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O ccurrence and localization of novel antimicrobial and antifeeding com pounds in w heat,
2,4-dihydroxy-l,4-benzoxazin-3-one (D IB O A ) and 2,4-dihydroxy-7-methoxy-l,4-benzoxazin-
3-one (D IM B O A ), and their glucosides, were examined by staining w heat plants ( Triticum  
aestivum  L.) in the juvenile stage of growth by ferric chloride. The m ethanol extracts of the 
stained plant tissues gave a characteristic blue color, which was shown by spectroscopic and 
chrom atographic analyses to be exclusively due to benzoxazinones. W hen ferric chloride was 
applied to the root in the seedlings, the blue color im mediately developed, the staining being 
strongest at the tip region and becom ing lighter towards the basal part. The staining pattern  
of the radicle in the pre-em erging seed was similar to tha t in the root, but the coleorhiza was 
not stained. Little staining was observed in the epiderm al layer of the leaf sheath in the shoot 
but the underlying tissue was stained strongly. TTie foliage leaf folded in the sheath was also 
stained, but less intense than the sheath tissue. It is suggested that the D IB O A  and D IM BO A  
are produced within the stained region of the leaf and root. Together with previous findings 
that the benzoxazinones appear constitutively in wheat during the juvenile stage of growth, 
their localized occurrence in the tissues exposed to microbial and insect attacks suggests that 
they act as defense com pounds during this vulnerable plant stage.

Introduction

Benzoxazinone glucosides, 2,4-dihydroxy-l,4- 
benzoxazin-3-one glucoside (D IB O A -G ), and its 
m ethoxy analog, 2,4-dihydroxy-7-methoxy-l,4- 
benzoxazin-3-one glucoside (D IM B O A -G ), are 
known to occur in G ram ineae including maize, 
wheat and rye (N iem eyer, 1988). U pon infection 
or by an insect attack, they are rapidly hydrolyzed 
to produce the aglycones D IB O A  and D IM B O A  
with antim icrobial and antifeeding activities, and 
have been im plicated to be involved in the resis­
tance of the plants to pathogens and insects (N ie­
meyer, 1988; G utierrez et a l, 1988; N iem eyer et a l,
1989). In some cases the degradation products of 
D IB O A  and D IM BO A , 2-benzoxazolinone (BOA) 
and 6-methoxy-2-benzoxazolinone (M B O A ), oc­
cur together with the precursors, and are also 
active as antibiotics and antifeedants (Niemeyer, 
1988; W ahlroos and V irtanen, 1959; B aker and 
Smith, 1977) However, m ost of these studies have
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been concentrated on autotrophic seedlings or 
adult plants.
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Fig. 1. Structures of benzoxazinones.

Recently, we have found that D IB O A -G  and 
D IM BO A -G  occur in both the shoot and root of 
germ inating wheat ( Triticum aestivum  L. cv. Asa- 
kazekom ugi), followed by the aglycones D IB O A  
and D IM BO A  (Nakagawa et a l, 1995). These 
compounds, especially aglycones, attain  a m axi­
mum level soon after the germ ination and then 
disappear gradually as the plant begins au to tro ­
phic growth. The timing of the appearance and dis­
appearance is little affected by pathogen infections 
or by wounding of the plant with a razor blade. 
These results suggested that the antim icrobial and 
antifeeding com pounds appear according to a 
schedule as defense com pounds in the vulnerable, 
juvenile stage of growth. The levels of D IB O A
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and D IM B O A  have been found sufficient to de­
fend the plant against an attack by a pathogen or 
insect even if the com pounds are assumed to be 
distributed uniformly in the tissues (Nakagawa et 
al., 1995). Actually the aglycones may be localized 
mainly in those parts of the plant exposed to mi­
crobial and insect attacks, or more in the cortical 
than in the internal tissues.

These benzoxazinones are known to react with 
ferric chloride to form complexes with characteris­
tic bluish color, and this has been utilized for their 
identification and quantitation in plant extracts 
(H am ilton. 1964; Corcuera et al., 1978; Woodward 
et al., 1979; A rgandona et al., 1981). In this study, 
we utilized this feature to stain the plants in the 
pre-germ inating and juvenile stages of growth and 
observe their presence and localization in the 
tissues.

Materials and Methods

Preparation o f  benzoxazinones

D IBO A -G , D IM B O A -G  and D IB O A  were iso­
lated from wheat seedlings, and D IM BO A  was 
prepared by ß-glucosidase hydrolysis of D IM ­
BOA-G, as reported  previously (Nakagawa et al.,
1995). Briefly, shoots of 11,000 seedlings grown for 
40 hr as described below were extracted with hot 
2% acetic acid for 10 min. The solution was fil­
tered and extracted with n-butanol, and the ex­
tract was concentrated under reduced pressure. 
The residue was chrom atographed on a silica gel 
column that was eluted with chloroform  contain­
ing m ethanol and 1% acetic acid. The fractions 
eluted with 3 and 10% m ethanol were combined 
and purified by H PLC using an O DS column (A- 
323, YM C Co.) that was eluted with 0.3% acetic 
acid-30% m ethanol-w ater (v/v) with monitoring at 
254 nm to give 14, 13 and 9 mg of D IBO A , DI- 
BO A -G  and DIM BO A -G , respectively. To obtain 
D IM BO A , a mixture of D IM BO A -G  (4.4 mg) and
5 mg of ß-glucosidase (22 units. Sigma) in 0.5 ml 
acetic acid-sodium acetate buffer (100 m M , pH 5.1) 
was incubated at 37 °C for 4 hr, diluted with 
water, made acidic with 1 m HC1 and extracted 
with ethyl acetate, and the extract was evaporated 
to dryness. The yield was 2.6 mg. The compounds 
were identified by 'H  NM R, MS and UV spectra 
(W oodward et a l, 1978; Lyons et al., 1988), and the 
structures are shown in Fig. 1.

Seedlings culture

Seeds of wheat were placed in a Petri dish (9 cm
i.d. x 1.5 cm height) containing three layers of fil­
te r paper and 20 ml of distilled water. The seeds 
were incubated at 25 °C for a 12-hr daily period of 
illumination with fluorescent lamps (30 W n r 2).

Staining by ferric chloride

Plant m aterial was stained with a few drops of 
a solution consisting of 1.0 g FeCl3-6H20  dissolved 
in a mixture of 10 ml of 95% ethanol and 100 [il 
of 1.5 m HC1, and the developm ent of the color 
was observed under a stereom icroscope. For the 
extraction of the complexes to m easure UV 
spectra, shoots from 24-hr old seedlings and roots 
cut out from 72-hr old seedlings (50 mg each) were 
stained for 2 min with the ferric chloride solution 
diluted fourfold by m ethanol to minimize the 
spectral disturbance by ferric chloride that gives a 
yellow color and has an absorbance maximum at 
365 nm. The stained m aterial was im m ersed in 1 
ml of m ethanol for 3 min, the mixture was centri­
fuged at 4,500 x g for 5 min, and the supernatant 
was subjected to spectral m easurem ents. The solu­
tions of the authentic benzoxazinone complexes 
were prepared by dissolving 0.3 mg each of the 
compounds isolated as above in 3 ml m ethanol 
containing 2 [il of the ferric chloride solution di­
luted fourfold by m ethanol. Spectra were recorded 
on a Hitachi 220 spectrophotom eter (Tokyo, Ja­
pan). Tic of the extracts was perform ed on a silica 
gel plate (M erck, silica gel 60 F254. layer thickness 
0.20 mm) with chloroform : m ethanol: acetic acid = 
16: 4: 1 (v/v).

Water content o f  the plant tissue

Plant m aterial (1 1 -1 4  mg) was dried at 90 °C 
for 1 hr in an oven, and then desiccated with silica 
gel at room tem perature  until a constant weight 
was obtained (6 -9  days). The experim ents were 
repeated three times.

Results and Discussion

The benzoxazinones. D IBO A -G . D IB O A . DIM - 
BOA-G and D IM B O A . have been dem onstrated 
to appear constitutively during the juvenile stage 
of growth and by de novo  synthesis (Nakagawa 
et a l, 1995). Figure 2 shows their appearance and
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Fig. 2. C hanges in contents of benzoxazinones. 
A . contents in shoot, and B, contents in root 
(reprin ted  from  Phytochem istry, 38. Naka- 
gawa et al., N on-induced occurrence of cyclic 
hydroxam ic acids in w heat during juvenile 
stage of grow th, 1349-1354 (1995) with kind 
perm ission from Elsevier Science Ltd., The 
Boulevard, Langford Lane, Kidlington 0X5 
1GB, UK).

disappearance in the shoot (A ) and root (B) of the 
seedlings; the data are taken from the above 
literature.

U V spectra o f  benzoxazinone-ferric chloride 
complexes

A lthough ferric chloride reaction itself is not 
specific for benzoxazinones, their complexes are 
identified by the characteristic bluish color and ab­
sorption maxim um  (H am ilton, 1964). In m ethanol 
in the presence of ferric chloride, D IB O A -G  gave 
a pale purple color with an absorption maximum 
at 550 nm, D IB O A  a dark violet color with a maxi­
m um at 550 nm, D IM B O A -G  a grayish blue color 
with a m axim um  at 580 nm, and D IM BO A  a 
bright blue color with a maximum at 600 nm. The 
glucosides gave spectra with a blue shift when 
m easured in aqueous m ethanol. Figure 3 shows 
the spectra of D IB O A -G  with increasing am ount 
of water, the absorption maximum being 540 nm 
and 530 nm in 2% and 5% aqueous m ethanol, 
respectively. A lthough data are not shown, DIM - 
B O A -G  gave a spectrum  with a peak at 564 nm in 
m ethanol containing 5% water.

The m ethanol extract of shoots from 24-hr old 
seedlings whose benzoxazinone com ponent is 
mainly D IB O A -G  (Fig. 2) gave a spectrum  with a 
peak at 530 nm (Fig. 3, d), corresponding to the 
authentic one m easured in 5% aqueous m ethanol, 
and thus the w ater content of the m ethanol extract 
was considered to be about 5% . To confirm this, 
the plant m aterial was desiccated to give a con­
stant weight, and the w ater content of the fresh 
m aterial was estim ated to be 88±3% . Based on 
this, the w ater content of the m ethanol extract was 
calculated to be 4 .4 -4 .5% . The extract gave a sin­
gle purple spot corresponding to D IB O A -G  when

nm

Fig. 3. UV absorption spectra of benzoxazinone-ferric 
chloride complexes, a, b, and c: D IB O A -G  complex (3 x 
10~4 m) in m ethanol, m ethanol containing 2% and 5% 
water, respectively; d; m ethanol extract of shoots from 
24-hr old seedlings trea ted  with ferric chloride.

developed on a silica gel plate and sprayed with 
ferric chloride solution. This result showed that 
the blue com ponent developed in the 24-hr-old 
seedlings is exclusively attribu tab le  to DIBOA-G. 
The extract of roots of 72-hr old seedlings that 
contain D IM B O A -G  and D IM B O A  in a ratio of 
6:1 with little D IB O A -G  and D IB O A  (Fig. 2) had 
the characteristic blue color and gave a spectrum 
with a peak centered at 573 nm. Tic of the extract 
gave two blue spots, the R f values, 0.37 and 0.82, 
corresponding to those of D IM B O A -G  and D IM ­
BOA, respectively. No o ther blue spot was ob­
served. These results m ade us possible to identify 
the localization in the tissues of benzoxazinones. 
Because of lability of benzoxazinones (W oodward 
et al., 1978), we failed to prepare antigens by con­
necting them  to album in and thus antibodies, m o­
noclonal or polyclonal.
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Fig. 4. A: Seedling grown for 32 hr after sowing: a. un treated  and b. treated  with ferric chloride solution. R denotes 
root, and S shoot. M agnification; x 10.5.
B: Shoot of a 32-hr old seedling bisected longitudinally: a. untreated , and b. treated  with ferric chloride solution. 
M agnification; x 21.
C: Shoot of a 32-hr old seedling cut crosswise: a. untreated , and b. treated  with ferric chloride solution. Ls denotes 
leaf sheath, and FI foliage leaf. M agnification; x 52.5.
D: Longitudinal section of em bryo of a seed incubated for 18 hr after sowing; a. untreated, and b. treated  with ferric 
chloride solution. S denotes shoot, and C em erging coleorhiza. M agnification: x 52.5.
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Stained seedlings

Figure 4A shows the stained and non-stained 
32-hr old seedlings. In the roots, the color devel­
oped im m ediately after the application of the fer­
ric chloride solution. The staining was strongest at 
the region close to the root cap and became lighter 
tow ards the basal part. The root cap was stained 
relatively less than the following region. The 
transverse sections of the stained root showed that 
the staining was stronger in the cortical part than 
in the inner part of the tissue, and the result was 
the same when the sections were made first and 
then stained. A histological specificity of the stain­
ing was not observed. These results seem to indi­
cate that the occurrence of the benzoxazinones is 
prom inent in the cortical part with rapidly divid­
ing cells.

As shown in Fig. 4A, staining was not obvious 
when the ferric chloride solution was applied to 
the intact shoot, so that the shoot of the seedlings 
were cut into half and then stained. Figure 4B 
shows the results of a 32-hr old seedling. The color 
developed in both the sheath and leaf tissues, be­
ing stronger in the form er than in the latter. Ferric 
chloride solution seems unable to perm eate 
through the epiderm al layer of the sheath. The 
staining was d istributed ra ther uniformly through 
the tissue, and again the histological specificity in 
each organ was not observed. The same was also 
seen when the shoot was cut crosswise and stained 
(Fig. 4C). A lthough photographs are not shown, 
a similar result was obtained for older seedlings 
as well.

Coloring was not observed on the surface of the 
coleorhiza just em erged in a younger 18-hr old 
plant. To see the benzoxazinones in the radicle, 
the plant was cut into half along the longitudinal 
axis and stained. As Fig. 4D shows, staining oc­
curred in the region corresponding to the cortex- 
epiderm is com plex of the radicle. The tip region 
corresponding to the quiescent, primordial root 
cap was stained relatively less, and the stele re­
m ained unstained. Staining was not observed in 
the leaf prim ordium , showing that benzoxazinones 
are synthesized faster in the radicle than in the

leaf prim ordium . Since the final step of the biosyn­
thesis to produce D IB O A  and D IM B O A  has been 
reported  to be the hydrolysis of the glucosides 
(Niem eyer, 1988) and the colored com ponents 
come from D IB O A , D IM B O A  and their gluco­
sides, the final hydrolytic process is thought to oc­
cur within the stained region.

In the previous report (Nakagawa et al., 1995), 
the concentrations in shoots of D IB O A  and D IM ­
BOA have been estim ated based on H PLC  analy­
ses of the plant extracts to be 0 .2 -0 .3  and 0 .7 -1 .0  
mM, respectively, assuming that the density of the 
plant tissue is unity and the distribution of the 
com pound is uniform. The D IB O A  and D IM BO A  
concentrations of 0.3 mM have been shown to be 
sufficient to re tard  the growth of the germ tube of 
pathogenic Bipolaris sorokiniana , non-pathogenic 
Alternaria alternata, and Fusarium  spp. In the p re­
sent study, these antim icrobial and antifeeding 
com pounds and their im m ediate precursors, the 
glucosides, were found to occur in a concentrated 
m anner in the cortical tissue of the roots and in 
the leaf sheath, the leaves folded inside the sheath 
being less stained. The situation may be m ore suit­
able or effective for preventing an attack by a pa­
thogenic microbe or insect than their uniform  dis­
tribution in the tissues. These results, together with 
the transient and limited appearance of the benzo­
xazinones during the juvenile stage of growth (N a­
kagawa et al., 1995), suggest that the vulnerable 
seedlings utilize this process as a defense system, 
deepening our understanding on the biological sig­
nificance of this novel class of com pounds. The oc­
currence of benzoxazinones and its detection may 
be utilized as an index in hybridization experi­
m ents to produce cultivars resistant to attacks by 
deleterious microbes and insects.
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