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Differential Exudation of Two Benzoxazinoids —One of the
Determining Factors for Seedling Allelopathy of Triticeae
Species
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Benzoxazinoids (Bx) are natural phytotoxins that function as chemical defense compounds in several
species. The release of Bx by intact plant roots associated these compounds with root allelopathy in
Triticeae species; however, the significance of exudate concentrations of Bx for plant—plant interactions
is still a controversial question. A biological screening of 146 cultivars of four Triticeae species ( Triticum
aestivum L., Triticum durum Desf., Triticum spelta L., and Secale cereale L.) demonstrated a high
cultivar dependence to suppress the root growth of Sinapis alba L. by root allelopathy in a dose—
response bioassay. Only a few cultivars possessed a marked high or low allelopathic activity, whereby
high-performance liquid chromatography—diode array detection analysis of root exudates revealed
that these cultivars differed considerably in their ability to exude the two Bx aglucones, DIBOA [2,4-
dihydroxy-2H-1,4-benzoxazin-3(4H)-one] and DIMBOA [2,4-dihydroxy-7-methoxy-2 H-1,4-benzoxazin-
3(4H)-one]. The total amount of DIBOA and DIMBOA exuded showed a significant correlation to the
growth inhibition in bioassay with a statistically estimated contribution to the overall allelopathic
effect of 48—72%. In a bioassay with pure phytotoxins, Bx concentrations consistent with the
amounts quantified in the screening bioassay caused detrimental effects on S. alba and almost
reproduced the statistically estimated contribution. The observed causal association between the
allelopathic activity under laboratory conditions and the exudate concentrations of Bx suggests that
this association might have implications for the interference of Triticeae species in natural plant
communities.
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INTRODUCTION and suggests an involvement in allelopathy of decomposing plant

o . . residues and root exudates (3,—16).

Benzoxazinoids (Bx) are major secondary metabolites found . . S
among Acanthaceae, Lamiaceae, Poaceae, Ranunculaceae, andThe dlscover_y_that Bx function as natural phytotoxins |n|t|at(_ad
Scropulariaceae (1). Because of their multifunctional toxicity, attempts t% utilize trflesr(]a compount()jls for weed dsuppressmn.l
these metabolites act as natural pesticides against pathogenéec"’_‘u_se t_e use o t ese unstable compounds as natura
insects, and weeds. Bx are stored as inactive (2Rp2-3- herbicides is rather limited (17,8), efforts focused on allel-
glucosides in the vacuole, and the actual bioactive aglucones®Pathy approaches, where the degradation is compensated by a
are formed by enzymatic deglycosylation. The formation of toxic COntinuous release. In annual crops, root exudation of the
aglucones occurs if the spatial segregation between glucosidehytotoxin by the crop has been suggested to be the most
andp-glucosidases is overcome, which generally occurs as the effective method of allelochemical dellyery for weed control
integrity of cell organelles is destroyed following wounding or (19). The fact that Bx are released from intact roots expels them
tissue death2—4). Furthermore, recent studies indicated an S potential first-line allelochemicals responsible for observed
intrinsic regulation of aglucone formation in intact plant tissue allelopathic effects in Triticeae specieisi-16,20). However,
triggered by plant stress or plant age-(10). Induced release despite the fact that Triticeae species produce and exude Bx, it
of free ag|ucones in intact p|ant parts prior to Systemic is still unclear whether their release into the environment has
translocation is thought to involve spatial reallocation to affected significant implications for allelopathic interactions.
tissues and/or release via root exudatibra 7). This capacity In Triticeae species, two Bx aglucones are believed to play
implicates Bx in constitutive and induced host—plant defenses an important role: DIBOA [2,4-dihydroxy#2-1,4-benzoxazin-

3(4H)-one] and its 7-methoxy derivative DIMBOA [2,4-di-

*To whom correspondence should be addressed. E-mail: belz@uni- NYAroxy-7-methoxy-Bi-1,4-benzoxazin-3¢4)-one] Figure 1).
hohenheim.de. Research has so far concentrated on the evaluation of tissue
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Figure 1. Structures of the two Bx aglucones mentioned in the text.

levels, and only few data exist for exudation of these aglucones
by Triticeae species. IrBecale cereald.., DIBOA is the
predominant Bx found in plant tissues as well as in root
exudates, while DIMBOA is believed to play a negligible role
(8,13,18,21). InTriticum aestivunL., DIMBOA is the main
aglucone and although DIBOA was detected in plant tissues,
root exudates contain primarily DIMBOALQ, 21—25). In
contrast, both aglucones along with other weak bioactive Bx
were exuded by @riticum durumDesf. cultivar 0). The level

of Bx exudation proved to be highly cultivar-dependei¥,(
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transferred to aluminum-covered glass beakers (Sturz-Form 290 mL,
Weck, Germany) filled with aerated distilled water and raised for 1
day. S. albawas pregerminated wrapped in filter paper after surface
sterilization [5 min, 70% ethanol; 10 min, 6.5% sodium hypochlorite
(13% active chlorine); 30 min rinsing with tap water] starting 4 days
prior to bioassay. The bioassay was conducted as a—desponse
experiment whereby at each cultivar fdbiralbaplants at a time were
cocultured for 6 days with seven different donor plant densitie3®
plants/pot) in triplicate in a complete randomized design. The 146
cultivars were screened in 11 successive sets, each-cf48ultivars.
Evaporation of distilled water was adjusted daily. The allelopathic
potential was evaluated by recording the root lengt aflba after 6
days and calculating doseesponse curves for the relative increase in
root length according to Michel et aB@) using SPSS regression models
[method of Levenberg-Marquardsl), 1/é convergence of error sum

of squares]. Comparison of cultivar specific desesponse curves was
done by horizontal assessment using the lack-drfiest (P= 0.05)

(30, 32, 33). Finally, the 146 cultivars were differentiated based on
EDso values (plant density causing 50% inhibition in root growttsof

alba) by cluster analysis using SPSS. Initial partitioning was done by
hierarchical cluster analysis [Ward methdg4), squared Euclidean
distance] and optimized by tHemeans method (336).

23—25) and changed with plant ag20j. Although investiga-
tions with Triticeae species suggested a contribution of Bx to
observed overall phytotoxicity of exudates, a causal association Chemical Screening.Root exudates were collected across the

between quantified levels of Bx and cultivar or age specific pq nonics bioassay either directly from the aqueous test medium or
phytotoxicity of exudates could not be established under py trap solution technique (328).

laboratory conditions20, 25). Thus, divergent perceptions exist Density-Dependent VariationBifferences in Bx concentrations in
as to whether root exudation of Bx provides concentrations of the test medium depending on the applied donor plant density were
a phytotoxic level sufficient to cause allelopathic effects, investigated forT. aestivumcv. Granada at the end of the bioassay.
especially since Bx are chemically unstable when in solution An aliquot of 12 mL/replicate was taken from the test medium at each
and rapidly degraded by microorganisms (26—28). density (xplants/pot/6 days; three replicates). Samples were subse-
The overall aim of the present study was to investigate if the quently concentrated at £C under vacuum until dryngss (Ro_tational
release of Bx by intact plant roots is a determining causal factor /acuum concentrator RVC 2-25, Christ, Germany, with cooling trap),
for the overall phytotoxicity of root exudates under laboratory "€dissolved in 20@L of water (20% acetonitrile), centrifuged (20 min,

o : . . 20800 rcf), and analyzed by HPLC with a diode array detector (DAD).
conditions. Thgreforg, a b'0|og'?"’,‘| screening was Conduqted to In addition, forS. cerealev. Amilo, release rates at each density were
assess the variation in phytotoxicity of root exudateSomapis determined by trap solution technique. Therefore, roots were at first
alba L. in 146 cultivars of four Triticeae species, namely, rinsed in distilled water and plants subsequently were transferred for a
aestvum, T. durum, Triticum spelta., and S. cereale The period of 2 h (810 am) to aerated distilled watex plants/100 mL
bioassay was conducted as a desssponse experiment with  (Geleeglas 230 mL, Weck, Germany); three replicates]. A pooled aliquot
varying densities, and the cultivar specific level of phytotoxicity of 150 mL was concentrated 300-fold by solid phase extraction
was quantified by the density causing 50% tggant response ~ (ISOLUTE ENV*, 200 mg, IST) and analyzed as above-mentioned by
(EDsp value). Simultaneously, the quantities of total Bx HPLC-DAD. - _ S
(DIBOA, DIMBOA) in the exudates were analyzed by high- of g'“rgz X)"’gt'at";rt‘:g %'S”ersrté%?gf dIxm'allclyvagat?nf'rlr?erseltﬁie rrlates

S . X, sy . v. Amilo was Six ti ihourly

g?Tﬁérﬁ?ggsesgguI.?.ﬁ:?g;igg%ﬂg;?g;(é()::lfr:ltnfgo :h:bzce)lrj\iz immersed into aerated distilled water (30 plants/100 mL; three

e o . replicates; 13 day old plants) over a 12 h period (8-&pm) using
teSt_pl"?mt bloa§3§1y response 'Was statistically estimated bythe same plants for each consecutive collection. At a time, an aliquot
correlation coefficients for the linkage between the observed of 12 mL/replicate was concentrated 60-fold at D under vacuum
variability in EDsp values and the corresponding exudate and analyzed by HPLC-DAD. Means were subjected to analysis of
concentrations of Bx. Finally, the statistically estimated con- variance with a multiple comparison test (Tukey’s té&st= 0.05).
tribution was substantiated in pure compound bioassays applying Dynamics of Bx within Root ExudateéEhe accumulation of Bx in
Bx at quantified exudate concentrations. Significant causal the aqueous test medium during the bioassay was evaluated daily at
relationships would considerably progress the question of the highest plant density (30 plants/pot; three replicates) by analyzing

whether Bx are part of an allelochemical system used in the an aliquot of 12 mL/replicate of one randomly selected cultivar of each
interference with surrounding plants in nature. species. Samples were subsequently concentrated 60-fold @tutitier

vacuum and analyzed as a pooled sample by HPLC-DAD. At the same
time, changes in release rates for Bx were evaluated by the trap solution
technique (30 plants/100 mL/2 h; three replicates). An aliquot of 12
mL/replicate was concentrated 60-fold at 40 under vacuum and

MATERIALS AND METHODS

Biological Screening.The allelopathic activities of 146 cultivars
of T. aestivum(N = 112), T. durum(N = 19), T. speltaL. (N = 7), analyzed as a pooled sample by HPLC-DAD.
andS. cerealgN = 8) onS. albacv. Albatros were evaluated with a Cultivar Specific VariationsAt the end of the bioassay, a similar
plant-by-plant bioassay. The tested germplasm originated from 17 collection in trap solution was done at the highest plant density (30
different countries and was comprised of currently used cultivars, as plants/100 mL/2 h; three replicates; 12 day old plants) for 95 cultivars
well as breeding lines and landraces. Seeds were obtained from breederéseven sets of 1314 cultivars). Aliquots were concentrated 60-fold at
and institutional germplasm collections. The bioassay was conducted40 °C under vacuum and analyzed by HPLC-DAD. Roots were
according to Belz and Hurl&) in nonaxenic hydroponic culture under  harvested and dried at 12C to estimate the root dry weight.
greenhouse conditions (24/2€, photoperiod 16 L:8 D, 30QE/n?/ HPLC Analysis. HPLC analysis was done on a Waters model
s). In brief, surface-sterilized donor seeds 21h hot water sterilization chromatograph equipped with a DAD detector (Waters 991). A Synergi
at 45°C, 5 h redrying at 30C) were pregerminated in a greenhouse polar C-18 reversed phase column [250 mm4.6 mm (4 um),
in vermiculite (2/3 mm, BayWa, Germany) for-% days until the first Phenomenex, Germany] was used and was eluted with a gradient of
leaf was through the coleoptile. Donor plants were subsequently 5% acetonitrile and 95% NEPO, buffer (1 mM, pH 2.4, 10%
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acetonitrile) for 0—8 min (0.65 mL/min flow rate), 30% acetonitrile 50
and 70% NgHPO, buffer for 8-26 min (0.7 mL/min flow rate), 100%
acetonitrile for 26—29 min (0.7 mL/min flow rate), 100% acetonitrile
for 29—31 min (0.7 mL/min flow rate), and then reequilibrated to
starting conditions. The injection volume was &Q. DIBOA and
DIMBOA were identified and quantified at 220 nm. Retention times
were 15.1+ 0.5 min for DIBOA and 18.1+ 0.5 min for DIMBOA.
Quantitative analysis was done by internal calibration curves. The

40 - 37.7 37.0

frequency [% of cultivars]
b

) } 103 8.9
isolation of standard compounds was done from ethyl acetate extracts 10 ol
of S. cerealecv. Amilo for DIBOA and of Zea mayd.. cv. Lorenzo 5 — #]
for DIMBOA followed by a purification step using thin-layer chro- 0 T T T T
1 2 3 4 5 6

matography (Alugram SIL G/UV254, 0.2 mm, Macherey-Nagel). Plates
were developed in a mixture dért-butyl methyl ether and 2,2,4-
trimethylpentane (7:3 volume) {feoa = 0.2, andRpigoa = 0.3). EDs, [plants/pot]

The purity of standards was verified by HPLC-DAD, and results were o e 2 Frequency distribution of the allelopathic activity over six clusters

confirmed by HPLC-ESI-MS. Instrumental limits of quantification . . . . _ . .
for Bx and their degradation products were determined at 220 nm n 14(.3 c.ullt|.vars‘ of four Triticeae species. EDsy = plant density causing
50% inhibition in root growth of S. alba.

according to Frehse and Thi&9) (0.05-0.5xg/mL based on standard
solutions) at 0.119g/mL for DIBOA, 0.196 ug/mL for DIMBOA,
0.085ug/mL for benzoxazolin-2(d)-one (BOA; obtained from Sigma-
Aldrich), and 0.089ug/mL for 6-methoxy-benzoxazolin-2(3H)-one
(MBOA,; obtained from Sigma-Aldrich). Recovery rates with RVC
concentration (0.01—0.Ag/mL based on 12 mL aliquot) were 100.9
+ 4.8% for BOA and MBOA, 79.6+ 10.3% for DIBOA, and 64.8-
12.3% for DIMBOA.

Correlation Analysis. The correlation between the cultivar specific
allelopathic potential (ER) and the total release of Bx (DIBOA,
DIMBOA) per root dry weight at the end of the bioassay (30 plants/
100 mL/2 h) was assessed by linear regression analysis based on log-
transformed data. The degree of covariance was quantified by the
Pearson correlation coefficient (r) using SPSS. 0 e

Phytotoxicity of Pure Bx. A hydroponics bioassay investigated the control 1 10 100
sensitivity ofS. albato Bx at concentrations consistent with the amounts donor plant density [plants/pot]
quantified in the test medium during the screening bioassay. Preger-gio e 3. Clustered dose—response curves for 146 cultivars of Triticum
minated seedlings @. albawere individually ransferred to aluminum- spp. and S. cereale affecting S. alba. ©, cluster 1 (EDsp = 3.3 plants/pot
covered scintillation vials (8 mL) filled with nonaerated nutrient solution  _{ _ ) = )
[nutrients according to Dannel et altq)] plus 1% (volume) acetone a); ¢, cluster 2 (EDso = 4.4 b); O, cluster 3 (EDsp = 6.1 c); M, cluster
as a solvent for Bx. Controls were performed with acetone only. 4 (EDso = 84 d); O, cluster 5 (EDs = 10.4 €); @, cluster 6 (EDs) =
Concentrations of Bx were equivalent to those quantifiedrtaturum 12.9f). EDso = mean plant density of clusters causing 50% reduction in
cv. Bani-Sowif, the most suppressive durum cultivar in the biological root growth of S. alba; small letters indicate significant differences (F test,
screening. DIBOA and DIMBOA were tested solitary or as a mixture P = 0.05); R? = 1 — residual SS/corrected SS.

(1:1 weight) at the highest quantified concentration (@d/mL). . . . .
Furthermore, the aglucones were applied in mixtures equivalent to thefIVe times more effective than the weakest cultivar durum

observed dynamics of accumulation in the test medium. The sequenceCV- Kausnak tohumiu). Frequency distribution of the allelopathic
of concentrations (Figure 7a) was accomplished by a daily exchange activity was log-normal (skewness 0.40; standard error=
of test solution. Isolation of Bx was done from ethyl acetate extracts 0.20; Kolmogorow—Smirnow test) and, thus, confirmed a
of S. cerealeand Z. maysas described above. The bioassay was continuous genetic variation for the allelopathic trait among the
conducted under greenhouse conditions with 10 replications in completetested cultivars. This is in accordance with previous observations
randomized blocks. The root length 8f albawas evaluated after 0 jn Oryza sativaL. and T. aestivum, leading to the general
and 6 days, and the increase in root length was analyzed by means ofsqmption that allelopathy is a quantitative trait (41—43).
an_analy5|s o_f variance with a multiple comparison test (Tukey'’s test, Investigations withO. sativa suggest that several active
P = 0.05) using SPSS. . . . . .
compounds that are selective against specific weed species might
be responsible for the observed selective allelopathic activity
of O. sativacultivars (41,44, 45). Theoretically, the dose—
Biological Screening.Cultivars differed significantly in their response design should discriminate such differences in the
efficacy to suppress the root growth®falba.The EDso values compositions of active root exudates by nonparallel dose
for the 146 cultivars tested varied betweeB to >13 plants/ response relationships. If a similar selectivity exists among the
pot and could be differentiated by cluster analysis into six tested Triticeae cultivars, it should be parametrized depending
clusters (Figure 2). The most effective cluster 1 (&B 2.7— on the slope of testplant responses. However, none of the 146
3.7 plants/pot) consisted of 10.3% of the tested cultivars and cultivars tested in this study showed a significant nonparallel
contained cultivars off. aestivum,T. durum, andS. cereale. dose-response relationship. Intra- and interspecific comparisons
Clusters 2 and 3, each consisting of 324€.4% of the tested  of response curves revealed a parallel displacement along the
cultivars, made up the biggest groups composed of all speciesx-axis for all cultivars.Figure 3 shows the clustered dose

2.7-3.7 3.7-53 5.3-74 7.5-9.5 9.7-11.3  12.0-13.7

100

[% of control]
h ~3
= [

increase in root length
[ 54
wn
A

RESULTS AND DISCUSSION

The cluster size decreased again with increasingsBiith the response curves calculated for the means of all cultivars
weakest cluster 6 (B9 = 12.0—13.7 plants/pot) being the belonging to each of the six clusters. The response patterns did
smallest one (2.7%) and containing only cultivar§ oestoum not provide an indication of selectivity in allelopathic effects

andT. durum. A strong or weak allelopathic potential was thus among and between the tested cultivar3aficum spp. ands.
found only in a small percentage of the tested cultivars. The cereale By assuming the parallel line concef®2( 46, 47),
most suppressive cultivaS( cerealecv. Forrajero Baer) was  observed parallel dosgesponse patterns may indicate dose-
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Figure 4. HPLC-DAD chromatograms (220 nm) of the root exudates of 12 day old Triticum spp. and S. cereale (30 plants/100 mL/2 h; 12 mL aliquot;
factor of concentration 1:60). (a) T. aestivum cv. Visperterminen 644IC; (b) T. spelta cv. Hercule; (c) T. durum cv. Bani-Sowif; and (d) S. cereale cv.
Forrajero Baer. | = DIMBOA, Il = DIBOA, and Ill = MBOA.

dependent differences in the growth-inhibiting effect and, thus, day old plants collected with the trap solution technique. The
quantitatively different but qualitatively similar compositions prevalence of the two Bx analogues would confirm the
of active root exudates. This indicates that the growth inhibition hypothesis of similarity of active allelochemicals indicated by
by Triticum spp. andS. cerealemay rely upon identical the parallel dose—response patterns within the biological
allelochemicals, analogues, or at least allelochemicals similar screening since the bioactivity of the aglucones is based upon
in their mode(s) of action. identical reactive groups and, thus, similar mode(s) of action
The most suppressive cultivar in this study, the Chil&an (18, 48, 49).
cerealecv. Forrajero Baer (Campex Semillas Baer), has been  Specifity of Root ExudateQualitative differences in the
previously characterized by a high exudation of DIBOA, which exudation of both aglucones occurred only between species,
is supposed to be responsible for the substantial weed suppreswhile no intraspecific variations were observed between culti-
sive ability of this cultivar under field conditiond4, 15). This vars. In exudates of the two hexaploid wheat speEiegstium
suggested that Bx exudation by this cultivar might also have (N = 67) andT. spelta(N = 7), DIMBOA was the only Bx
played a significant role for its high allelopathic activity in the  detectable (Figure 4a,b). The distinct appearance of DIMBOA
current bioassay. in T. aestivumis in accordance with previous findings of Wu
Chemical Screening.For all tested cultivars, DIBOA and et al. 3—25), whereas to our knowledge no reports exist about
DIMBOA were the leading compounds in root exudates of 12 Bx exudation byT. spelta.Exudates of the tetraploid wheat
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speciesT. durum(N = 19) contained both aglucones with a 55 © 3 plants/pot
predominance of DIMBOAFKigure 4c). This confirms recent 5.0 1 Tf?;ﬁi@i&
findings of Huang et al.20). As inT. durum, exudates . 51 ¢ A30 plants/pot
cereale(N = 4) contained detectable amounts of both aglucones :‘5’ ]
(Figure 4d). All results were confirmed by HPLC-ESMS 3.0 4
analysis. 25 1
It remains speculative what caused the observed qualitative f‘s’
differences in Bx exudation among the Triticeae species. The o4
biosynthetic pathway for Bx has been suggested to be similar 0.5
in all Triticeae species, with seven Bx genes encoding the
appropriate enzymes catalyzing DIMBOA formation via its

y=-132x+1.71
R*=095,r =-098*

LN [root length (% of control)]

0.0 4
-0.5

demethoxylated precursor DIBOAG—52). Supposedly because SO o2 e e
of a species specific regulation of Bx gene expression or even (a) LNIDIMBOA in test medium (ng/mD)]
a partial loss of Bx genes, Triticeae species differ in their final 50 @3 plants/pot
Bx metabolite, leading to a characteristic accumulation of Bx 45 O6 plants/pot

A 15 plants/pot
A 21 plants/pot
M 30 plants/pot

glucosides in the tissues,(14, 21, 52—54). Because a high
accumulation of glycosidic DIMBOA in the root tissue seemed
to be an essential prerequisite for its exudation by wha4}, (
one could speculate that the appearance of Bx in exudates in
general reflects the corresponding accumulation of their gly-
cosidic precursors in the plant. In fact, reports on root tissue
levels of Bx glucosides at plant ages concurrent with present 1.0
exudate collection would support this hypothe$8islQ, 22,55, 0.5 -
56). 0.0

In Triticum spp., the level of polyploidy seems to determine A8 a8 s s 08 s
Bx accumulation (821, 54). Hexaploid species accumulate (b) LN [Bx in trap solution (ug/mb)]
preferentially glycosidic DIMBOA and only low levels of
DIBOA, while the tetraploidl. durumaccumulates substantial
levels of both glucoside2®, 52, 55—58). This would be in
accordance with the observed specifity of Bx exudation.
However, Pethd@59) detected both aglucones in root exudates
of aT. aestivuncultivar; therefore, as previously assumed for
DIMBOA (24), the observed absence of detectable quantities
of DIBOA in root exudates of both hexaploid species could
merely reflect low tissue levels of glycosidic DIBOA by the

time of current exudate collection. of Bx exudation under the conditions of the present bioassay
Although inS. cerealdIBOA is the designated predominant  and indicated that in this case the exudation of DIMBOA could
final metabolite, in root exudates of all tested 12 day old rye pe relevant for observed allelopathic effects in all tested Triticeae
cultivars, both aglucones were detected. The same was previspecies, while a contribution of DIBOA seemed to be restricted
ously reported by Peth(9); while contradictory, a distinct {9 T. durumandsS. cereale.
DIBOA exudation by rye was found by other authot (60). Density-Dependent VariationShe analysis of root exudates
In the present work, the exudation of DIMBOA by living rye  of T, aestiumcv. Granada an8. cerealev. Amilo at different
roots clearly shows th&. cerealéhas a capacity to biosynthe-  pjant densities showed that the amount of Bx in the test medium
size and exude both aglucones. This assumption is furtheror jn trap solution increased with donor plant density. Accord-
Substantiated by the faCt tha.t ShOOt and root tiSSL& Obreale |ng|y’ there appeared to be a strong associa’[ion between donor
seedlings contained low levels of glycosidic DIMBOA, ©). density, concentration of Bx in the test medium or in the trap
Hence, unless there is no alternative pathway for DIMBOA, solution, and inhibition of root growth o8. alba(Figure 5).
under the conditions of the present bioassay, conversion of pthough this is not sufficient for assuming a causal contribution
DIBOA to DIMBOA predominated ovep-glycosylation for  of Bx to the observed effects, it is a necessary condition for
vacuolar storage and, thus, DIMBOA exudation might be even any plant-generated allelochemical involved in density-depend-
more relevant for observed allelopathic effects in rye. This ent phytotoxicity. On the basis of these results, further exudate
suggests that besides genetic factors, environmental or methollections were done at the highest plant density. This approach
odological factors may impact the specifity of Bx exudation as should also reduce the variability of results with genetically
well. nonhomogeneous cultivars, especially in landraces and popula-
The conditions and methods employed for collection and tion cultivars.
analysis of root exudates can significantly impact qualitative  Diurnal Variations. Pethé et al. §1) assumed a distinct
and quantitative exudation patter@8). Hence, methodological  rhythm of Bx exudation based on the diurnal pattern of secretion
aspects need a critical evaluation before drawing definite of DIMBOA observed for a&Z. mayscultivar. Hence, the time
conclusions about exudate constituents. Our approach employeaf exudate collection could be crucial for recovery of Bx
an aqueous trap solution for the collection of water soluble especially in trap solution. Investigating the pattern of Bx
compounds exuded by plant roots after a preceding long-term exudation forS. cerealev. Amilo over a period of 12 h revealed
exposure to distilled water prior to subsequent concentration that the release of DIBOA and DIMBOA was quantitative,
by vacuum evaporation and final HPLC-DAD detection of Bx. positively related, and significantly enhanced at the first 2 h
This approach seemed most appropriate to assess the relevanagollection between 8 and 10 am. In the following five measure-

4.0
3.5 1
3.0
2.5
2.0
1.5 4

y =-1.05x + 0.45
R*=099,r =-0.99%*
: :

LN [root length (% of control)]

Figure 5. Correlation between density-dependent inhibition of root length
of S. alba by root exudates of T. aestivum (TRZAX) cv. Granada (a) and
S. cereale (SECCE) cv. Amilo (b) and density-dependent increase in
amount of DIMBOA in the test medium (x plants/pot/6 days; 12 day old
plants) or DIMBOA and DIBOA (Bx) in trap solution (x plants/100 mL/2
h; 13 day old plants). R> = coefficient of determination; r = Pearson
correlation coefficient (* significant at P = 0.05; ** significant at P =
0.01).
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Figure 6. Bihourly exudation of DIBOA and DIMBOA by S. cereale cv. g o TPIMBOA
Amilo during a 12 h period using the same plants for each collection (30 z_ 5
plants/100 mL/2 h; 13 day old plants). Small letters indicate significant E E 4+
differences (Tukey's test, P = 0.05). g2 3¢
E 21
ments, plants released on average 48.5.5% lower amounts a 1
of Bx (Figure 6). Diurnal rhythms are well-known for the 0
phytosiderophores of poaceous species 62763), and there
might be a regulative link, since Bx can also act as a chelator (b)
for iron and copper@4, 65). For the phytosiderophores, it is i
suggested that the diurnal rhythm indicates a controlled release _ 09 |
mechanismg7). Thus, an active release as previously suggested - 08 +
by Pérez and Ormefio-Nan (14) may also be indicated in the —; = 32 1
case of Bx rather than a simple passive diffusion. Another g-gn 05+
possible explanation for the observed temporal differences could ,2 2 o4
be an accumulation of Bx at the root surface during the 7 037
preceding culture period, which would primarily enhance the = 17
amount of Bx collected within the first period. A corresponding 00+
precipitation on the root surface was previously reported for 1 = = =
2-amino-#H-phenoxazin-3-one (APO), a microbial degradation (© 1 2 3 4 5 6

product of DIBOA 66), and could be relevant for Bx as well. time of bioassay [days]

Although the root system was rinsed in distilled water prior to Figure 7. Exudation of Bx (DIBOA, DIMBOA) by Triticum spp. depending

exudate collection, an adsorption at the root surface cannot beyy, time of hioassay. (a) Content of Bx in hydroponic culture of T, durum

completely excluded. To provide conclusive proof of a distinct ., pgani-sowif (@) and T. spelta cv. Ostar (O) (30 plantsipot); (b)
diurnal rhythm, it will therefore be necessary to collect exudates proportions of DIBOA and DIMBOA in hydroponic culture of T. durum cv.
over a 24 h period using different plants for each collection. p.ni gowit (30 plantsipot), and (c) release rates for Bx
Nevertheless, further exudate collections in trap solution were by T. durum cv. Bani-Sowif (@) and T. spelta cv. Ostar (O) (30 plants/
done between 8 and 10 am following thorough washing of the 144 i/ h)
root system.

Dynamics of Bx within Root Exudatén.grasses, Bx are de  dynamics of Bx exemplarily for two Triticeae species, whereby
novo biosynthesized upon germination and maximum concen- an equivalent trend was observed for the remaining species as
trations of glycosidic Bx appear in plant tissues soon after well. The concentration of Bx in the test medium gradually
germination. As the plant starts autotrophic growth, concentra- increased, reaching a pronounced peak on day five of the
tions gradually decline and substantial levels are then restrictedbioassay (11 day old plants) and subsequently decreBipdd
to young tissuesg( 22,67,68). A concurrent dynamics occurs  7a). Maximum concentrations of total Bx were 1@§/mL for
for Bx gene expression and the activity of the enzymes involved T. durumcv. Bani-Sowif (EQ = 3.1 plants/pot) and 7.6g/
in vacuolar storage and deglycosylati® 10,51, 69). Hence, mL for T. speltacv. Ostar (ERy = 4.2 plants/pot). Huang et
an intrinsic temporal regulation of Bx biosynthesis and storage al. (20) observed a maximum concentration on day six of their
by plant age has been suggest&l ). Cambier et al. 1) bioassay (8 day old. durumplants). For the period of the
assumed that an enhanced activation of glycosidic Bx com- bioassay, DIMBOA was the only Bx detected for the hexaploid
mences with release of the elevated amounts of free agluconesyheat cultivar, while in the case df. durumcv. Bani-Sowif
by the plant, which should inevitably result in a corresponding both aglucones appeared continuously in the test medium
periodic appearance of Bx in exudates. Huang et 20) (  (Figure 7b). The occurrence of DIBOA was positively related
observed a transient dynamics of Bx in the test medium for a to DIMBOA (Pearson correlation coefficient= 0.98; signifi-

T. durumcultivar under ECAM conditions (equal compartment cant atP = 0.01). Huang et al20) observed changes in specifity
agar method), and thus, the exudation of Bx should change of Bx exudation fofT. durumcv. Khapli. Across a growth period
across the current bioassay as well. of 15 days, DIMBOA was only detectable between 4 and 6

The consecutive chemical analysis of Bx across the bioassaydays, while DIBOA appeared continuously. These findings
confirmed the assumption of a transient appearance of Bx in clearly demonstrate that knowing the kinetics of exudation is
the test environment for all species testejure 7 shows the essential for the recovery of Bx in root exudates. An et al. (70)
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stated that such periodic dynamics may be a general reason forraple 1. Release Rates Per Root Dry Weight for Total Bx (DIBOA,
disparate results of allelopathic research. It remains to be DIMBOA) of the Five Cultivars with the Highest/Lowest Exudations in
investigated if this is one of the reasons for the above-mentionedComparison with the Five Most/Least Allelopathic Cultivars (30
inconsistent reports on DIMBOA exudation I8y cerealeand Plants/100 mL/2 h; 12 Day Old Plants; N = 95)

DIBOA exudation by wheat (149, 60).

release rate for total Bx per

Analyzing the release rates for Bx by the trap solution root dry weight (g/mg/day)

technique revealed highly consistent dynamics, with a maximum feature mean (N=5) cultivars
on day 5 amounting to 0.4iZg/mL/h for cv. Bani-Sowif and  iciic i 10820380 254+ 1217 TRZAX? cv. Visperterminen 644IC
0.32 ug/mL/h for cv. Ostar (30 plants/100 mLJigure 7c). 214+054 TRZDU cv. Imbar
Extrapolating these release rates for an entire day suggests that 1.86£0.61  SECCE cv. Forrajero Baer

; i ; ; ; 1.82+0.32 TRZDU cv. Topdur
theoretically cv. Bani-Sowif should build up a concentration of gt e
11.2ug/mL in the test environment and cv. Ostar Zg/mL. lowest exudation  012+0.02  0.14+001 TRZAX cv. Runal
The actual concentrations quantified by HPLC-DAD deviated 0.14+0.01 TRZAX cv. Reaper
from theses estimates just 3.2% for cv. Bani-Sowif and 0.3% 0.11£001  TRZAXcv. Alcedo

. . . 0.10+0.01 TRZAX cv. Ramiro
for cv. Ostar. This clearly shows that the active concentration 0094003 TRZAX ov. Trakos

of Bx in the test medium was a direct function of the continuous most allelopathic ~ 1.58 +0.62  2.54+121  TRZAX cv. Visperterminen 6441C

supply via root exudation without any sustainable accumulation 1.86+0.61  SECCE cv. Forrajero Baer

: : . 129+0.74  SECCE cv. Protector

in the aqueous test solution. The concentration of the unstable 1145002 TRZDU ov. Bani-Sowif

aglucones rapidly declines in the absence of a subsequent supply, 105+006 TRZAX cv. Riltti 40

which should be mainly attributable to a chemical or microbial leastallelopathic ~ 0.23+0.17 ~ 0.51+0.04  TRZDU cv. Izmir .

decomposition to the corresponding benzoxazolinones, which 024+004  TRZDU cv. Kausnak tohumiu
further degraded by microorganisms to form phenoxazinones 0182006 TRZAX cv. Zenth

are g y microorg p 0.11£00L  TRZAX cv. Alcedo

(26, 28, 71). In addition, it could be demonstrated that 0.10£0.01  TRZAX cv. Ramiro

exogenously applied Bx can be taken up by plants and detoxified —, Standard deviation. ® TRZAX, T. aestivum; TRZDU, T. durum; and SECCE
by the same glucosyltransferases accompanying the biosynthesig ... ' n ' t ' ’
of Bx (72). Thus, reabsorption and detoxification by the donor

plants could have decreased the Bx peak as well. 4.0

In summary, it is well-documented that Bx biosynthesis and = 351 EDIBOA
remobilization in plants follow a distinct transient pattern, which 2 3.0 DIMBOA
is triggered by plant age. Current findings confirmed an gn 25 1
equivalent dynamics in root exudation of Bx and a correspond- 2 ,,
ing fate in the environment. It remains to be evaluated if the  § 5|
transient accumulation pattern of glycosidic Bx in plant tissue 2 10l
is responsible for the observed dynamics of Bx exudation. g 0s |
Nevertheless, results indicate that if Bx exudation contributes 0'0 . . . .

to observed allelopathic effects, inhibition of the receiver species
at the end of the bioassay results from temporarily changing
concentrations of DIBOA and/or DIMBOA and maybe as well
as their phytotoxic breakdown products.

Cultivar Specific Variations.The highest variation in Bx
exudation between cultivars of all Triticeae species tested
resulted for the measurement of relative release rates per roo
dry weight in trap solution, while the assessment of Bx
accumulation in test medium at the end of the bioassay proved
to be a relatively coarse parameter to distinguish cultivar specific
differences. Therefore, the quantitative chemical screening was
done by trap solution technique. The release of Bx in trap
solution by 12 day old plants differed significantly for the 95
cultivars, and the frequency distribution of total Bx exudation
was log-normal (skewness 0.04, standard error= 0.25;
Kolmogorov—Smirnov test). This indicates that Bx exudation
is a quantitative trait as well. Among the five cultivars with the
highest exudations were cultivars bfaestium, T. durum and ) ) ) ) ]
S. cerealawith an average maximum release rate of total Bx of ~ Correlation Analysis. The five most suppressive cultivars
approximate|y 2@g/mg/day referring to root dry We|ghTab|e examined within chemical Screening released on average 1.6
1). The five cultivars with the highest exudations released on #9/mg/day of total Bx at the end of the bioassay, which was
average 15 times more Bx than the five cultivars with the lowest just 20% less than for the five cultivars with the highest
exudations. A high cultivar dependence of DIMBOA exudation €xudationsTable 1). Two of the five most suppressive cultivars
was previously shown by Wu et aRF—25) analyzing the root ~ were among the five cultivars with the highest exudations.
exudates of 58 cultivars 6f. aestivum. However, they found Regarding the specifity of Bx exuded by these five cultivars
no clear association with phenotypic measurements of allelo- would suggest that a high allelopathic effect in bioassay could
pathic potential orlL. rigidum. At present, the five cultivars either depend on a high accumulation of DIMBOA alone or a
with the lowest Bx exudations were on average of theigED mixture of smaller amounts of both aglucondsglre 8).
values (8.7 plants/pot) 2.4 times less inhibitory in the bioassay Hence, the observed specifity of Bx exudation was rather less

cultivar

Figure 8. Relative release rates per root dry weight for DIBOA and
DIMBOA by the five most allelopathic Triticeae cutivars tested (N = 95;
12 day old plants). (1) T. aestivum cv. Visperterminen 644IC (EDsy =
2.7 plants/pot); (2) S. cereale cv. Forrajero Baer (EDsy = 2.7); (3) S.
Yereale cv. Protector (EDsp = 3.3); (4) T. durum cv. Bani-Sowif (EDsy =
3.1); and (5) T. aestivum cv. Riitti 40 (EDsy = 3.5). EDsp = plant density
causing 50% reduction in root growth of S. alba.

than the five cultivars with the highest exudations (3.6 plants/
pot). The observed differences in allelopathic activity of cultivars
with high/low exudations were the first indication for an
association between the Bx exudation and the observed phy-
totoxic effect onS. alba.The following correlation analysis
investigated this assumption for the entire spectrum of tested
cultivars.
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Figure 9. Correlation between relative release rates for total Bx (DIBOA, DIMBOA) in 95 cultivars of T. aestivum (N = 67), T. durum (N = 19), T. spelta
(N =15), and S. cereale (N = 4) (30 plants/100 mL/2 h; 12 day old plants) and the growth inhibiting ability (EDs) against S. alba in bioassay. (a)
Clustered data (N = 95); (b) discrete data (N = 95); (c) discrete data of T. aestivum and T. spelta (N = 72); and (d) discrete data of T. durum and
S. cereale (N = 23). EDsp = plant density causing 50% reduction in root growth of S. alba; r = Pearson correlation coefficient for log-transformed data;
* significant at P = 0.01.

important for the allelopathic effect o8. albathan the total Taking both studies into account, it is indicated that crop
quantity of both aglucones. However, the strong electron- allelopathy ofT. aestiumcould mainly result from a joint action
donating 7-methoxy group present in DIMBOA enhances its of phenolic acids and Bx. This assumption would be substanti-
bioactivity as compared to DIBOALG, 49) and in comparison  ated by the findings of Huang et aR{), demonstrating that
a predominantly DIBOA-exuding cultivar could be less allelo- the transient allelopathic activity @. durumcv. Khapli onL.
pathic. The most allelopathic cultivars exuded seven times higherrigidum could be explained by 91% by the variation of seven
amounts of Bx than the five least suppressive cultivars, whereby phenolic acids, DIBOA, and DIMBOA in its root exudate.
two of these were among the five cultivars with the lowest Comparative investigations on root exudation of phenolic acids
exudations_. o ) and root allelopathy o8. cerealeandT. speltaare absent.
C_orrelat|or_1 _Coefﬂc_lent_sCorreIatl_ng the clust_ered means of The correlation analysis for the DIMBOA-exuding species
cultivar specific E[3o in bioassay with the relative rates of Bx T. aestivumandT. speltarevealed a slightly lower coefficient

exuda'tlct).n focr: ?tl.l testefdthspeuef ﬁhloweflh.a lstr?[ng 1nega(;|vdeof correlation of about-0.48 Figure 9¢). In contrast, a stronger
association. Luitivars of the most allelopathic cluster 1 exuded ;. a1ion with a coefficient of correlation .72 resulted

approximately five times higher amounts of Bx than cultivars for T. durumandsS. cereal€Figure 9d). Hence, the contribution

of the least allelopathic cluster &igure 9a). The variability s
in exudation between clusters could explain 99% of the observed of Bx o the overal_l phytotoxicity of roc_)t exudates_ &h alba
proved to be species-dependent and increased in the ®rder

cluster specific allelopathic activity, which certainly overesti- - -~
P P y Y spelta< T. aestivum< T. durum< S. cerealeThe association

mates the real association but evidently shows that there is a £ Bx 10 th Il allelopathic effect dto be f dif
significant relationship. Evaluating the linkage for cultivar or bxto the overaf aflelopatnic efiect seemed 1o be favored |

specific data, which provides a more realistic estimation of both, DIBOA and DIMBOA, were exuded. The correlation

covariation, revealed a medium association with a correlation coefﬂuent.cal.culatec.i for the T®. durumcult!vqrs €= _0.‘59)
coefficient of —0.55 (Figure 9b). This suggested that under closely coincides with the level of association quantified for

the conditions of the present bioassay 55% of the observed PIMBOA ‘Td DIBOA by Huang et al. 20) for T. durumcv.
phenotypic variation was statistically linked with the differential Khapli (R = 0.68) under ECAM conditions. Thus, whether the

exudation of total Bx. However, the medium degree of cova- cqrrent single-point a;sessment of exudate data was .correlated
riation indicates that Bx does not exclusively account for With the test—plant bioassay response or the dynamics of Bx
observed phytotoxicity, raising the question of what else might Within root exudates 20), the exudation of DIBOA and

be involved in allelopathic traits expression of the tested culti- DIMBOA would correspondingly account for approximately
vars. Wu et al.25) demonstrated that the cultivar specific allelo-  69% of the variation in phytotoxicity of. durumroot exudates.
pathic activity ofT. aestivunon L. rigidum could be explained In summary, the correlation analysis confirmed the hypothesis
to 51% by the variation of total phenolic acids in root exudates. that Bx are significantly associated with root allelopathy in



258 J. Agric. Food Chem., Vol. 53, No. 2, 2005 Belz and Hurle

W statistically estimated contribution of Bx durumcultivars at 69.4%; thus, theoretically, Bx should have
100 accounted for an inhibition of 65.6%. Hence, with a discrepancy
| of 10.3%, the statistically estimated contribution of Bx to the

overall allelopathic effect ofT. durum cultivars could be

’ | reproduced by the pure phytotoxin treatment in equivalent
’ | concentrations. Consequently, the observed statistical correlation
apparently illustrates a direct, causal relationship and constitutes
that the accumulation of Bx aglucones in the test medium by
Triticeae species was most likely sufficient to have caused

@®
=

=)
=

[% of control]

'S
=3

inhibition in root growth

[
=1

79.6 60.3 55.3 234

0 T — detrimental effects ofs. alba. This provides strong evidence
O on e iny  DioA. that under the conditions of the present screening bioassay, Bx
cv. Bani-Sowif (1) cv. Bani-Sowif exudation was one of the crucial factors for observed phyto-

Figure 10. Phytotoxicity on root growth of S. alba by pure Bx (DIBOA, toxicity. The observed discrepancy may support the assumption
DIMBOA) treatments or root exudates of T. durum cv. Bani-Sowif (30 that besides Bx aglucones also their phytotoxic, spontaneous,
plants/pot/6 days). and/or microbial breakdown products (e.g., benzoxazolinones,

o ) o o _ phenoxazinones) contributed to the overall phytotoxicity of Bx
Triticeae species. Nevertheless, a statistical significant associayp the screening bioassay, a fact that the present design with
tion. the moderate recovery rates for Bx within the applied analytical

Phytotoxicity of Pure Bx. The maximum concentration of  rocedure may have slightly underestimated the real active
total Bx in the test medium quantified during the bioassay for ¢oncentration in the screening bioassay.

the most inhibitoryT. durum cultivar Bani-Sowif was ap-
proximately 11ug/mL (30 plants/pot/5 days)F{gure 7a).
Although Bx have been shown to have broad spectrum
phytotoxic activity, a concentration consistent with the observed
maximum is most likely insufficient to cause significant growth
inhibition in a range of plant species such/sena fatual.,
Echinochloa crus-gall{L.) P. Beauv., otepidium satizuni.
(13,73). However, for susceptible species suchasaranthus
retroflexusL. or Lactuca satival., a concentration of 1Lg/

mL is adequate to provide a certain extent of growth inhibition
(17). In the case oLemna paucicostatélegelm., a one-time

In conclusion, the current findings provide strong evidence
that the release of Bx by intact plant roots of Triticeae species
is a determining causal factor for the overall phytotoxicity of
root exudates under laboratory conditions. The observed tran-
sient dynamics of Bx exudation along with the corresponding
fate in the test environment suggest that a significant contribu-
tion might be restricted to the early seedling stage. There
appeared to be no accumulation of Bx aglucones in the test
environment exceeding the amount daily supplied via root
exudation; thus, not only DIBOA and DIMBOA but also the

application of 11ug/mL of DIBOA even caused a reduction in qlecomp03|t|on prodgctg can act as aIIenghem|caIs. The quanti-
fied degree of covariation and phytotoxicity of pure aglucones

leaf area of approximately 46% of contr@¥), suggesting that . .
the observed level might be sufficient to have caused a negativeWOUId support this assumption an_d clegrly demqnstrated that
Bx were not the only allelochemicals involved in observed

effect on the sensitive speci8salbaas well.In a hydroponics - . .

bioassays. albawas exposed to an artificial mixture of DIBOA phytotoxicity of root exudat(_as of Tr|_t|ceae SPecies. The present

and DIMBOA in concentrations quantified within root exudates state of knowledge on the biochemical basis of crop allelopathy

of cv. Bani-Sowif. A single application of the maximum in Triticeae species would suggest a joint action of Bx, phenolic

concentration of 1kg/mL of either DIBOA or DIMBOA ora  2Cids (20,23, 25, 75), bioactive coumarins76), and their

mixture of both inhibited the root growth @. alba(Figure spontaneous and/or microbial metabolites (benzoxazolinones,
phenoxazinones) (60). Up to now, attempts to trace the

10). Most inhibitory was DIMBOA with a reduction in root . : / X . " .
growth of 79.6% of control, while DIBOA was least inhibitory biochemical basis of seedllng allelopathy in Trltlceqe species
could not completely explain the overall allelopathic effect.

with a reduction of 23.4%. Thus, DIMBOA was more bioactive . . .
on S. albathan its precursor DIBOA. The 60.3% inhibition However, the allelochemicals examined in each case would

caused by the mixture of both compounds was not significantly J0intly account for a major part of the allelopathic activity in.
different from the inhibition caused by DIMBOA alone. This Pioassay. Huang et al. (20) proposed a fluctuating phytotoxic
would be in accordance with the biological screening, with mixture of several allelochemicals, whereby the contribution
corresponding EB values for cultivars exuding equivélent by each of the individual constituents to the overall allelopathic
amounts of DIMBOA alone or in combination with DIBOA.  effect may change depending on the respective donor species,
Observed inhibition 0. albaby pure phytotoxin treatments its de_yelopmental stage, a_nd environmental fa_ctors. Und_er the
at the maximum concentration quantified clearly revealed that conditions of the present bioassay, the fluctuating exudation of
root exudation of Bx provided concentrations on a phytotoxic D/BOA and/or DIMBOA proved to account for phenotypic trait
level. However, the applied phytotoxic mixture represented the €xPression by 4872%, whereby a stronger association appeared
day 5 exudate concentration and did not consider the observedn case of a prolonged transient release of both aglucones. The
tions at the beginning of the bioassay. lished a causal association and clearly demonstrated the allelo-
Simulating the observed dynamics of Bx within root exudates Pathic potency of Bx exudation under laboratory conditions.
of cv. Bani-Sowif as shown iffigure 7a,b (30 plants/pot) by However, the differential exudation of Bx by Triticeae species
a daily adjustment of the test solution caused a significant Was not th_e only, but one of the determining factors for observed
inhibition in root growth ofS. alba(55.3%). From the biological ~ allelopathic potency.
screening, we know that at a plant density of 30 plants/pot cv.  The findings demonstrate that Bx exudation is relevant under
Bani-Sowif caused an inhibition in root growth of about 94.6% laboratory conditions in a hydroponic system and this capacity
(Figure 10). The correlation analysis estimated the putative might have implications for allelopathic interactions in a natural
contribution of Bx to the observed growth inhibition far. setting. However, the present exudate data cannot predict
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realistic rhizosphere concentration levels, nor can they predict
weed suppressive effects in a field situation, where Bx aglucones
are more rapidly degraded by soil microorganisms or adsorbed
by soil particles 18, 28). Nevertheless, the fact that the most
suppressive cultivar within the biological screenifgcereale

cv. Forajero Baer, was among the most potent Bx exuding
cultivars and has been found to be highly efficient in reducing
the biomass of surrounding weeds under field conditidds (
15) may allow the speculation that a highly effective Bx exuding
cultivar has a potential to leverage crop seedling allelopathy as
a new option for integrated weed management.

ABBREVIATIONS USED

Bx, benzoxazinoid(s); DIBOA, 2,4-dihydroxy-21,4-ben-
zoxazin-3(4H)-one; DIMBOA, 2,4-dihydroxy-7-methoxy-2H-
1,4-benzoxazin-3(4)-one; BOA, benzoxazolin-2¢3)-one;
MBOA, 6-methoxy-benzoxazolin-2(3H)-one.
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