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Abstract—2 4-Dihydroxy-1,4-benzoxazine-3-one glucoside (DIBOA-G) and its methoxy analogue, 2,4-dihydroxy-7-
methoxy-1,4-benzoxazine-3-one glucoside (DIMBOA-G), were present in germinating wheat (Triticum aestivum); the
corresponding aglycones, DIBOA and DIMBOA, appeared soon after germination. The amounts of these compounds
reached a maximum 12-48 hours after germination, and then decreased to undetectable levels as the plants began
autotrophic growth. The time of their appearance was little affected by using seeds either sterilized or non-sterilized, by
infection with pathogens and wounding with a razor blade. The concentration of DIBOA was found to be
0.2-0.3 nmolmg ™" fr. wt (0.2-0.3 mM if the density of plant tissue is assumed to be uniform and unity) and that of
DIMBOA was 0.7-1.0 nmol mg ™! (0.7-1.0 mM). The aglycones retarded the germ tube growth of species of fungi at
0.3 mM. These observations suggest that the appearance of benzoxazinones is as defence compounds in the juvenile
stage of growth. ['*CJAnthranilic acid was incorporated into DIBOA-G and DIMBOA-G when administered to
embryos isolated from pre-emerging seeds, showing that the series of compounds are generated by de novo synthesis.

INTRODUCTION with a razor blade. These findings suggested that the
appearance of benzoxazinones is an event scheduled to

lic h i id, 2,4-di -1,4- - .
The cyclic hydroxamic acid, 2,4-dihydroxy-1,4-benz oceur in the carly stage of growth,

oxazin-3-one (DIBOA) and its methoxy analogue, 2,4-
dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA),
occur as glucosides in the Gramineae, including maize, RESULTS
wheat and rye [1, 2], and are implicated in the resistance

of the plants to pathogens [2, 3] and insects [2, 4-7].  Extraction

Most of the prcvious studies have been focused on Based on the stability of DIMBOA and DIBOA in
autotrophic seedlings or adult plagts, and, upon infection aqueous solution [15], as well as recovery efficiencies of
or by an tnsect attack, the glucosides are thought to be both the aglycones and glucosides [16], we chose weakly
rapidly hydrolysed to produce DIBOA and DIMBOA  ,i4ic 29, acetic acid-methanol as extraction solvent.
[8-13]. The aglycones and their degradation products,2- T plant material to be extracted was immediately
benzoxazolinone (BOA) and 6-methoxy-2-benzoxazol-  gjpned in the alcoholic solvent at 50° to avoid enzymatic
mone (MBOA), have been shown to exhibit fungistatic  gegradation of the glucosides, and extraction was made
and bacteristatic activity, as well as antifeeding activity using an ultrasonic generator. The amounts of benzoxaz-
ggaigst insects, but the parent glucosides are essentially inones extracted reached a plateau within 10 min and,
inactive [2, 11, 14]. . under these condition, authentic DIBOA and DIMBOA

We found that DIBOA-G and its methoxy analogue,  ufered little degradation as well as their glucosides.
DIMBOA-G. occur in germinating wheat, the aglycones,  Eyiraction with 2% acetic acid at 100° for 10 min was
DIBOA and DIMBOA, soon after. The concentration of also examined but caused lowering of efficiency for
thesc compounds reached a maximum 12-48 hr after recovery of DIMBOA, probably because of thermal
germination and then decreased to disappear as the decomposition.
plants grew to an autotrophic stage. This timing of
appearance and disappearance was little affected by
infections of pathogens, as well as by wounding plants [ PLC analyses

To perform simultaneous analysis of hydroxamic acids,
their glucosides and related benzoxazolinones, we exam-
tAuthor to whom correspondence should be addressed. ined the efficacy of a metal-free ODS column. A standard
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Fig. 1. HPLC chromatogram of cyclic hydroxamic acids, their

glucosides and related benzoxazolinones. Separation was made
using a metal-free C, 4 reversed-phase chromatography.

mixture of DIMBOA-G, DIBOA-G, DIMBOA, DIBOA,
MBOA and BOA was resolved into six well-separated
peaks (Fig. 1). The use of an ordinary ODS column gave
sufficient separation of peaks of the glucosides as re-
ported previously [16], but did not give base-line separa-
tion of the aglycones from their respective glucosides.

Occurrence of hydroxamic acids in seedlings

Wheat seeds germinated 20-24 hr after seeding under
the incubation conditions used in this study. The results
of the extraction and analyses are shown in Fig. 2. In
germinating seeds, the concentration of DIBOA-G in the
shoots was already very high (ca 6 nmol mg ™~ !fr. wt) (Fig.
2A). Its content reached a maximum 12-16 hr after
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germination (36 hr after seeding) and decreased rapidly
thereafter. The aglycone, DIBOA, was detected soon after
germination, reached a maximum (0.2-0.3 nmol mg ™! fr.
wt, 0.2-0.3 mM assuming the density of the plant tissue to
be uniform and unity, or ca 50 ppm) after 12 hr and then
disappeared gradually. DIMBOA-G was found in the
shoots of germinating seeds although its concentration
was lower than that of DIBOA-G, and reached a max-
imum (5-6 nmolmg ™! fr. wt) ca 24 hr after germination
(48 hr after seeding). DIMBOA appeared after germina-
tion and reached a maximum (0.7-1.0 nmolmg ™! fr. wt,
0.7-1.0 mM, or ca 200 ppm) 24 hr later than the gluco-
side, i.e. 72 hr after seeding. The contents of both DIM-
BOA-G and DIMBOA decreased gradually. The sequen-
tial appearance and disappearance of DIBOA-G, DI-
BOA and DIMBOA-G in roots (Fig. 2B) was similar to
that in the shoots. DIMBOA appeared at a faster rate
than that in shoots. Both aglycones were undetectable in
fully autotrophic 10-day-old seedlings (240 hr after see-
ding). The glucoside DIBOA-G was undetectable, but
DIMBOA-G was present at low levels. MBOA and BOA
were not found in either shoots or roots during the
experimental period.

Effects of sterilization and inoculation

To determine whether or not the appearance of DI-
BOA and DIMBOA is due to fungal or bacterial infection
occurring during the experiments, we carried out ex-
periments under sterile conditions. Seeds were dipped
into 70% ethanol and then in 5% perchlorate. To exam-
ine the sterilization efficiency, seeds, their quarters and
embryos were put on media for fungal and bacterial
growth; sterilization was found to be perfect for 70-90%
of the seeds for bacteria and 70-75% for fungi (Table 1).
Based on these results, seeds were grown separately on a
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Fig. 2. Changes in contents of cyclic hydroxamic acids and their glucosides after germination. (A), Contents in
shoots; (B), Contents in roots. (O and @) Contents of DIBOA-G and DIBOA, respectively; (A and A,) contents of
DIMBOA-G and DIMBOA, respectively. Vertical lines at data points show standard errors.
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Table 1. Sterilization efficiency (%) of seeds against fungi and
bacteria*

Agar medium

Yeast
extract—peptone
Potato—sucrose V8 juice —glucose
Whole seeds 70 83 72
Quarters 85 90 70
Embryos 70 85 75

*Thrity to 40 seeds, their quarters and embryos were put on
each medium and incubated for 4 days at 25°. Sterilization
performance is expressed as percentage of cultures where no
trace of fungal or bacterial growth was observed.

microplate to avoid infections from those individuals
containing microbial contamination. The concentrations
of the benzoxazinones were little different between ex-
periments with non-sterilized and sterilized seeds, show-
ing that their appearance is not due to infections (data not
shown, but essentially the same as those shown in Fig. 2).
To confirm this finding, experiments were done using
seeds inoculated with the pathogen Bipolaris sorokiniana,
and strains of Fusarium and Rhizopus spp. so as to give
severe symptoms after a culture of eight days. Again, no
significant differences in the content of DIBOA and
DIMBOA were observed between the experiments under
infectious and non-infectious conditions. The effects of
inoculation with non-pathogenic Alternaria alternata was
also examined and the results obtained were the same.

Effects of wounding

No insects could enter into the container to injure the
plants under the present experimental conditions. Never-
theless, we examined the possibility that wounding by a
razor blade as a model of insect feeding induces the
benzoxazinones. The apices of shoot and radicle of
germinated seeds were cut off and then the plants grown
for appropriate periods and extracted for HPLC ana-
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lyses. No indications of induced occurrence of DIBOA or
DIMBOA were observed (data not shown).

Antimicrobial activity of DIBOA and DIMBO A

Spores of B. sorokiniana and A. alternata, and micro-
conidia of Fusarium spp were incubated in the presence of
DIBOA and DIMBOA. No significant inhibition of
germination was observed in the concentration range
tested (0.03-3 mM), but inhibition of growth of germ
tubes was notable at 0.3 mM (Table 2), the length of germ
tube being on average 60% of that in the controls.
Glucosides had little activity.

Occurrence of hydroxamic acids in seeds

Glucosides were already found to exist in the shoots of
the germinated seeds (Fig. 2). We thus examined the
occurrence and levels of these compounds in the seeds
before germination. The glucosides were present 12—16 hr
after seeding, while the aglycones were barely detectable
before germination, up to 24 hr after seeding (Fig. 3).
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Fig. 3. Changes in cyclic hydroxaminic acid contents in pre-

emergent seeds. (O and @), Contents of DIBOA-G and DIBOA,

respectively; (A and A), contents of DIMBOA-G and DIM-

BOA, respectively. Vertical lines at data points show standard
eITOrS.

Table 2. Inhibition of germ tube growth by benzoxazinones isolated from wheat*

Germ tube length (um)

Compound mM B. sorokiniana A. alternata Fusarium spp.
None 50 + 4.61(100)1 166 + 1.52(100) 8.2 £ 0.80(100)
DIBOA 03 42 + 3.8(84) 9.0 + 0.64 (54) 6.8 + 0.42(83)
3 39 + 3.2(78) 10.0 + 0.97 (60) 4.4 + 0.38 (54)
DIMBOA 0.3 34 +2.6(68) 13.6 + 0.92 (82) 6.2 + 0.38(76)
3 28 + 1.9(56) 11.2 + 0.78 (65) 4.5 £ 0.33 (50)

*Spores of B. sorokiniana and A. alternata were incubated for 10 hr at 25 + 1°,

microconidia of Fusarium spp. for 24 hr.
+Standard error.

}Values in parentheses are per cent of control.
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Dry seeds were ground with a pestle and mortar and
extracted as above, but no trace of aglycones or glucos-
ides was found in the extracts.

Feeding of [Y*Clanthranilic acid

A HPLC chromatogram of extracts of the shoots
emerged from the embryos fed with [1*CJanthranilic acid
is shown in Fig. 4. The results showed that label from
anthranilic acid is incorporated into DIBOA-G and
DIMBOA-G, indicating that the appearance of both
compounds is by virtue of de nove synthesis. The peak in
Fig. 4A that corresponds to fraction no. 6 in Fig. 4B with
a high specific activity was identified as tryptophan. The
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Fig. 4 HPLC chromatogram of extracts of shoots emerged

from embryos fed with ['*Clanthranilic acid. (A), Chromato-

gram monitored by absorbance at 280 nm; (B), specific activity of
chromatographic fractions.

Table 3. Incorporation of '*C into DIBOA-G and DIMBOA-
G from labelled anthranilic acid*

Specific
Amount activity Incoporation
Compound (nmol) (Bgqnmol™') (%)+ Dilution
DIBOA-G  156.5 3.08 0.17 305
DIMBOA-G 28.5 13.8 0.14 68

*Thrity shoots cut out from embryos incubated with 300 uM
['*C] anthranilic acid for 18 hr were extracted and DIBOA-G
and DIMBOA-G were isolated from extracts by HPLC.

tFrom ['*CJanthranilic acid.
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specific activities of the DIBOA-G and DIMBOA-G
isolated are shown in Table 3.

DISCUSSION

DIMBOA and DIBOA are known to be heat-labile
and transformed to their corresponding benzoxazolin-
ones in neutral and alkaline media, and the glucosides
present in plants are easily hydrolysed to give the agly-
cones upon standing homogenized plant material at
room temperature. We thus extracted explants immedi-
ately with methanol containing 2% acetic acid at 50° in
an ultrasonic generator, which gave an excellent recovery
of the compounds causing little degradation. In the
previous literature [4-6, 8, 17], benzoxazinones has been
often estimated as DIBOA and/or DIMBOA equivalent
after hydrolysis of the glucosides; this may have resulted
in the failure to identify the occurrence of the aglycones in
young plants [8].

The HPLC procedure with an ODS column [16] was
satisfactory for the analysis of a mixture of glucosides, but
not for the analysis of a mixture of both glucosides and
aglycones, giving overlapping peaks of the glucoside and
its aglycone without base-line separation. Since hydrox-
amic acids function as a metal chelator, this property may
disturb their separation on an ordinary ODS column. We
used a metal-free column which gave an excellent separa-
tion of the peaks of the glucosides from their aglycones
(Fig. 1).

The extraction and analysis were done on shoots and
roots of wheat seedlings under non-autotrophic to early
autotrophic growth, i.e. juvenile stage (Fig. 2). The devel-
opment of benzoxazinones was little affected by the
inoculation of either pathogenic or non-pathogenic fungi
or wounding. These findings suggest that these com-
pounds, especially the aglycones DIMBOA and DIBOA,
appeared not as phytoalexins but according to a schedule.

A number of previous studies have suggested the role of
hydroxamic acids in the resistance of Gramineae plants
to pathogens and insects [2, 4, 8, 17-19]. We have shown
here that DIBOA and DIMBOA retarded the growth of
the germ tubes of B. sorokiniana, A. alternata and Fusar-
ium spp at 0.3mM (Table 2). The concentration of
DIBOA in plants was found to be ~ 0.3 nmolmg ™! fr. wt
or 0.3 mM and that of DIMBOA was ~ 1 nmolmg~! fr.
wt or 1 mM (Fig. 2), assuming that the compounds are
uniformly distributed. Actually, however, the aglycones
may be localized more in cortical tissues than in internal
tissues to prevent attacks by pathogenic microbes and
insects. The activation or induction of glucosidases is
thought to occur little since the levels of DIBOA and
DIMBOA changed little between the experiments under
infectious and sterilized conditions.

The glucosides started to appear in seeds in the pre-
emergence stage and the aglycones formed concurrently
with germination (Fig. 3). Hydroxamic acids have already
been shown to be absent from dry seeds [2, 8]. However,
to examine whether or not DIBOA and DIMBOA are
stored in the form of glucosides or their high M, conjugates,
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dry seeds were ground and exhaustively extracted with
methanol; no traces of benzoxazinones or their glycosides
were found. The results were the same when ground and
macerated dry seeds were treated with hydrolytic en-
zymes, such as $-glucosidase, x-amylase, cellulase, pectin-
ase, f-galactosidase, pronase and esterase (data not
shown). We then fed embryos isolated from pre-emerging
seeds with labelled anthranilic acid, a compound on the
shikimic acid pathway from which benzoxazinones are
derived [20, 21]. Isotope was effectively incorporated into
DIBOA-G and DIMBOA-G (Fig. 4). The results indicate
that the generation of the benzoxazinones is by virtue of
de novo synthesis.

DIMBOA-G has been reported to be biosynthesized
from 2-hydroxy-1.4-benzoxazin-3-one (HBOA), hydrox-
ylation at the 7-position and methylation occurring on
this compound or its glucoside, rather than on DIBOA or
DIBOA-G [21]. DIBOA-G is also biosynthesized from
HBOA but without hydroxylation and label from HBOA
is more rapidly incorporated into DIBOA than into
DIMBOA [2,21]. In our experiments, dilution after 18 hr
of incubation with ['*CJanthranilic acid was higher in
DIBOA-G than in DIMBOA-G. DIBOA-G is biosyn-
thesized more efficiently than DIMBOA-G (Fig. 3) and,
thus, labelled DIBOA-G could be diluted more efficiently
by non-labelled compound than DIMBOA-G under
conditions where the supply of labelled precursor is
thought to be limited. The present results lead us to
suppose that plants at a vulnerable, juvenile stage may
utilize this process to act as a defence against attacks by
pathogens and insects.

EXPERIMENTAL

Preparation of DIBOA-G, DIMBOA-G and DIBOA
Sfrom wheat seedlings. Shoots of 11 000 seedlings grown for
40 hr were extracted with 350 ml of hot 2% HOAc for
10 min. The soln was filtered and extracted with n-BuOH
(x4) and the organic layers combined and concd under
red. pres. The residue was chromatographed on a silica
gel column that was eluted with CHCI; containing
MeOH and 1% HOAc. The frs eluted with 3 and 10%
MeOH were combined and purified by HPLC using a
lem id. x25cm A-323 ODS column (YMC Co.) that
was eluted with 0.3% HOAc-30%MeOH -H,0 at a flow
rate of 3 mImin "~ ' with monitoring at 254 nm. The yields
of DIBOA, DIBOA-G and DIMBOA-G were 14, 13 and
9 mg, respectively. The compounds were identified by
'"HNMR, MS and UV spectra [15,16].

Preparation of DIMBOA, MBOA and BOA. DIMBOA.
A 4.4 mg aliquot of DIMBOA-G was dissolved in 0.5 ml
of HOAc—NaOAc buffer (100 mM, pH 5.1) to which 5 mg
of -glucosidase (22 units) (Sigma) was added. The mixt.
was incubated at 37° for 4 hr, diluted to 6 ml with
distilled H,0O, made acidic with 1 M HCl and extracted
with EtOAc. The organic layer was evapd under red. pres.
to dryness giving 2.6 mg of DIMBOA. MBOA. A 1.7 mg
aliquot of DIMBOA was dissolved in 2 ml Pi buffer
(10 mM, pH 7.5) and the mixt. heated at 80" for 1 hr. The
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rcaction mixt. was made acidic, diluted to 6 ml with
distilled H,O and extracted with EtOAc. The organic
layer was evapd under red. pres. to dryness giving 1 mg of
residue. The residue was chromatographed on a HPLC
system equipped with a 6 mm t.d. x 10 cm AQ-311 ODS
column (YMC Co.) that was eluted with 0.1%
HOAc-35% MeOH-H,O at a flow rate of 1 mlmin !
with monitoring at 280 nm to give 0.7 mg of MBOA.
BOA. A 3.3 mg aliquot of DIBOA was dissolved in 3 ml of
Pi buffer (10 mM, pH 7.5) and the soln heated at 80° for
I hr. The mixt. was treated as described above for the
prepn of MBOA and the collection of the major UV-
absorbing peak on the HPLC chromatogram gave 1.8 mg
of BOA.

Analysis of benzoxazinones and related compounds in
plant material by HPLC. Seedlings were divided into
parts which were immediately ultrasonicated with 2%
HOAc-MeOH at 50° for 10 min. The mixt. was filtered
and 25 ml of the filtrate was injected into a 6 mm id.
% 10 cm metal-free Wakosil-I1-5C18-HG column (Wako)
which was then eluted with 0.1% HOAc-22%
MeOH-H,O at 40° at a flow rate of 1 mlmin~!. Moni-
toring was made at 280 nm for the analyses of benz-
oxazinones and benzoxazolinones, and at 330 nm for
anthranilic acid. Dry seeds were ground in a mortar with
a pestle and then extracted and analysed as described
above.

Seedling culture. Wheat seeds (50) were placed in a Petri
dish (9 cm1.d. x 1.5 cm height) that contained three layers
of filter paper and 20 mi distilled H,O. The seeds were
incubated at 25° with a 12-hr period of illumination from
fluorescent lamps.

Sterilization of seeds and their culture. Seeds were
soaked m 70% EtOH for | min, washed several times
with distilled H,O, immersed in 5% NaClO, soln for
10 min and washed thoroughly. Individual seeds were put
into a hole of a microplate (Corning Cell Wells) and
incubated under sterile conditions at 25° with a 12-hr
period of illumination from fluorescent lamps. Steriliza-
tion performance was examined as follows. Sterilized
seeds, those divided into quarters and embryos were put
on a potato-sucrose—agar medium and also on a 5% V8
juice-agar medium to examine growth of fungi. For the
detection of bacteria, Nissui standard method agar 05618
containing yeast extract, peptone, glucose and agar was
used. Incubation was made at 25° for 4 days and steriliza-
tion performance was expressed by percentages of the
cultures where any trace of fungal or bacterial growth was
not observed.

Inoculation of seeds. Strains of Bipolaris sorokiniana
(Saccarolo in Sorokin) Shoemaker that cause brown
spots on Gramineae plants and non-pathogenic Alter-
naria alternata (Fries) Keissler were cultured on V8-agar
medium at 257 for 10 days. Spores obtained by washing
the surface of the agar medium were suspended in 50 ml
of distilled H,O in which seeds were soaked for 15 min at
room temp. Spores of strains of Fusarium and Rhizopus
isolated from seedlings infected in a Petri dish were grown
on a potato—sucrose—agar medium and inoculation was
made as described above.
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Wounding of seedlings. Apices of shoots and radicles of
seedlings grown for 30 hr were cut off with a razor blade
and the rest of the plant was grown in a Petri dish as
described above.

Antimicrobial assay. An appropriate concn of test
compound in MeOH was put into a hole slide glass (1.4—
1.5 cm id. x 0.6 mm depth) and dried under a stream of
air and then in a desiccator under red. pres. Spores of A.
alternata and B. sorokiniana, and microconidia of Fusar-
ium spp., were suspended in 10 mM Pi buffer (pH 6) [17],
filtered through two layers of gauze and diluted to a
density of 103 cellsml ™. A 0.15 ml aliquot of the suspen-
sion was dropped into the hole of a slide glass and
incubated at 25 + 1° in a chamber moistened with wet
filter paper. The per cent of germination and the germ
tube length were measured after 10 hr for A. alternata and
B. sorokiniana, and after 24 hr for Fusarium spp.

Feeding with [**CJanthranilic acid. Embryos (50) cut
out from seeds incubated with distilled H,O at 25° for
6 hr were placed in a Petri dish (4 cm i.d. x | cm depth)
containing 1 ml of 300 uM [ring-UL-!*CJlanthranilic
acid (sp. act. 940 MBq mmol " !, Sigma) and incubated at
25° for 18 hr under continuous illumination. Shoots were
cut out from 30 germinated embryos and ultrasonicated
with 1 ml of 2% HOAc in MeOH at 50° for 10 min. The
extracts were filtered, evapd to dryness under a stream of
Ar and dissolved in 100 gl of 30% MeOH containing
0.1% HOACc. A 10 ul aliquot of the soln was subjected to
HPLC as described above and 30 frs of 1 ml each were
collected. The rest, 90 ul of extract, was subjected to
HPLC and compounds eluted after 9.6 and 14.7 min were
collected to give DIBOA-G and DIMBOA-G. Both
compounds were purified by HPLC to constant sp. act.
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