Botanical Garden of the Polish Acad-
emy of Sciences, Warsaw, Poland.

Chemical analyses

0.1 g of plant material, either leaves or roots of
rye, were macerated 3 times in succession with 0.5
mL of water using a pestle and mortar. The aque-
ous extract was left at room temperature for
30 min, adjusted to pH 3 with 0.1 n H3PO4 and
centrifuged at 7000 ¥ g for 15 min. Aliquots of the
supernatant were filtered (0.45 μm) and then ana-
lyzed using a Shimadzu LC-6A HPLC instrument
with a Lichrospher 100 RP-18 (5 μm) column
(125 ¥ 4 mm). The gradient profile of solvent A
(MeOH) and solvent B (0.5 mL H3PO4 in 1 L
H2O) was: 0Ð7 min, 30% A; 7Ð7.5 min, 30% A to
100% A; 7.5Ð9 min, constant at 100% A; 9Ð
13 min, 100% A to 30% A. Flow rate was 1 mL/
min and detection was carried out at 263 nm. In-
jection volume was 50 μL. The detection limit was
1.0 μmol kgÐ1 fr. wt. All experiments were done
with five replicates. The compounds contents were
obtained by linear regression from calibration
curves. The compounds were identified by com-
parison of retention times with previously isolated
standards [DIBOA retention time was (2.7 ð
0.2) min and DIMBOA retention time was (3.5 ð
0.2) min].

Insect bioassays

Rhopalosiphum padi aphids were collected from
naturally infested barley and allowed to reproduce
on barley plants kept under a light/dark photope-
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riod of 12 h/12 h at (20 ð 5) ∞C. Third-instar indi-
viduals were used to facilitate manipulation.

Feeding choice assays

Each assay consisted of 10 plates with 10 indi-
viduals in each plate. Aphid feeding deterrence as-
says were conducted using two pieces of a young
barley leaf (1.0 cm2) over a thin layer of agar to
diminish dehydration (Hx is not present naturally
in barley). One piece of leaf was sprayed previ-
ously with 10 μL of a 10% solution of the com-
pound in acetone (w/v) and the other was sprayed
only with the solvent (control). Once the solvent
had evaporated, 10 individuals were distributed at
random on each plate.

After 24 h the number of aphids on each leaf
piece was counted. A total of 20 trials was done
under the same conditions. The repellence index
(RI) was calculated as: RI = [1 Ð (T/C) ¥ 100],
where T is the number of aphids on the treated
piece and C is the number of aphids on the con-
trol piece.

Electronic recording of the probing behavior

Aphid probing behavior was recorded using a
discontinuous current instrument (DC system)
(Tjallingii, 1985). R. padi starved for 1 h were teth-
ered to a gold wire electrode. This electrode was
fixed to the dorsum of the thorax with silver paint
and then connected to the amplifier before placing
the insect on a barley leaf. The amplifier used was
a four-channel DC system (with an input resist-
ance of 1 GΩ and a gain of 50¥). Leaves, aphids
and amplifier were placed in a Faraday cage.
Aphid probing behavior on treated and control
plants was recorded simultaneously for 2 h. A to-
tal of three different wave forms per treatment
was analyzed using EPG patterns described by
Jansen et al. (1989) and the following probing be-
havior variables were calculated: total ingestion
time, total non-ingestion time and salivation time.
The data were analyzed by one-way ANOVA.

Allelopathic activity assays

Extracts of leaves and roots of 8-day-old rye
(Tetra-Baer) were prepared from fresh tissue. So-
lutions used for the test were prepared by weigh-
ing 50 g and 10 g of leaves and roots tissues and
macerating with 20 mL of water. The aqueous ex-
tracts were left at room temperature for 1 h and
used directly. 50 lettuce seeds (Lactuca sativa)

were uniformly placed in each petri dish covered
with a cotton film. A group of 10 dishes was
coated by a 1.7 mm solution of DIBOA. Four
groups of 10 dishes were coated with the respec-
tive extracts solutions. The dishes were sealed and
incubated at (25 ð 2) ∞C in a light-dark cycle for
7 d.

A similar procedure was carried out with 45
seeds of rye (Tetra-Baer) in each dish. Germina-
tion was expressed as percentage of the control
(seeds coated only with water).

Results and Discussion

The content of Hx in cereal plants is related to
their toxic activity against pathogens and allelo-
pathic potential. Both characteristics might bring
about a number of beneficial effects within an in-
tegrated pest management strategy.

Several lines of argument point to the usefulness
of Hx in aphid resistance:

1.) Hx are capable of reducing aphid popula-
tions through a toxic effect (Bohidar et al., 1986;
Thackray et al., 1990) and antixenosis (Nicol et al.,
1991) and of decreasing infection of wheat by bar-
ley yellow dwarf virus through feeding deterrent
(Givovich and Niemeyer, 1991).

2.) The development time of the predatory lady
bird Eriopis connexa (Germar) is shorter and the
number of aphids ingested higher when the beetle
feeds on aphids from a high-Hx wheat cultivar as
compared with an intermediate-Hx cultivar (Mar-
tos et al., 1992) suggesting that higher levels in
wheat could potentially beneficial effects of the
predator.

3.) Sub-lethal doses of an insecticide are more
effective on aphids feeding on a high-Hx wheat
cultivar than on a low one (Nicol et al., 1993).

4.) Non-volatile chemical defenses naturally ex-
isting in a plant are more friendly to the environ-
ment, since they do not need to be sprayed and
normally retained within the plant.

5.) Hx in wheat (Copaja et al., 1999) are not
present in the seed and hence do not represent a
hazard to human health.

Hx were not detected in samples of seeds of the
fourteen cultivars of rye during the course of the
experiments. DIBOA and DIMBOA (Fig. 1) con-
tents in leaves and roots at 96 h after planting are
reported in Table I.

DIBOA was the main Hx in leaves but the con-
tents differed significantly between the cultivars.
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Cultivara Leaves Roots

DIBOA DIMBOA DIBOA DIMBOA

[ mmol/kg fr. wt.]

Motto 19.22 ð 1.58 ndb nd nd
Otello 15.51 ð 1.20 nd 0.79 ð 0.30 1.49 ð 0.63
Charkovskaja 13.82 ð 1.71 nd 1.99 ð 0.09 0.92 ð 0.12
Vjatka 10.08 ð 1.67 nd 0.83 ð 0.13 1.69 ð 0.51
Petka 8.22 ð 0.73 nd 1.29 ð 0.75 0.48 ð 0.07
Zelder 8.04 ð 0.83 nd 0.37 ð 0.08 0.39 ð 0.15
Tetra-Baer 6.85 ð 0.70 nd 0.98 ð 0.35 0.50 ð 0.13
Toivo 6.64 ð 1.01 nd 0.33 ð 0.20 0.35 ð 0.19
Sarakovskaja 3.51 ð 0.66 nd 0.67 ð 0.19 0.45 ð 0.13
Kartner 2.83 ð 0.44 nd 0.56 ð 0.09 0.26 ð 0.04
Silnilkovskaja 1.41 ð 0.42 nd 0.26 ð 0.07 0.61 ð 0.08
Barroso 1.32 ð 0.28 0.60 ð 0.24 0.21 ð 0.15 0.29 ð 0.09
Breno 0.85 ð 0.20 nd 2.48 ð 0.28 0.78 ð 0.38
Dankovskie 0.73 ð 0.48 nd 0.87 ð 0.12 0.76 ð 0.27

Table I. Content of DIBOA and
DIMBOA in 14 rye cultivars at 96 h
after germination.

Each value is the mean of six sam-
ples with 95% confidence limit, de-
tection limit 0.1 mmol/kg fr. wt.
a Cultivars were obtained from

CAMBEX-Temuco, Chile and Bo-
tanical Garden of the Polish Acad-
emy of Sciences, Warsaw, Poland.

b nd, not detected.

  

Fig. 1. Structure of 1,4-benzoxazin-3-ones and 2-benzox-
azolinones.

DIMBOA was not detected in rye leaves with the
exception of cv. Barroso. Both Hx are present in
root tissues. In cv. Motto only DIBOA is present
in the leaves. This is the first time that DIMBOA
is detected in high content in rye roots.

The dynamics of DIBOA and DIMBOA accu-
mulation in seedlings was evaluated in Tetra-Baer,
Petka and Sarakovskaja cultivars. The accumula-
tion of DIBOA in leaves at four days after germi-
nation was similar in these three cultivars. Maxi-

mum content was reached between 48Ð54 h after
germination followed by a gradual decline (Fig. 2).
Dynamic accumulation of DIMBOA in roots fol-
lowed a similar pattern and the maximum content
was reached between 54Ð72 h.

The different contents of DIBOA and DIM-
BOA in leaves and roots tissues could be related
to the biosynthesis pathway of both aglycones. A
proposed biosynthetic route (Glawischning et al.,
1997; Desai et al., 1996) suggests that DIBOA
should be precursor of DIMBOA. The enzymes
that catalyze the hydroxylation and methoxylation
of carbon atom C7 in the aromatic ring of DIBOA
should be expressed in the tissues. If these en-
zymes are not present, only DIBOA is produced.
When they are partially expressed, as in the root
tissues, a mixture of DIBOA and DIMBOA is pro-
duced.

Insecticidal activity of Hx has been studied
mainly against cereal aphids. These insects obtain
their food from phloem by penetrating the plant
tissues through epidermal and mesophyll cell lay-
ers using their stylet-like mouth parts to feed on
photoassimilates translocated in the phloem sieve
elements (Pollard, 1973). The deleterious effect of
Hx can arise from toxicity or starvation effects. In
artificial diets, electronically monitored feeding as-
says have shown that DIMBOA has antifeedant
effects at concentrations as low as 1mm, but when
the concentration reached 12 mm feeding is com-
pletely inhibitet (Argandoña et al., 1983). DIM-
BOA and DIBOA have similar toxicity activity on
Schizapis graminum aphid (Zúñiga et al., 1983).
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Fig. 2. Decline of DIBOA from leaves and roots of Petka, Sarakovskaja and Tetra-Baer.

As reported previously, the antifeedant activity
of chemicals might be mediated by the sensitive
hairs present on the proboscis, antennae and legs
of the aphids (Levin, 1973). This activity depends
on the concentration of the compounds deposited
on the contact surface and the diffusion into the
leaf tissues which are determined by lipophilicity.
DIBOA shows a stronger antifeedant effect on
Rhopalosiphum padi than DIMBOA (Bravo et al.,
2004b). More clarity about the effect of DIBOA
on the feeding behavior of R. padi was obtained
from electronic recording of the probing behavior
on barley leaves treated with different concentra-
tions of pure DIBOA. Results are shown in Ta-
ble II.

Repellence activity (RI) is in agreement with
the DIBOA concentration. Feeding behavior
shows that DIBOA reduced the ingestion time of
R. padi at all doses tested and increased the non-
ingestion time. At 2.8 and 5.5 mm concentration of
DIBOA the feeding of the insects decreased by

more than 50% with respect to control. The time
of salivation was not affected significantly. These
results suggest that part of the deleterious activity
of DIBOA might arise from a starvation effect.

Lettuce (Lactuca sativa) and rye (Secale cereale)
cv. Tetra-Baer seeds were used to study the allelo-
pathic potential of pure DIBOA and extracts of
leaves and roots of rye (Tetra-Baer). The percent-
age of germination inhibition of lettuce seeds is
shown in Table III. 100% of germination inhibi-
tion was produced by a 1.7 mm solution of pure
DIBOA. Inhibition by leaf extracts (extracts 1
and 2) is in agreement with the concentration of
DIBOA contained. Similarly, germination was
inhibited in a high percentage by roots extracts
(extracts 3 and 4). In these cases, the inhibition
should arise from the concentration of the mixture
DIBOA-DIMBOA present in the roots.

DIBOA and DIMBOA decompose to the main
product BOA and MBOA, respectively. These
compounds also have allelopathic activity; so part
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DIBOA RI Ingestion time Salivation time Non-ingestion time
[mm] (%) (%) (%) (%)

Control 0 44.2 ð 6.1 2.5 ð 0.5 53.3 ð 6.1
0.5 13 ð 1.8 27.0 ð 7.0 3.1 ð 0.7 69.9 ð 6.8
2.8 27 ð 5.6 17.0 ð 5.4 1.9 ð 0.8 80.9 ð 5.4
5.5 51 ð 6.6 18.8 ð 4.7 3.3 ð 0.7 78.0 ð 5.2

Each value is the mean of 10 samples ð s.e.
The aphids were controlled during 120 min; that represents 100% of the time.

Table II. Repellence index (RI)
and feeding behavior of R. padi
on barley leaves treated with DI-
BOA.

Table III. Percentage of germination inhibition on let-
tuce seeds of pure DIBOA and extracts of leaves and
roots of rye (Tetra-Baer).

Substrates (%)

DIBOA (1.7 mm) 100
Extract 1 (16.1 mm DIBOA) 100
Extract 2 (3.5 mm DIBOA) 100
Extract 3 (2.3 mm DIBOA; 1.1 mm DIMBOA) 100
Extract 4 (0.5 mm DIBOA; 0.25 mm DIMBOA) 45

Extracts 1 (leaves) and 3 (roots): 50 g of macerated tis-
sues in 20 mL of water; extracts 2 (leaves) and 4 (roots):
10 g of macerated tissues in 20 mL of water. All extracts
were prepared with 8-day-old plants.

of the effect could be due to these compounds.
In these cases the decomposition of DIBOA and
DIMBOA was less than 10%. According to these
results, the allelopathic potential of Hx in the
aqueous extracts is preserved.
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