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OVERALL OBJECTIVES
 

Tne main objectives stated in tne original proposal were to establish 

the role of hydroxamic acids (Hx) and simple indol 
alkaloids from Gramineae
 

in plant resistance to aphids, to study environmental factors that influence 

the concentraLion of Hx in the plants and co determine the mode of action of 

Hx at the molecular level. 

In the technical work plan, seven areas of studies were mentioned. An 

eighth area was considered following the provisos of the review panel. The 

results obtained in each area are described below. 

RESULTS
 

a) Biojogical activity of compounds
 

Hydroxamic acids exist as glucosides 
in intact tissues. DIMBOA, the 

main Hx in wheait and maize, and its glucoside, were incorporated into 

artificial diets theirand effects upon feeding aphids (Schiziphis graminum) 

recorded. boti compounds were toxic and acted as feeding deterrents at
 

concentrations comparable to those found in wheat plants as a whole (Corcuera 
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et al. , 1985). Concentrations needed to exert the same effect were higher in 

the case of the glucosides. This relates FIx to numerous other plant 

secondary metabolites which are stored as less active glycosides. 

The barley alkaloid gramine was fed to the aphidls S. graminum and 

Rhopalosiphum padi in artificial diets. Reproductive index, survival and 

food ingestion were reduced by gramine concent;rations comparable Lo those 

found in barley plants (Zu~iiga et al., 1985; Zuii ,a & Corcuera, 1936, 1988).
 

The barley water-stress metabolites proline and glycine-betaine were 

incorporated into -,rtificial diets. Neither compound affected survival, but, 

while proline showed no significant effect on reproductive index, glycine­

betaine increased it (ZiFiga & Corcuera, 1987a). When glycine-betaine was 

added to gramine-containing diets, the grainine iethal dose increased with 

increasing glycine-betaine concentration (Z6iiga & Corcuera, 1987b).
 

b) Presence of indol 
alkaloids and hydroxamic 
acids in wild and cultivated
 

Gramineae
 

Wild Gramineae were screened for hydroxamic acids. Hx were found in 

Chusauea cumingii, Arundo 
donax and Elymus gayanus, but not in Bromus 

unioloides, Pea ar.rua, Dactylis glomerata, Phalaris canariense, Lolium 

perenne, Hordeum chilense, Cynodon dactylon, Shorghum sudanense x S. vulgare 

and Setaria verticillata (some of these results were obtained in the period 

between proposal submission and approval).
 

Within the cultivated Gramineae, lix were found in rye, maize and 

wheat, but not in barley. Additionally, fix were found in Triticale (Corcuera 

et al., 1987).
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Parental material for wheat breeding for high fix levels were searched 

among 55 accessions belonging to 17 Triticum species. fix were found in all 

of them, concentrations varying from 0.2 to 16 mmol/Kg fresh weight. Common 

wheats ranged from 0.7 to 
5 mmol/Kg fr. wt. (Niemeyer, 1937).
 

Seedlings of 34 barley cultivars were screened for indol alkaloids. 

Gramine was the only alkaloid found, in concentrations ranging from 0 to 4.8 

mmol/Kg fr. wt. (Z6Fiiga et al., 1985). In coritradistinction, neither gramine 

nor hordenine were found in the following wild speciesi: Distichlis spicata, 

Hordeum chilense, Lolium multiflorum, Poa australis, Bromus setifolius and 

H{ordeum halophylum (Araya, 1987). A review on indol alkaloids from Gramineae 

was produced (Corcuera, 1987).
 

Proline, glycine-hetaine 
 and choline 
 were found in various
 

concentrations in these latter species (Araya, 1987).
 

c) Infestation experiments with aphids
 

Resistance to the aphid 
Sitobion avenae 
was assessed on six wheat
 

cultivars of different 
Hx levels. A range of of
values for intrinsic rate 


increase (r 
m 

) were obtained, 96% of the variation in which was explained by 

Hx concentrations. Of the components of r , age-specific fecundity was them'
 

most significant factor contributing to resistance (Bohidar et al., 1986).
 

Inverse linear correlations were found between rate of growth of aphid
 

populations in barley seedlings and their gramine 
content (ZMfiga et al., 

1985; Z6Figa & Corcuera, 1986), and also between rate of growth of aphid 

populations and gramine 
incorporated into 
barley shoot.s (ZO&iga & Corcuera,
 

1988).
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Water-stressed barley more
was susceptible 
to the aphid S. graminum
 

than barley 
growing under normal conditions. (Z6iua & Corcuera, 1987a,
 

1987b). Additionally, incorporation 
of glycine-betaine into excised barley
 

leaves increased the population growth rate of aphids; (S. graminum) on the 

leaves. Proline incorporation showed no significant effect, but choline 

incorporation decreased significantly populationthe growth rate (ZMiiga & 

Corcuera, 1987a).
 

d) Cellular and tissular location of compounds
 

The distribution 
of Hx was examined 
in maize and wheat tissues. lix
 

were not found either in guttation drops, xylem exudate 
or epidermis. Both
 

in roots and mesocotyls, 
Hx were more concentrated in veins 
than in the
 

complete leaf (Argandoria & Corcuera, 1985; 
Corcuera et al., 
1987; Argandoia
 

et al., 1987).
 

On the other hand, gramine was not 
found either in guttation drops,
 

xylem exudate or vascular bundles of barley plants. Gramine 
was more
 

concentipated in epidermis 
than in the complete leaf (Corcuera et al., 1987;
 

Argando~ia et al., 1987).
 

Electric monitoring of aphid feeding 
behavior in a gramine-lacking
 

barley cultivar showed that S. graminum spert more time 
in phloem ingestion
 

and R. padi in non-phloem 
ingestion. In a g.'amine-containing cultivar, 
R.
 

padi fed only from pnloem, and time 
to reach rhloem increased in both aphids.
 

Neither aphid from
fed the phloem of barley shoots which
to gramine
 

was incorporated. Additionally, R. padi ingested 
from non-phloem similarly
 



to the case of a gramine-lacking barley cultivar.
 

e) Factors that influence the content of Hx and indol alkaloids in plants 

Water stress decreased the hydroxamic acid content of wheat seedlings 

(Galvez, 1986).
 

In barley plants, water stress did not alter significantly gramine 

content 
 (ZCiiga & Corcuera, 1987b). Water-stressed barley contained
 

significantly higher amounts of proline and g}lycine-betaine than barley 

grown under normal conditions 
(Z6iiiga, & Corcuera, 1987a); Z6.iiga & Corcuera, 

1987b). 

Gramine content of barley decreased with the age of the plant from the 
5th day untill the 27th. In 11-day old barley seedlings, gramine levels 

increased with temperature in the second leaf but remained constant in the 

first leaf. Barley seedlings showed higher gramine content under a long 

photoperiod (16/8) than under a short one (8/16). Finally, nitrogen 

fertilization increased gramine levels in the second leaf of barley seedlings 

but had no effect on the first leaf (Salas, 1986).
 

f) Studies on the mode of action of hydroxamic acids from cereals
 

The effect of DIMBOA, the main hydroxamic acid in wheat and maize, on 

mitochondrial energy-linked 
 reactions was explored as a source of 
 its
 

toxicity. DIMBOA inhibited reversibly ATP synthesis, P.-ATP exchange reaction 
1 

and ATPase activity in submitochondrial particles from bovine heart. At 

higher concentrations it inhibitedalso mitochondrial electron transport. 
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Irreversible inactivation 
 of mitochondrial electron 
 transport, P.-ATP
 
1
 

exchange reaction and 8-anilino-l-naphthalene energy-dependent fluorescent
 

enhancement was also observed (Niemeyer et al., 
1986).
 

A source of interaction between 
 DIMBOA and enzymic systems are
 

nucleophilic sites in the enzyme. DIMBOA wa; reduced by 
thiols. The reactive
 

species were undissociated DIMBOA and thiolate 
anion, the mechanism proposed
 

involving rate-limiting attack of thiolate 
anion on the hydroxamic nitrogen
 

atom and fast attack of 
a second thiol molecule on the sulphur atom of the
 

intermediate formed (P6rez & Niemeyer, 1985).
 

g) Decomposition of DIMBOA
 

Studies of the decomposition 
 of DIMBOA in non-aqueous solvents
 

supported the following mechanism:
 

K
 
"H30,-..OH K CH 3 0"- . ,OH CH 3 0OH C30
 

fsNt HCOOH 
 NC
 
OH 0- 0 slow HH 


DIMBOA 1 H
 

The conclusion 
is based on the followinp data: in low donor iumber
 

solvents, k is rate limiting 
and in high donor number solvents, is
k2 


rate-limiting (Bravo & Niemeyer, 1985), ii) 
K could be determined polaro­

graphically 
in high donor number solvents, and the ,-lculated k2 (kobs/K)
 

gave rise to a linear free 
solvation energy relationship with donor number
 

(Copaja et al. 1986), 
 iii) linear free solvation energy relationships
 

between observed rate constants and acceptor 
number alcoholic solvents
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(Bravo & Niemeyer, 1986b), iv) borate catalysis of the reaction in aqueous 
solution by formation of an adduct with compound IZ_ (Pc'rez & Niemeyer, 1986), 

v) a secondary product 
was 
isolated whose formation involved intermediate 2 

(Bravo & Niemeyer, 1986a). 

h) Field studies
 

Field t.rial ; were conducted on artificial infestation by R. padi and 

Metopolophium dirhodum of 14 wheat cultivars varying in Ix, up to day 80 

after germination. Climatic factors such as rainfall or temperature could 

not explain variations 
in aphid numbers. Significant inverse 
correlations
 

were found between aphid numbers and Hx in 10 cases. Tn the other cases, 

correlations 
were poor. Slopes and intercepts of 
lines varied considerably
 

within cultivars. Slopes were 
smaller for R. padi than fur M. dirhodum.
 

CONCLUS IONS
 

Hydroxamic acids in wheat
 

The scope of the correlations between aphid resistance and fix levels 

in the plant was widened to include Sitobion avenae.
 

Hx inhibit various mitochondrial functions, a fact that may be related 

to their widespread toxicity. Chemical studies indicate that electrophlic 

character of the hydroxamic nitrogen atom and the (hidden) aldehyde group in 

Hx, is crucial fer the inhibition of enzyme complexes.
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Field studies indicate that although aphid infestation in wheat is
 

related to Hx levels, other aphid-plant interaction mechanisms are also
 

involved which vary in importance among different cultivars.
 

Screening of ancient and 
modern wheats as well as wild Gramineae has
 

lead to the identification of suitable germplasm for breeding wheat for high 

Hx levels, both through interspecific and intraspecific hybridization.
 

Tndoi alkaloids in barley
 

Controlled infestation experiments, assays with artificial diets and 

electric monitoring of aphid 
 feeding behavior indicate that gramine is
 

involved in the protection 
of barley against aphid damage. The degree of
 

protection depends 
 on the feeding behavior of the aphid, due to the
 

compartmentation of gramine withing the plant.
 

Under water 
stress, protection of barley against aphids decreases, due
 

to the direct effect of water-stress metabolites and 
 also to their
 

interaction with gramine.
 

Gramine levels are influenced by age of the plant as well as by
 

photoperiod and nitrogen fertilization.
 

Suggestions have been earlier put forward that 
gramine levels should
 

be decreased by breeding because it toxic
is to runminants. Our results
 

indicate that such measures might jeopardize p]ant survival by decreasing
 

its defenses.
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alkaloid in the resistance of barley seedlings 
to aphids, Phytochemistry
 
24: 945-947.
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Proposal: Role of secondary metabolites in the resistance of cereals to 
aphids (3F-03)
 

Principal investigator: Hlermann M. Niemeyer 

A. International cjeetings 

I. Zuiiiga, G.E. & Corcuera, L.J. (1985) Effect of onbetaine susceptibilityof water stressed barley aphids.to Annual Meeting of the AmericanAssociation 
of Plant Physiologists. Providence, 
RT, USA, June 23-28
 
(abstract only).
 

2. Corcuera, L.J., Argando~ia, V.H. & Zui.ga, G.E. (1985) Role of allelo­chemicals in the resistance of cereal crops to aphids. 190th NationalMeeting of the American Chemical Society, Chicago, USA, September 8-13.
 

3. riemeyer, H.M., Perez, F.J. & Bravo, H.R. (1986) Hydroxamic acidsGramineae. Function in the plant and mode 
from 

of action. V Conferencia deFisico-Quimica Org nica, Florian6polis, Brasil, April 2-4.
 

4. Corcuera, L.J. (1986) 
Efecto de productos naturales en la resistencia de
plantas a insectos. 
Reuniao de Sistematica, Evolucao 
e Ecologia Micromo­
leculares. Rio de Janeiro, Brasil, April 28-30.
 

5. Argandoia, V.11. & Corcuera, L.J. (1986) Distribution of gramine inbarley tissues. Annual Meeting 
of the American Association of Plant
Physiologists. Baton Rouge, Louisiana, USA, June 8-12 (abstract only).
 

6. Niemeyer, H.M. P6rez,& F.J. (1986) Hydroxanic acids from Gramineae:their 
 role in aphid resistance and their mode of action. SixthInternational Symposium 
on 
Insect-Plant Relationships, Pau, France, July

1-5.
 

7. Wratten, S.D., Niemeyer, H.M., Thackray, D.J. & Edwards, P.J. (1986)Effects of hydroxamic acids on the resistance of wheat to the aphidSitobion avenae. Sixth 
 International Symposium on 
 Insect-Plant
 
Relationships, Pau, France, July 1-5.
 

8. Niemeyer, H.M. y Perez, F.J. (1986) Los 6cidos hidoxmicos del trigo yla obtenci6n 
de variedades resistentes 
a dfido-. XVII Congreso Latino­
americano de Quimica, Bogota, Colombia, October 12-19.
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B. National Meetings
 

1. ZMiga, G.E. & Corcuera, L.J. (1984) Papel de un alcaloide ind6lico en

la resistencia de 
la cebada a 6fidos. Reuni6n Nacional de BotAyiica, La
 
Serena, September 24-29. 

2. Z65iga, G.E. & Corcuera, L.J. (1984) Papel de l gz'ainiria en ]a resistlen­
cia de ]a cebada a Schizaphis graminum. Jornadas Agron6micas, Santiago, 
October 1-5.
 

3. ZMiliga, G.E. & Corcuera, L.J. (1984) Ffecto de alginos alcaloides
ind6licos simples laen resistencia de la cehada a Afidos. Reuni6n 
Nacional de Productos Naturales, Valdivia, November 13-16.
 

4. Argando~ia, V.11. (1985) Localizaci6n tisular de metnlaolitos secundarios 
en gramineas y tasa de crecimiento poblacional de Sclhizaphis graminum.Reuni6n Anual de la Sociedad de Biologla de Chile, Puc6n, November 28-30. 

5. Ziga, G.E. & Corcuera, L.J. (1985) Efectos de la gramina en la
resistencia de la cebada a los ifidos Schizaphis graminum y Rhopalosiphum
padi. Reuni6n Anual de 
la Sociedad de Biologia 6e Chile, Puc6n, November 
28-30. 

6. Niemeyer, H.M., P rez, F.J. 
& Bravo, H.R. 
(1985) Acidos hidroxdmicos de
gramineas: funci6n 
en 
la planta y modo de acci6n. Simposio de Bioorgini­
ca, Concepci6n, November 26-29.
 

7. Brz-vo, H.R. & Niemeyer, H.M. (1985) Un nuevo producto de la descompo­2sici6n de la , 4 -dihidroxi-7-metoxi-benzoxazin-3_ona (DIMBOA), un 6cidohidrox6mico de gramineas. Jornadas Chilenas de QuImica, Osorno, December
 
3-6.
 

8. Perez, F.J. & Niemeyer, H.M. (1985) Efectos micelares sobre el equilibria
6cido-base y la velocidad de descomposici6n del DrMBOA. Jornadas Chilenas 
de QuImica, Osorno, December 3-6. 

9. Seplveda, B.A. & Corcuera, L.J. (1985) Posible papel aleloquimico de unalcaloide ind6lico la sobrede cebada Heliothis zea y Pseudomonas 
syringae, Jornadas Chilenas de Quimica, Osorno, December-3-5. 

10. Ztiga, G.E. & Corcuera, L.J. (1985) Efectos aleloquimicos inducidos por
el d6ficit hfdrico en cebada.la Jornadas Chilenas 
de QuImica, Osorno,
 
December 3-6.
 

11. Niemeyer, H.M. y Perez, F.J. (1986) Acidos hidroxamicos en trigo: un
criterio quimico para 
la selecci6n de variedadev, rnsistentes 
a Afidos.
Simposio de QuImica y Utilizaci6n de 
Recursos Naturales, Concepci6n,
 
July 22-25.
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12. 	 ZGiga, G.E., Seplveda, B.A. & Corcuera, L.J. (1986) ]nhibici6n de losefectos de gramina por glicina-betaina en Pseudouionas syringae. Reuni6n 
Nacional de BotAnica, Valdivia, September 23-26.
 

13. 	 Gdivez, G.R. & Argandoa, V.H. (1986) Resistencia quimica a ifidos en
trigos cultivados en el campo. Reuni6n Nacional de Botinica, Valdivia, 
September 23-26. 

14. 	 Zfiga, G.E., Argandoia, V.H. Corcuera,& 	 L.J. (1986) Distribuci6n de
prolina y glicina-betafna 
 en cebada. Reuni6n Nacional de Bot~nica,
 
Valdivia, September 23-26.
 

16. 	Sep6lveda, B.A. & Corcuera, L.J. (1986) E.fecto y mecanismo de acci6n dela gramina sobre Pseudomonas syringae. Reuni6n Nacional de Bot~nica, 
Valdivia, Septeiiiher 23-26.
 

17. 	Zhfiiga, G.E. & Corcuera, L.J. (1986) Efecto de gramina sobre la distribu­
ci6n de Afidos en 
 cebada. Reuni6n Nacional de Botinica, Valdivia,
 
September 23-26. 

18. 	Salas, M.L. & Corcuera, L.J. (1986) Efecto del 
nitrato de potasio sobre

la 	 concentraci6n de gramina y la resistencia de la cebada al ifido
Schizaphis graminum. Reuni6n Nacional de Bot~nica, Valdivia, September 
23-26.
 

19. 	Araya, F. & Corcuera, L.J. (1986) Efecto de 
iones en la resistencia de
Distichlis spicata dfido
al Schizaphis graminum. Reuni6n Nacional 
de
 
Bot~nica, Valdivia, September 23-26.
 

20. 	P~rez, F.J. & Niemeyer, H.M. (1986) Inactivacj6n de la papafna por
1,4-benzoxazinonas. Reuni6n 
de la Sociedad de Biologla de Chile, Puc6n,
 
November 26-29.
 



14 

Appendix 3: Student training
 

Grant DPE-5542-G-SS-4029-00
 

Proposal: Role of secondary metabolites in the resistance of cereals to 
aphids (3F-03) 

Principal investigator: Hermann M. Niemeyer
 

A. Thesis (finished)
 

1. G6ivez, RH. (1986) Presencia de 5cidos hidrox~micos en trigos cultivados 
en el campo y niveles de infestaci6n de 6fidos. Thesis for Licenciado inEducation (Chemistry and Biology), Facultad de Ciencia, Iniversidad de 
Santiago de Chile.
 

2. Salas, M.L. (1986) Factores ambientales y fisiol6gicos que afectan el

contenido de gramina 
en cebada. Thesis 
for Licenciado in Education
(Chemistry and Biology), Facultad de Ciencia, Universidad de Santiago de 
Chile.
 

3. Araya, F. (1987) Salinidad y resistencia de gramineas cultivadas ysilvestres al ataque de 6fidos. Thesis for M.Sc. in Biological Sciences, 
Universidad de Chile.
 

4. ZMhiga, G.E. 
(1987) Papel de los alcaloides ind6licos en 
la resistencia
de 
la cebada a 5fidos. Thesis for M.Sc. in Biological Sciences, Universi­
dad de Chile.
 

B. Thesis (in progress)
 

1. Perez, F.J. (1987) Interpretaci6n bioquimica de la actividad biol6gica
de los 6cidos hidroximicos de gramfneas. Thesis 
for Ph.D. in Biological

Sciences, Universidad de Chile.
 

2. SepGilveda, B.A. 
(1987) Papel de metabolitos secundarios de cereales en
la protecci6n natural contra el ataque de Heliothis zea y Pseudononas
syringae. Thesis for Ph.D. in Biological Sciences, Universidad de Chile. 

C. Recently incorporated students
 

1. Givovich, A. (Insect-Plant Interactions)
 

2. Massardo, F. (Plant Physiology)
 

3. Quiroz, A. (Organic Reaction Mechanisms)
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Appendix 4: Financial report 

Grant: DPE-5542-G-SS-4029-00 

Proposal: role of secondary 

aphids (3F-03) 

metabolites in the resistance of cereals to 

Principal investigator: Hermann M. Niemeyer 

Equipment 

Refrigerated centrifuge (Sorvall RC-5B) 
Gas chromatograph (Shimadzu GC-9A) 
Liquid Chromatograph (Shimadzu LC-6A)
Spectrophotometers (Shimadzu UV-240 and 
Electronic balance (Shimadzu EB-2800)
Personal computer (IBM PC-AT) 
Refrigerated baths (Lauda RM6 and RM20) 
Recorder (Graphtech SR-6211) 
Microscopes (Nikon XF-21E and SMZ-2T-D) 

UV-120) 

US$ 17.833 

43,677 

6,460 
4,364 
1,530 
9,504 

US$ 83,368 

Supplies 

Labware (VWR, Millipore, Hellma, Electrothermal) 
Glassware (Kontes, Aceglass, IVA 
Chemicals (Sigma, Fluka) 

US$ 15,125.04 
6,093.00 
1,544.38 

US$ 22,762.4L 

Salaries 

Graduate students: 

Arturo Givovich 
Antonieta Oehrens 
Antonio Sept]veda 
Gustavo ZW'figa 

US$ 1,410.31 
795.35 

2,150.66 
2,583.74 

Undergraduate students: 

Ricardo G5ivez 
Victoria Rojas 

Luz Salas 

467.44 
677.00 

795.35 
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Technicians:
 

Vivian Benavides 

1,537.28
Jacqueline Grez 
 1.96


Lilian Muioz 
 581.96
 
2,6i2.49
 

US$ 13,611.58
 

Travel
 
In 1985 (LuistCorcuera, USA)
In 1987 (Hermanrn N. Niemeyer, USA and Canada) US$ 2,175


US$ 2,809
 

US$ 4.984
 

Other costs
 
Interfaces and software (Data Translation) 
 US$ 5,274
 

SUMMARY
 

Requested 
 Spent
Equipment 
 US$ 82,200 
 US$ 83,368.00
Supplies 

21,000 
 22,762.42
Salaries 
12,000 
 13,611.58
Travel 
9,500 
 4,984.00
Publications costs 
 300
Other costs 

4,500 
 5,274.00
 

TOTAL 

US$130,000 
 US$130,000.00
 

Hermann M. Niemeyer
 
Principal investigator
 

Camilo Quezada
 
Dean
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Effects of 2--D-glucosy-4-hydroxy-7-methoxy-!,4-benzoxazin.3_one on Schizaphis graminum (Rondani) (In­sects, Aphididae) feeding on artificial diets 

L.J. Corcuera'. C.B. Queirolo and V.H. Argandofia 
Depariamentodc Biologia, Fac,dtad de Ciencias Bsica.s Y Farmaci,fticas. IIniversidadde Chile, Casilla 653, Santiago (Chile).
2Y May 1984 

Sumrnarv. 2-0-Glucosyl-4-hydrox:-7-methoxy -. 4.benzoxazin.3.one (DIMPOA-Glc). the main hvdroxamic acid from maize andwheat, and its aglucone. decreased survisal of Schizaphi.%granzu'n reared on artificial diets. Both compounds were toxic foraphids and acted as feeding deterrents, at concentrations as lo%, as I mM. The natural concentrations of glucosides of hydroxa­mic acids in wheat leaves reach up to 6 mmoles'kc fresh weight. thus falling within the range in which DIMBOA-Glc causesdeleterious effects to diet-fed aphids
Key word.,. llydroxamic acid: cereals. maize, wheat: aphids: greenbug 

Hydroxamic acids from Poaceac (Graminzae, seem to ply a
role in plant resistance to Ostrtnto natlahs" Rhopalosiphlim
maidt.. Mcopolophum dirhodtmn' and Schr:aphw graininum'
DIMBOA. the main hydroxamic acid from maize and wheat 
extracts, decreases feeding. survival and reproduction rate ofaphids reared on artificial diets, 7. However, DIMBOA is 
present in tissues as a glucoside (DIMBOA-GIc). The purpose
of this work is to describe the effects on aphids of D1MBOA. 
GIc and to compare them with those of DIMPOA. 
ExYperitnental. Isolation of DIMBOA-GIc. Seedlings (Zea ma.
L. cv Tl29s) Aere grown in a greenhouse under pernminent
light at 30'C 7-day-old seedlings (950 g) were slowI, added to 
10f(0 ml of boiling water, keeping the temperature above 90'C.
After 15 min the seedlings were cooled down, homogenized
and filtered through cheesecloth. The pH of the extracts Aas
adjusted to 10 and the sample centrifuged at 10.000 x g for 10
min. The supernatant fluid was acidified (p1l 3, HCI) and
washed three times with diethylether (2:1 v,'v ether:extract).
The volume of the aqueous phase was reduced to 25 ml and 
added to 600 ml of methanol. The resulting suspension wasfiltered and the solid (22.9 g) discarded. The volume of the
filtrate was reduced to 20 ml to which 100 ml ,f methanol were 

added. The solid formed (1.2 g) was removed b, filtration and
discarded. Acetone (300 ml) was added to the solution and the 
precipitate formed (17.6 g) was also removed b, filtration. The
solution %%as evaporated to dryness and dissolved in 50 ml of 
water:methanol 3:1 v,\.
This solution was added to a column (300 x 35 mm i.d.) of
SP-Sephadex C-25 (Pharmacia) in the Fe(Hll) form and equili­
brated with water:methaol 3:1 v/v. This column binds hydro­
xamic acids, turning a deep blue'. The column was washed
with 1700 ml of the same solvent (33 nl/h). The sample was
then cluted with 500 ml of water:methanol 3:1 v/% saturated 
with NaCI. The blue fractions were collected (158 ml). The 
iron was displaced from its hydroxamic acid complex by addi­
tion of 70 ml of 0.83 M EDTA p1l 8.5. The precipitate formed 
was removed by filtration. The solution was neutralized with
NaOll, concentrated and filtered. Aliquots of 6.5 ml were
addcd to a Sephadex G-10 column (720 x 45 mm i.d.) pre.
viously equilibrated with CHCI.-saturated water and eluted
with the same solvent as described', with a flow rate of 13 
ml/h, collecting 2-ml fractions. 
Elution profiles were made by measuring the absorbance of the
fractions at 260 nm, by treating the fractions with FeC 3 and 
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measuring the absorbance at 590 nm. and by treating the sam-
ples with anthrone reagent for sugars and measuring the ab-
sorbance at 620 nm"'. Only one peak which contained both 
hydroxamic acid and sugar was observed. This peak had an
elution volume of 615 ml. Peaks with elution volumes of 424 
and 475 ml co-,nromatographed with Fe-EDTA complexes.
The FeC", and anthrone positive fractions were pooled and 
evaporated to dryness. The compound obtained (m.p. 250-
251 'C) had equirnolar amoun's of hydroxamic acid and sugar, 
as determined by the FeCl, and anthronc tests, respectively.
The compound xsas identified as DIMBOA-Glc by its UV. 
NMR and mass spectra. vhich were the same as those pub-
lished''' . The yield of DIMBOA-Glc was 1.3 g/kg of fresh 
tissue. DIM BOA was isolated as described". 
Aphid assa s. Individuals of Schi:aphis granmuni (Rondani) 
were collcected from naturally-infested barley Santiagonear 

and allowed to reproduce on 
plants of Hordeum distichum L. 
cv Fola Union kept under continuous light at room tempera­
ture. Feeding assays were made with diets placed between two 
layers of ParafilmNM The diet was as described", plus DIM-
BOA-Glc or t)IMIOA When young aphids were used for ex­
periments., the\ k'erc 3rd and 4th instar nymphs. All experi-
ments were performed at 28"C under continuous light. SE 
were less than 10', and were omitted from the figures for s:m-
plicity. 
Resudlt. Survival and tcpnroduction of aphids. DIMBOA-GIc
and DIMBOA %sereoffered separately to nymphs of S. granhi-
num in diet.; (fig. I).Both compounds decreased survival of 
aphids. DIMBOA bcing more lethal than DIMBOA-Glc. The 
concentrations necessar to produce 50% mortality were 4.0 
and 1.2 mM DIMBOA-Glc and DIMBOA, respectively.
Adults of S. graminum were fed DIMBOA-Glc or DIMBOA 
and reproduction rates were measured (fig. 2). Both corn-
pounds decreased reproduction rate at concentrations as low 
as 0.25 mM. 
To.ic-i* and t's-dme dtci-rrcn~c. Aphid nymphs of S. grarninumwere exposed to diet.,containing DIMBOA-Glc or DIMBOA 
and the fraction of aphids that feeding onwere the diets was 
determined. Both compoundsshowed appreciable feeding de-
terrent activit. ee.en at the lowest concentration tested (0.5
rM). 
Cohorts of nymphs of S granrinuni were offered diets contain­
ing DIMBOA-Gic or DIM BOA and then transferred to diets 

_____________100 

DIMBOA-Gl7 

08 

DIMBOA 

< 

4 8"0 

Test compound (mM) 

Figure I. Effect of DIMBOA-Gtc and DIMBOA on survival of nymphs
of S. graminum reared on artificial diets Survival, expressed as percent
of initial individuals, "a%determined after 24 h of feeding. Each point is
the average of three samples of 10 aphids each 

without hydroxamic acids. Aphid survival was determined 
(fig. 3). The lowest survivals were observed with 6 mM DIM-
BOA-Glc and 4 mM DIM BOA. At higher conccntrations both 
DIMBOA-Glc and DIMBOA have a strong feeding deterrent 
activity. Hence, ingestion of the diets with the compounds was 
limited and survival was higher. At intermediate concentra­
tions more compound was ingested causing a lower survival of 
the aphids. Thus. DIMBOA-Glc and DIMBOA have both
feeding deterrent and toxic activities on S. graininum feeding 
on artificial diets. 
Discussion. Most of the knowledge about the activity of hydro­
xamic acids from mai7c and wheat on insects has been o.. 
tained by testing the effects of DIMBOA , Since DIMBOA is 

4 

x 
"o
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a) 
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D DIMBOA-Glc 
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DIMBOA
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0 

Test compound (mM) 

Figur 2. Effect of DIMBOA-Gi and DIMBOA on reproduction of 
adults of S. granffcfreared on artificial diets. Reproductive index 
tnumber of nymphs born number of adults aive) was determined after 
feeding adults for 50 h Each point is the mean of five samples of five 
adults each. 

DIMBOA 

>0 

DIMBOA-GIc 

6 1Test compound (mM) 

Figure 3. Effect on aphid survival of exposure for a limited time to
DIMBOA-Gic or DIMBOA. Nymphs of S. graminurn were exposed todiets with DIMBOA-Gt. or DIMBOA for 12 h and then transferred to
control diets without hydroxamic acids. Survival was determined 24 hlater as a function ,f h.,aroxamic acid concentration in the initial diets.
Each point is ht.average of three samples initially of t0 aphids each. 

0 
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not found in intact tissues. the properties of the naturally. 
priment DIMBOA-GIc may be important in plant-insect inter. 
actions Although 1NI)BOA was always a more active mole-
cule, DIMBOA-GIL also showed feeding deterrent and toxic 
activities on S. graminum.Since DIMBOA-Glc man be hydro-

lyzed to )IMBOA upon disruption of cells during insect feed-
ing", th toxic and feeding deterrent properties of both com-
pounds ma. be relevant to plant protection. The effects of 
both compounds on aphids fed on artificial diets were obser-
red at a concentration range similar to that found in wheat 
leaves (0.1 to 6.3 mrnoles'kg of fresh weight) Since an inverse 
correlation between h'droxamic acid content of leaves and 
aphid infestation level has been found4 -' it is possible that v'a-

rieies resistant to aphid, ma% be obta.ined b\ selecting those
with higher hydroamic acid content It is difficult to predict 
the concentration of h,,droxamic acid necessar, to achieve 
plant protection aginst .S'..r imrum. ]lo\se\cr, it has been 
found that plants \%ithmore that) 4 nlmroles kg of fresh weight
in their lca\ c,arc nol susceptible to S. rminion and 4 io,po-
/lriiorn dirhr,lpi' 
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DISTRIBUTION OF HYDROXAMIC ACIDS IN ZEA MAYS TISSUES 

VicTOR H. ARGANDO&A and LuIs J. OcRCUERA 
Departamento de Biologia. Facultad de Ciencias Basicas y Farmac6uticas, Universidad de Chile, Casilla 653, Santiago, Chile 

(Re,,ised received 7 June 1984) 

Ke. Word Index-Zea mays; maize: Triticum durum; wheat; Gramincae; 1,4-benzoxazin-3.ones. 

Abstract---The hydroxamic acid content of leaves of cereals correlates well with resistance to aphids. In maize thesecompounds were absent from xylem exudates and guttation drops. Lateral veins of leaves of 7-day-old natze riantscontained 8 mmol 'kgft. wt while the entire leaf contained only 4.2 mmol'kg fr. wt. In leaves of 20-das-old plants, theseamounts decreased b% ca one-third. In mesocotvls, thc cortex and central vascular cylinder contained 1.3 and2.2 mmol'kg fr.wt. respectively. In 12-daN-old wheat plants, the complete leaves and their veins contained 2.4 and6.4 mmol kg fr.wt respectivel . Th, *s, the concentration of hydroxamic acid was always higher in the vascular bundles. 

INTRODUCTION 

Plant secondary mctabclites may be important in protect-
ing plants against herbivores and plant pathogens. For 
exampk. hydroxamic acids from the Gramineae have 
been suggested as resistance factors to several insects 
[1-3]. DIMBOA. the main hydroxamic acid from maize 
and whea: extracts, is toxic and deters feeding in the 
greenbug Sc'hi:aph. graninun (Rondanit at concentra-lion.s
lo,Aer than, those usuall.\ found in plant sap [4].thplomndscdaiyfo meovltsuef sgreenbug Schi:aphi. graminum feeds predominantly from
Hvdmxann acids ar found in roots, shoots and leaves of 
maize hut thecv jocation in the fissues of these organs isLuaize n thei. lcaiondain tetissutes ofhscas ogn 1 


unktios ri f'5} Secondary metabolites, such as cyanogenic
giucosidc in Sor,,t.,m: mayv be compartmentalized in plant 
tissue-. foti Ir thi> paper we report that in maize 
hvdr( xarni acids arc preferentially concentrated around 
vascu;i, tissue 

nEs'LTs AND} DISC:SSION 

Hvdrxamic acid> %kercnot homogeneously distributed
 
amonv Iht Narou 
 parts of maize leaves of 7- and 20-day-

old plaw.n ' abf', I;. The concentration in the lateral veins 

was highe- that that in the rest 
of the leaf Additionally. 

hydro\amit acid,\,were not detected in guttation dro[..i 
 )r
xvlem exudat. Similar results were obtained when 
several leases of a 35-day-old plant were analysed
(Table 21 The concentration was always higher in lateral 
veins than In the complete leaf. This was also observed in 
leaves of a 12-day old plant of Triticurn durum cv SNA-3. 
The concentration of hydroxamic acid in the vascular 
tissues of these leaves was 6.4 mmol/kg ir. wt while the 
concentration in the complete leaf was only 2.4.

Hydroxamic acids were present in mesocotyls and roots 
(Table 3)and, as previously teported [3]. their concentra-
tion decreased as plants became older. Also, hydrox"'rnic 
acids were more concentrated in the stele (vascuar
cylinder) than in the cortex, 

It has been proposed that hydroxamic acids may play a 
role in iron transport because of their high affinity for this 
element [7, 8]. The absence of these compounds from 
xylem exudates and guttation drops, as well as the high 

concentration of organic acids inxylem exudates [9], 
suggests that hydroxamic acids are not important in 
transport of metals through to xylem. However, they 
could participate in plant mineral nutrition in other plant 
compartments. 

The high concentration of hydroxamic acids observed 
in stele tissue of leaves of maize and wheat ma. be of 
importance for the resistance of the plants to aphids The 

t oshost plant [0]. Phloem and other tissues found in thestele may be protected by the high concentration of 

hydroxamic acids against aphid feeding becaust of their 
toxic and feedin. deterrent properties L4] 

Table I.Hydroxamic acid distribution in lean>,of maize 

HydroxamL acid 
immol 'k1tr wt 

.... . 
7 -Day-old 20-Da.%-old 

Leaf part' plauits plant, 

Complete leaf 
Central vein 

4.2 ± 0.1 
4.8 ± 0.t 

1.3+ (it 
1.0±0.1 

Lateral veins 8.0+0.2 2.7±0.2 
Guttation drops ti.d n.d 
Xylem exudate n.d. n.d 

°Plants were grown ina greenhouse. The second 
leaf to appear was used for analyses. Guttation 
drops were obtained from the tips ofleaves. Xylem 
exudates from leaves were obtained by making a 
transverse section of the leaves and collecting 
drops that accumulated on the leaves attached to 
the plants. The numbers (± s.e.) are the mean of 
two samples of several leaves each n.d. = not 
detected. 
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Table 2. Hydroxamic acid content in various leaves of a 
maize plant 

Hydroxu.mic acid (mmol/kg fr. wt) 

Central Lateral Complete 
Leaf* vein vein leaf 

Second 0.6 ± 0.1 0.94 0.0 0.8+0.1 
Third 1.0-± 01 3.2 ± 0.2 0.9 ± 0.1 
Fourth 1.94 0.2 4.8 ±0.3 1.9±0.2 

'Plants were grown in a greenhouse for 35 days. Leaves 
were ordered from the oldest (first to appear) to the 
youngest The first leaf was not analysed becas.e of its 
senescent state The numbers (± s.e.1 are the mean of two 
samples of several equivalent leaves of various plants 

Table 3 Hydroxamic acid content in cortex and vascular cyltn-
det of roots and mesocotyls of maize seedlings 

Hydroxan-ic acid* (mmolkg fr. wt) 

Root Mesocotyl 

... 	 .. . .... .......... . ...

Plant par! 4+ 8 4t 6 7 8 

Corte, 3.1 1.0 3.6 5.i 1.1 1.3 
Vascula- c vhnder 4.5 2.3 7.5 6.1 3.1 2.2 
ComplCt: orgatn 3.5 1.5 5.7 6.2 1.9 1.4 

*Piunr of maize were grown in the dark a, 28 Values 
repre-.'r- '!n. mean of two samples Standard errors were similar 
to tho,, recorded in Tables I and 2and arc omitted for the sake 
o 	 simi:CITS' 

'. t Ida si 

EXPERI\MENII 
Piw,' ::'-t Plantsof Z,'a mav.N ,Ti29'. and Tritcurn durum 

c%SNA-' were grown in soil in a greenhouse Lnder permanent 

light, being irrigated with tap H20 Temp. varied between 22 at 
night and 28' during the day. Plant tissues were homogenized in 
distilled HO and centrifuged at 3500y for 15 min The 
supernatant fluid was adjusted to pH 3 (I M HCI). extracted into 
Et 2O (2:1 	v/v, Et20-extracti and evapd to dryness. This extract 
was used for quantitalion of hydroxamic acids as previousl) 
described [3] 

Separation oftissu's. Primary and secondary veins from leaves 
were separated using carborundum as described in ref. [ I I] and 
then by mechanical separation with a dissection needle under a 
stereoscope Cortex and stele from dark-grown plants were 
separated by twisting the mesocotyl at its base to break the 
cortical cylinder but not the stele [ 121. The stele was then pulled 
out from the base of the mesocotyl The separated cortical and 
vascular cylinder-, Aerc used for analyses of hydroxamic acids 
Vascular cylinders from principal roots wvere obtained by making 
a longitudinal cut 3 5 mm beloA the transition 7one which 
alloved the removal of the cortcx 
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ROLE OF AN INDOLE ALKALOID IN THE RESISTANCE OF BARLEY
 
SEEDLINGS TO APHIDS
 

GUS'lAvO E. ZINIGA, MAIM. S. SA.GAIDo* and LUIS I COR(CUFRA 

Departamenito de Biologia. l-aculhad de Ciencias, Universidad de Chile. Casilla 653, Santiago. Chile 

(Ret ocd receit e'd 10 S'ptenher 1984) 

Kei %.ordIndex Hordthunm. Grammiac: St hi:aphs grantinuni. grecnbug. grarnine: bcnzy'l alcohol 

Abstract-The content of the simple indcle alkaloid gramine in barkes leaves decreased with age. Conversely,
susceptibiht.N to aphids incrcased in older plants. Population growth ra;te of the greenbug Schiaphis graminum
correlated A~ith gramine content of leaves of several barley cuhi~ars. Gramne decreased rate of feeding, survival and 
reproductivc index of aphids feeding on artificial diets at concentrations, imilar to those found in plant leaves. Thus. it is 
sur.estcd that gramine plaN s a role in the resistance of bat Icy seedling, to S.ararnirini. Benzyl alcohol, a previously
reported insect resistance factor from barle,. was absert from all barlc%cultliars analysed. 

INTIRODUrTION 

Plant chemicals ma% affect resistance of several 
Gramineac to aphtds. Resistance of Sorg~hm to the aphidSchiapeis toaridRum has been associated to the degree of 

methxfatior. of the intercellular pectin [1]. Hydroxamic 

acid content 
in leaves of corn, rye and wheat correlates 

with plant resistancc to aphids [2-4]. It has been pro-

posed tha! resistanc,. of some barley varieties may be 
attrihtabc to the lresence of severalfiansonoidc 5]t presce phenohics orhas beensugpested or 
po mdssibkJlBenz.l alcohol als hasc te suggested as a 
possibit. resistanct: factlor of'small grains to the greenbug 
[6]. bu thc.,- result ha'' not tbecn confirmed. 

Grdmm::: I, a stmpk indole alkalid, is present in 
sevc-.: n-a-lc culti' ar, reaching colecritctrtioi of up to
S ng i. di \ A! [- .j. lndok' alkaloid, arc responsiblk tor 

oxi: C I,'hJia,'., pastur., to shccp and cattle [l(4 12]
Tlic omp.,urd, cause various effects on ruminants 
[I3 d :i . !. Wd palatal",b it, lamb,, 14]. and causek di-~a' !3o~u bi [[ 4 ausi., land ghttambs,, ead 

e r 'oit. ,un! n I 5J Indoic alka,id a,,o decrease 

sur ol aphid- fecding on artificial diets and are 
leedi;:. dcterrctt, [ It 1;: .hr, paper, the possible rolcs 01 
bcn:, akoh,, ,ino grin in iL: rcisrtanc of barte'. to 
S. olrailmrr .irt: di,.tssed 

RESt I.AS 

Ben:1 alcohol and Yruioc in harb't 

Benzl alcohol a previously reported plant resistance 
factor to S..raiiuni [0] was not detected in an. of the 
barley cultivars analysed (cv. Rogers, Omugi, F. Union. 
Cruz7;t and Australiana. Plantsanalysed were 10-day-old, 
grown in the dark, or 20 30-day-old. grown under light at 
25. The limit of dcetection of the method was 

Pre.,ent address Departamcnto dc Bro0logia. Universidad de 
An'ofagasta. (asilla 1240, Antofagasta. Chile. 

i"'o whom correspondcnce ,hould he addres,,ed 

945 

0.01 mmol;kg fr.wt. Since a much higher concentration of 
benzvl alcohol is required to cause deleterious effects on S. 
graninirn feeding on artificial diets (LDo0.3 mM) it may
be suggested that this compound isnot a resistance factor 
of barle, to aphidsSeeds of 34 barley cultivars were germinated in the
dark, at 25 for 6 days. and the gramine content of theshoot 25 y and e e nfor i . t asin te by 
shoots (mesocotyl and coleoptile) was determined by
using Ehmann's reagent for indoles (see Exoerimentalj.Each extract was also analysed by TLC, graminr being theonly indole akalod present. Cultivars differ in their 
gaiecnet agn rm0t . ml'gf~t
gramine content, ranging from 0 to 4.8 mmol'kgfr.wt. 
Gramine was not detected in seeds. Cultivars Rogers 
and Omug had a graminc content of 0.25 and 
0.7 mmol kg Ir wi. respectvel 

Grap'ini co)ie'nt and re.sistanci. to aphid.s 
Varieties that lack bcnzyl alcohol and difler it gramine 

content were seiected for aphid infe'.;., ior, experiments. 
n-dat,-ld plants were infested wii aphid. and the 

ins..,,'t populatior, and gramine content o! leaves wert, 
determined ai 10 and 20 days (Fig. I iGramine content 
decreased ",th plant age. The most susceptible variety was 
F. Union. a gramine-lacking plant, while varicties with a 
higher gramine content than average were more resistant 
to the aphid. Older plants were more susceptible to 
aphids (not shown). To explore further this apparent
effect of gramine on aphid population growth rate, several 

barley varieties were infested with S. grarninuri and the 
population growth rate was determined over a 6-day 
interval. A correlation (r = -0.98)was observed between 
gramine content and aphid population growth rate 
(Fig. 2f. 
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Gramor 1nhlFig. I. Gramine content and susceptibility of barkty leaves o FScht:apho gramnum. Filled and open ymbols indicate aphid Fig. 4. Effect of gramine on reproduction of S nuaphigrama­population and grarnne content, respectively (A.. barley cv. numrearedwithartificia diei. The repwoductiverdex (numberofCruzt, 0 .cv. Australiana: N '. c%.F. Union) Two nonalate nymphs/avcrag
adults were placed 	 number of ±dutsj was measured after feedigon each 10-day-old plant. Values are the aphid aduits for 72 hr. Each point is the average of three samplesaverage of three samples of five plants each.Vertical bars are I se. consisting of five aphids each. Vertical bars are I s.c. 

.......

0 	 Lower gramine concentrations decreased reproduction(Fig. 4). Thus, gramine had deleterious eflects on aphids at 

concentrations similar to those found in barley leaves. 

DISCUSSION 
Since indole alkaloids cause acute toxicity and decrease 

X 'palatibilt., of several grasses to mammals, it has been0 	 "proposed that alkaloid content of various Gramineae be 
03,,3.suggested 	 reduced by plant breeding [9. 17]. Also, it has beenthat gramine accumulation in barley plants 

0 1, ,o,2grownG'ams:* m!.ous 	 in hot environments may have potentiallconsequences, both for the productivity of livestockdeleteri-

Fig. 2 Gramine content and population growth rate of and for the heat tolerance of the crop itself [9].Scilupho rayunrum on arle% cultisars Nine-das-old plants This and previous work [16] have shown that graminewere inlested with tso nonalatc adults Aphids were counted and uses toxicts, feeding deterrence and decrease in repro.leases anai ,sedfor gramme content aldcr6 days Values represent duction rate of aphids reared in artificiai diets. Also,thc average of three samples of lis pfait, each Vertical bars areaveraeh ofpthree smpo 	 gramnt, contentlesof i ;te- IVertial ars are bug S 
correlated with resistance to the green-I s.c A phid po fulatic on g rot l L I 	 l l - \ar

yrannmum. Moreover, gramme concentration in) hbarh- i\. sufficiently high to causc toxicity or feeding 

deterrence to aphids. Thus, it is likels that gramine plays a
role in protecting barley from aphid attack.E4, orqrni-,Ylitn..,o Eliminating or decreasing gramine content of plants by

(ramine decreased survival ci aphids reared 
pl:±r: breeding may bceconvenient tot ieeding livestockon ar- m:hut iti alsoimcrcsesusceptibilmofthe crop to insects 

f~lcal
dlt with an LD. of 0-.,m N -q: 31al ter24 hr ofteding In addition. gram1ne also decreased diet intake b and otier herbivores. It would b- advisable toaltcrnats 	 study­resistance mechanisms ol this plant to insectsaphids with an LI),,of 2.1 mM ater hr of feeding beore: recommending the selection of culuvars with a low 

gr;imlt content 

"\PEIMENTAIl 

"phta- lnd:viduals of the grccnbu. .chlt:apho graoiinum 
-(Rondarmverc reared on Ilirdeun: dmstuhun: c% -. UnionPlants and ;:nhids were kept at 28 under permanent light.,.The 	 wasdiet a pH 6 Noln of 35 ,,sucrose, amino acids andmincra sasb].placedbt ecentwo layers of ParfilmM [18]. 

0.. . . . -I All feeding experinien s v%ere performed at 28 under permanent.- fluorescent light 
, , 
 Ith.st l ,1p rlniitit.s. Seed were planted in pots filled with 

soil and gros rFig 3 	 under continuous light in a greenhouse 123Eflect of gramine on diet ingvstion and survival of Plant. were 	 28 1.ifested with noialate adult, and covered with anymphs of Schi:aphts ,ranimuni Diet ingestion %as the dil- nylon netterence in %iof the dict between the beginning of tlcexperiment i Prcciiuni ( tn cxtract.and at 	 or bcnzy ah oholanalysi. Barley5 10 iand 7 hr. Sursisal as measured alter 24 hr of leases (30 50tgi of various ages grown in the dark or under lightfeedi'ig Each point is the mean of three samples consisting of It were macerated with amortar and pestle Tite extract was filteredaphids each. Verticl bars are t sc through cheesecloth. pH adjusted 3 with andto I M HCI 
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centrifuged to 5(X) y Ior 5 mi. The aq e,.trac was divided into 
4-m! aliquots to which bcnzyl alcohol was added to reach %atious 
concns (0, 0.2, 0.4, 0.6, 0.8 and 1.0 mMj These solns were 
extracted into EtOAc. Bcnzy] alcohol recovery was 8' ",,.These 
samples were used for analyses in a Perkin Elmer 900 gas 
chromatograph equipped with FID and a 3' ,, C'arbowai 20 M 

glass column (2 m x 3mm). Nitrogen (40 ml, min) was used as a 

carrier. Chromatograms were performed under isothermal con-

ditions 1135 
 1 Benul alcohol and mt standard (3-phen.,I-I-

propanoli had retention times of 3 3 and 6.5 min. 
 respectivel.

'reparation oj e.rat.s Jor qrdfnc anisll-so Plant leIves 
(2 3 g)were frozen and theli maccrated using a mortar and pestle
with "Omi MeOl NHOH tl(X):lI The extract was filtered 
through glass-wool TFhe filtrate was esapd and the residue was 
dissolicd in 5 inl ).1 M H('I. This soln was flitercd in Whatman 
No I przpcr. adjusted to pl-I ( with coo: NfI.O(H and extracted 
into CHI., ( x 21 Gramine recoserN Linder these conditions was 

9 [h",hec organic phase wkas esapd 
 to dryness These extractswere used for gramme ana.,ses. Indoles form colored conpieses 
w1ith Lhrnann's reagent [ 19] Gramme forms a pink complex 


n550i 42071 Each extract wa% also analysed b\ TLN("
nm. 
isilicagel 254platc. Me(iH NH.,Oti. It.graninc?,(.55) 
Graminc .a, the onlk indoic alkaloid in harlc., detected t. this 
procedure 

Atvh hdqinnt -This work Aa. suplxvrted bs Universidad 
de Chile (irani N-1654). Internatioai I oundation for Science 
(Gran! 4S4! and Agent' for international Development The 
author., are indehied to Ing Agr Edmurind, Beratto for providing 
many barle. cultrih r, 
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DECOMPOSITION IN APROTIC SOLVENTS OF 2,4-
DIHYDROXY-T-METHOXY-!,4-BENZOXAZIN_3.ONE, A 

HYDROXAMIC ACID FROM CEREALS 
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Abstract The decomposition of the title compound (DIMBOA, 1)in aprotic solvents was analysed in termsof linear solvation energ) relationships using donor number,,. The results indicate rate-limiting cyclichemiacetal opening in low donor number solvent, and iaie-limiting isoclvanate formation in high donornumber solvents The addition ofH 2() to DIM BOA decom posing in high donor number solventshad no effectupon the reaction rate, allowinp.one of the two proposed mechlanisms to be rejected. 

Extracts of certain (iramiueac such as rye. wheat and 
maize contain hydroxamic acids' which inhibit growth
and development of plant pathioens- ' and are
involved in cereal resistance to various insects. " 
Knowledge of the reactisit' of these compounds in 
solution is essential for the molecular interpretation of 
their widespread toxicti "-

Two mechanisms for the decomposition of these 
acids in aqueous solutions have been proposed. Both 
coincide in proposin' the fast opening ofthc heniacetal 
as the first step. li (erie mechanism, an isocyanatc
intermediate (3) would Ie formed in the rate-imitine 
step ofthe reaction by attack of the hydroxamic oxygen
atom on the aldehYde function ofthel -ketoaldchvdi:'21 
(Scheme I, path

the
AlI. In the ither."~cyclisatton of12 would(Schme1,pathAl.n5-thier. water woudhenform the 5-meberd hniketal 5. water would then 

add in the rate-limiting step to the aldehyde functton of 
5 converting it to a better electrophilic leaving group 
and finally formic acid and water would be formed from
this electrophilic rcsid ue anti the hydroxamit hydrox'I 
group. lea\ing a compound which tautomerizes to tlt,corresponding benioxaolhnone (4). The participation 

ofwater may be assessed I\ st udying the effect oftadded 

water (in the deconpositoh reaction 
 in apronsc
solvents. In this paper. we describe the decompostot

of2.4-dihydroxy- 7 - mctho.xN 
- 1.4- benzo,.azir - " - one 
(DIMN BOA. I). the main h vdroxamic acid in InailL
 
extracts. ( in aproticsol,ctits. A prelimiiary account oI
 
this work has been published 

EXPERIMIENTAI. 

Isolati, of DIMl/BOAI DIMIIOA was isolated front 
ethereal extracts of 7 -day old seedlings of Ze' oa i's .t. cv LIIRinconada grown under continuous light in a greenhouse -t 
28-+ 3 .' Identification was made b%comparison of U\', IRand NMR spectra with reported spectra " 4 

Sol'ent.. Solvents were purified and dried by described 
methods," In addition. they were left 5 hr over 0.3 nm
molecular sieves, passed through a 0.4 m colunn packed with 
molecular sieves and finally distilled under inert atmosphere.

Kinetics. Decompositions of DIMBOA (0.06 MI were
carried out in vessels fitted with teflon-coated silicon septa.Kinetics were followed by treating aliquots of the reactlion 
mixture with FeCI1 reagent (5(1g FeCl. 6 H 2 0, 500 ml 95",,
EIOH arid 5 nil 10 N HCI) and measuring the absorbance at 

Author to whom correspondence should be addressrd. 
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5ti nrm. Absorbances of blanks mad, wilh aliquots treated 
"itlh the solent of tihe Ie('I, reagnt serc sutracted from the 
absorbance of cacti sample. Reactions followed first order
kinetics for the least 3 half-lives Standard errors of the 
rate constants were lovter than 4",. Activation parameters 
were determined from measurements at 3 or 4 different 
ttemperaturesSoluhilior ofblJAI1OfA. Solns of DIMBOA in equilibrium'"ithsolid DIMBOA were prepared in various solventsal 1'. 
Aliquots were filtered at different time intervals and analysed
ith) l-eC 3 reagent. Saturation was assumed when the 

concentration of DIMBOA ini the filtratedid not change with 
time LEperiments "ere carried out in triplicate. Standard 
des ators from the mean were less than 10"',. 

IR .spectre. These were recorded in a Perkii-Elmer 621 
spectrophotometcr with 0.5 mini light path NaCI cellsPrOduct.s studi.s. The aina decomposition productIOA w -nl ,,liine (MBOA. 4. 

of 

is tidged b\its mching po1l I152 153 1and coanparison of 
I A. IR and NMRk specei i ilh resporied spectra.'1 

RSL ;1.'S 

The main decomposition product of IA-bcnzoxazin­
3-ones was the corresponding benzoxazolinone both in 

lI 

Path A - Path B 
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aqueous"' and non-aqueous solutions.' suggesting

that the decomposition mechanisms prevailing in both
 
types of solvents are similar.
 

Although it is reasonable to accept that the opening

of the hemi:!cetal 11.-- 21 in aqueous media is fast 0
 
compared with subsequent steps in the decomposition

reaction, the situation might differ in aprotic solvents. . /

Evidence of a change in the rate-limiting step of a
 
reaction provoked by achange in reaction medium may /"•
be obtained through a study of changes in activation
 
parameters with medium.' ­ :7 
Rate studicv.3S J/rtcl K)

Rate constants are collected in Table 1. Solvent Fig 2. Isokinetic relationship for the decompositioneffectsonAG* werecomparativelysmall Hence, values 
of 

DIMBOA in aprotic solvents. Acetonitrile (1), dioxane (2).
of AS' and All' were obtained. They were examined teirahydrofuran (3). trimethylphosphate (4). N,N­using donor numbers of the solvents, a measure oftheir dimeth)lformamide (51. dimerhylsulfoxide (6), pyridine (71abilt vNto donate an electron pair " Two different Correlation coefficient: 0.996.
 
ranges of AS' and All' wcrc obtained: one for low%
 
donor number solents (AS = - 250 to - 170 J
 
noe i K ' All = 33 to 59 !,J niol ' and anothe, Water was added to dry high donor number solventsfor high ((onor number sol%ent IAS' - 170 to 13 J until concentrations ranging from 0.01 to 0.4 M weremol ' K ' :All' = 50 to 120 k mol . Within each obtained. This range covered the initial concentration range. acti'ation parameters cirrclated linearly with of )M BOA (0.06 MIv The decomposition rates varieddonor number (Fig. I). An isokinetic relationship was erratically within the limits of confidence of theobtained (Fig. 2)with avalue offl(21 , Ki failing within measurements (Table 21.

the range expected for solvent effect,, on reaction rates 
 Insight into th: molecular interpretation
and equilibria.' The proxinity if the expermental 

of 
activation p:.Iraneters was obtained through a study oftemperature to the isokinetic temperature presumabl the interaction of l)IMBOA with solvent.
 

accounts for the insensitivity of AGW to solvent.
 
Inieractionof DI A BOA with solvents .. ...- _These interactions were assessed by measuring the 

_- .solubilities" "" ; • ,;solvents. and IR spectra of DIMIBOA in various 
-_ ,/The logarithms of solubilities correlated linearly 

, / with the donor number of the solvents (Fig. 3). pointing
"/ to the interaction of the solvent with electrophilic sites 

in DIM BOA. The nature ofthis interaction was probed
by I Rst udie., oft he OH stretching region ofsolutions of 

- .T - trble 2.Eflect of addiniro of 11C) on the dccornposiloi rates 
of .06 M I)IMIl(,IA in aprotic sotsent:. it 53 

ULnr' r,urn'e- Soleni H2 ) added 'M t ' k,,, i nit i 
liu AcIis% fion paraniecrsiai 32f, K fo IIhc decomposilron DimeihlrsulfoXidL [i.(ll--0.S (1 - (.211of l)l NIBOA in apronr- ,ohnti *i.(;; . ,Thr~l A Dinethvifornlnlid, 0.(9-0.34 0. 3- 0.(5'i- 7A 'i A momtinrile Ili. dIo'iilt 12! .'iMir 3. lelrA- Pyridrinc 0.1..-4.36 t.3 ((.11
h %drofiwran i-l. trir .rhlphssp t:t :. N.\-dneihjth orilia.

Midi itN. dirCreie) l,,uiLl C r . i hCaieflhl. 'IAera,. of 5. _, arid 
 4 pmaiii, in d6menwylsulfoxidc,

phosphoraillide (I di n hi Ih.Mornianidc and ps ridine reslrellte ) 

Table 1. Rates of decomposition of 0.06 NI )IM BOA at different temperatures in various solvents 

Rate constants If)' min (temperature/K)
Solvent k, 1) k,17,) k 3(T) k.d7) 

Acetonitrile 1.29 (326) 1.76 t326 2.90 (346)
Dioxane 1.10 (326) 1.85 (3361 3.36 (346)Dioxanc+11.23 %IHO 1.61 (333) 7.25 (345) 21.7 (353)
Acetone 1.17 (3261
Tetrahydrofuran 1.25 (316) 2.38 (326) 4.52 (336)
Dimethylformamide 8.3 (326) 19.1 (336) 27.3 (346)DimetIhylsulftr'%ide 10.8 (326) 26.2 (336) 54.5 (346) 163.0 (356)Dimnthilsuloxide+0.23 NI H,O 22.6 (336) 61.3 (346) 150.0 (356)Pyridine 14.3 (326) 43.3 (336) 152.0 (346)
Hexamethsphosphoramide 26.0 (326) 

http:Dimnthilsuloxide+0.23
http:Dioxanc+11.23
http:0.(9-0.34
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- .. The inflection in the activation parameters jFig. 1)
maybeattributed toachangL in the rate-limiting step of 
the reaction. The range of AS'E in low donor number
solvents points towards important differences in 
organization between the basal and transition states in"2' the neighbourhood of the reaction centre. Highly

0 ! negative AS' values may be associated to ihe rate-
I limiting opening of the cyclic hemiacetal since a high- ' o degree of solvation of the transition state would be 

required for proton transfer from the hydroxyl group in 
C, to the ring oxygen atom. This difference of solvent 
organization would be particularly drastic in low 

Dono' number donor number aprotic solsenls. 
In support of this proposition. AS" and All' valuesFig. 3. Solubihtie of DIMBOA in aprotic solvents for the decomposition of DIMBOA in dry dioxanc. aNitromnethane (II. nitrobenzene (2), henzonitrile (3. low%donor numbet solvent (All' = 54.3 kI mol ' aceionitrile 141. dioxane (51acetonc 6. terah.,drofuran 171. AS' .... 191 .1NN-dinreihrltrm,;indc )5;. N-nrrh'~l-2-i', rrt dide.. (9). ool ' K ), were substantially 

dlrrnclhdl~sutlosvd i t();. i inlinitt. Crrclai; O)CI;llit..I.n :difnerent fron tho, .alues in dioxanc with 11,0 added 
(1,9 4 5. (All ' = 116 kJ tool KAS' = 7.5.1 mol K 1). in 

1)1NIBO( A - ThL spectra
respdI tie prhciai 
rason io%r Ihan I 

spite ofthc similari. bet ween free energies of activation
(AG' = lI 7kWlmol ' in drydioxaneand 114 kIJ mol ­
in aqueous dio a cl In the first case, hemiacetalshowed absorption> cor­

d (8 ,r3400' cot- opening would be rate-limiting and the activationcni 
raM, hvdroxl Aroups Of parameters fall on the line for other low donor numbersolvents. In the prcscnce of 1-10. hemi:acetal openingDIM(n A1erc than I mM.un roxt. grouands Of, would becorne fast aind the activation parameters nowLD NIf3()A were' eSSeti aly unassociicd. *w b\oand" fall in thc raage¢ (or Ii lh donor number aprolic sol\eits 

were present if] the free OHi region of tife s-,cctracorrc pondin , to, th, t\%o hl\dr(,x\l. groupr (io In C ntr:r, act sat on parameters in dry dimethvlsulf­corepndn iA tl don i nur;'scr oup> o t : .a t\ ij n pa a i l r n d y d m t \If 
=,o 

DI NI )) As thL donorT nunr~ber oif the 50solcentincreased the band, approached one anothc'- and sicr 
displaced towards the associated O1 recton The 
absorption irc uicCICS correlated with sol clt donor 
number ! g 4). reflecting hydrogen bondinto 5il\cresodmwih h Icthcm ad\\~l.cnroent 
with the correspondinp2 leng'thening and siCakeiting ofthcH bnd"' = 

DISCUSSION 

The openn,, ofthe hemiacetal in l NIBOA req uires 
thL- traisler tf aproton fromi the hydroxyl 'roiip ill C. 
to the ring , xgt aion The rate of thi. trande.o is 
related in aprtARr s.'.ienrt, to the intcratio;: ot the 
proton \kith ltit through naJcophih; ;ite, in thc 
lante tI ig. 4) It !. cotiecisable that depCeldill (11 the 
stretivth it the:-c interaction . this process n'1a1\ hL rate-
limitine 

E 
, 

i 

...... . .............. 

D jnumber 

Fig. 4.1lyd rox Istretching trequcncie, of DI I BOA iii aprtn
solvents. Beinonitrilc (I). acetonii rilc 12). diusanc (3),
ethhtcetate (41 ttenah 'drfuran (5). tineihylphosphatc 16).
N,N-dirllh vlftorindlt.. (7). N.N-dinlet|dlaceramidc N.(
hexancih.,phiispliraridc (91. Correlation coefficients. 0,

0.W53. (. .911. 

o\idc, a high dono number solvent (Al' 8 UJ 
mol '.AS =-- 61 .1 roofl K ),were not*o,sustaniallNdif(rent front those in diethesulfoxid­
with 11,0 added (A/l 91 Wimol AS lf 60.1 
mol K The =0 of wasinfluence added H-

neli K A . Fh ( i mo
negligible IM(I 110 WJ mol ' idrdidehOl-in dr% dimcthyl­
sufxd.A'3 I I1 l IkUmol ' ~)addsulfoxide. AG; Iml-wt with H,O)added)

Additionall]. activation parameters in acetonitrilc 
deviated from the linear correlation (Fig I). The extranegative contribution to TAS' in acetonitrile ma\ he 
the reflectionio the participation of this solvent not 
oni as nuclcophile but; also ats electrophile due to the 
higher electrophilh- ch:tractCr of this solkent relati\c t, 
thoilersstudied indcc ith'acceptor dolonornunmbei 
rato is apprioxiniatcl' double for aceonitric (1.341 
thatn fol othel Is , 

donoL number solvcnts emfploycd 
(diOsaltt = ( "73. Itrtah.drofrai 0.4-4. dinicth\. 
lorrnatide 0.6i 

Hence. the posdbihit of distinguishing the proposed
decomposition n',eh,1tiisTn1 of!)) NIBOA based on the 
addition of iI1.() i- liited to those solven where 
hemiactu oa) is i.e. high donorpcii I,,, fast. number 
aprotic solsCi1L:,. Mtid those \here additional solutV 
solvent iieracion mechanismn,, are absent. Table 2 
shows that added 1 (Ohas no significant effect on thedecomposition rate of DIM BOA in high donor number 
aprotic solvents. suggesting that path B (Scheme I Iisnot the predominant mechanism for the decomposition 
of DIM BOA, 

A niw d ci Ti'i s k(iorkwas supported by Agency forInternalional Deeloiiiien. International Foundation for 
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THE REDUCTION OF 2,4-DIHYDROXY-7-METHOXY-1,4-BENZOXAZIN-
3-ONE BY THIOLS 
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Facultad de Ciencias, Universidad de Chile, Casita 653, Santiago, Chile 
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Abstract-2,4-Dihydroxy-7-methoxy-l,4-benzoxazin-3-onc (DIMBOA), a naturally occurring hydroxamic acid 
involved in pest resistance of cereals, was reduced by thiols to the corresponding lactam. Kinetic studies showed that the 
reactive species are undissociated DIMBOA and thiolate anion. Possible mechanisms for the reaction are discussed in 
the light of relative reactivities of DIMBOA and a compound lacking the 7-methoxy substituent. and results from 
molecular orbital calculations. 

INTROI)C'CTION 

Hydroxamic acids isolated fiom extracts of Gramineae 
such as wheat, maize and rye [1] inhibit bacterial [2] 
and fungal [3] growth, as well as insect development 
and reproduction [4, 5]. These compounds have been 
suggested as resistance factors of maize against the 
European corn borer [4], and of cereals against aphids 
[6]. The main hydroxamic acid in maize is 2,4-dihydroxy­
7-methoxy-l,4-benzoxazin-3-one (DIMBOA, 1) [7]. If 
was recently shown that DIMBOA inhibits energy 
transfer reactions in chloroplasts and mitochondria [89]. 
a fact that may account for its widespread toxicity [8]. 
These enzymatic inhibitions were shown to be partly due 
to the reaction of DIMBOA with sulfhydryl groups ofthe 
enzymes [9]. To gain further insight into these 
biochemical reactions we undertook the study of the 
reaction of DIMBOA with thiols. A preliminary account 
of this study has been published [10]. 

RESULTS 

Spectroscopic description of the reaction 
The reaction of DIMBOA with thiols was followed 

between pH 5and 12 through the spectral changes in the 
240-310nm region. In this pH range the main product 
was the corresponding lactam. 5. 

At pH about 8, the starting spectrum was that of 
dissociated DIMBOA with .max at 290 nm. As the 
reaction proceeded this absorption peak gradually de-
creased, a peak at 259 nm corresponding to the lactam 
gradually increased and an isosbestic point at 271 nm was 
produced. At pHs below 6,the starting spectrum was that 
of undissociated DIMBOA with '.max at 263 and 286 nm, 
the absorption of the product at 259 nm thus being 
partially hidden by the reactant. At pHs above 9,thiolate 

*Author to whom correspondence should be addressed. 

anion absorbs strongly below 280nm [11] and the 
absorption of the product remained hidden. Acidification 
of this solution to pH 8 revealed the absorption at 259 nmdue to the product. The reaction was hence followed in all 
due tthe poc There act sh owed ill 
cases at 290 nm, where thr lactam shows negligible
absorption. Additionally, at pH around 8 the reaction 
could equivalently be monitored at 259 nm. 

Kinetics 
DIMBOA disappeared in the pesence of an excess of 

thiol with pseudo-first order kinetics. The rate law for the 
reaction is given by equation (). DH represents 

-d (DH,),/dt = kOb, (DH2 ),= k, (DH,), 
(1) 

+12 (DH 2 , (RSH), 

DIMBOA as a diprotic acid and RSH represents a thiol. 
Subscripts t' indicate total concentrations (formalities); 
k1s are first order rate constants for the pH-dependent
decomposition of DIMBOA [12]. -. s are apparent 
second order rate constants for the reaction of DIMBOA 
with thiols. and were determined from the slope of plots 
kob,. vs. :hiol concentration. Figure I shows such plots at 
different pHs for the reaction of DIMBOA with mercap­
toethanol. Figure 2shows the dependence of-h& on pH at a 
given concentration of thiol. The curves are bell-shaped 
with maxima at pH 8.3 for the reaction with mercapto­
ethanol, and 6.7 for the reaction with cysteine methyl 
ester. 

The distribution of species present in a solution of 
DIMBOA and mercaptoethanol or cysteine methyl ester, 
were calculated using pK. values from the literature 
[12, 13]. The products (DH 2) (RS-) and (DH-) (RSH) 
varied with pH in the same way as the experimental curves 
of Fig. 2.The following identities can thus be established, 
where the subscripts 'e' indicate effective concentrations, 
k2 true pH-independent second order rate constants for 
the reaction, and f' molar fractions. 

k 2 (DH2), (RSH), = k 2 (DH 2), (RS-), or k2 (DH-), (RSH), (2) 

k2 ="k2/fDHfRS" orr-2/fDH-fRSH (3) 
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Figor aithcistcnc moth)rj ester Ise -alues of were F Ddetermined from th sope, of graph of ;.o against thiol c n o


concentration it:,. Fion
a 1; 

In order to distinguish bdettrmecn the teo situations

presented k values for a sr,, of thols 

Cystee mM)
ere determined
For mercapothano! and c~xstene 
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ptehand 4 h c 

acid, k,s were determinedusing equation from3 for DIMBOA one point experimentsand thiolate anion. A 

linear correlation was obtained when log k, w as plotted H e c ,i ca e(Fig. 3, a s u m d t t r l tindicating that the reactive hvdroxamic acids towards thiols (relativeve e kci i y of b hdissociated DIMBOA and species were un- at ) are equiv­thiolate anion anob 

cysteine concentration 
s 

ordteretinfluence t (Fig. 4) shows the substantial
of the 7-methoxb group upon reactivity towards 

prs e eThe reactivty ctowardsor s rie o hoswr de r thiols.thiols of DIMBOA was com­
pared with that of D1BOA (a naturally occurring ana­lugue of DIMBOA lacking the methox) group,. pKAvalues of both hydroxamic acids were determined under Recently it was reportedthe same experimental conditions that DIMBOA inhibitsAt 44, the pK a ofDIMBOA was 6.74 + 0.05 and that of DIBOA 6.79 

ATPase activity of chloroplast coupling factor (CF) and0.04. ait was suggested that part of this inhibition was caused by 
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the reaction of DIMBOA with sulfhydryl groups on the 
enzyme. Sulfhydryl groups in proteins may vary widely in 
reactivity due to factor.; such as intrinsic nucleophilicity, 
local chemical microenvironment and steric hindrance 
[ 11,15]. We undertook the study of the influence of these 
factors on the reaction of DIMBOA with thiols in 
aqueous solutions. In a previous communication [10] we 
reported that the main product of the reaction was the 
lactam of DIMBOA, 5. The present work describes !he 
dependence of the reactivity of DIMBOA towards thiols 
on pH, on the nucleophilicity of the thiol and on the effect 
of the 7-methoxy substiuent. This work also shows that 
undissociated DINBOA and thiolate anion are the most 
reactive couple. 

The absence of ESR signals during the reaction suggests 
that the reaction is unli'.ely to proceed through a radical 
mechanism. Several ionic mechanisms can be envisaged 
that account for the results presented. DIMBOA hts at 
least three ele.trophilic centres susceptible to attack by 
thiols to give its lactam (Scheme I). It should be pointed 
out that all the species written may exist in aqueous 
solution in open hemiacetal form [10, 12, 16-18]. 
CNDO/2 molecular orbital calculations were performed 
to assess the relative reactivity of these centres. 
Nucleophilic superdelocalizability [19], a measure of the 
tendency of an atom to interact with a nucleophile, was 
higher for the hydroxamic nitrogen atom, indicating it as 
the most likely candidate for attack by thiolate anion. 
Attack at electrophilic nitrogen by thiols is not without 
precedent in the literature [20-221. Intermediates similar 
to 2 have been isolated from the reaction of 7-methoxy-4-
acetoxy- 1,4-benzoxazin-3-one with ethanethio; [22]. 

The substantial rate increase caused by the 7-methoxy 
group in DIMBOA ma. be rationalized in terms of 
resonance structure 6. This is borne out by molecular 
orbital calculations which show a higher polarization of 
the carbonyl bond and a lower electron density at the 
hydroxamic nitrogen atom in DI MBOA as compared 
with DIBOA. Similar situations have been reported where 
introduction of a 7-methoxy group in 1,4-berzoxazin-3-

CH3O' "-,--(.. OH 

N ' 

Attack 1 H Attack 
ot N at C 

CH3 O -' 0 OH CH0O ,.fO.rOH 

I 
N"a AtaO 

[.IL l± 
o 0NNlO 

2 RS Attci utO RS H 3 

Attack at S Attack at S 
CH30 0H,,.indicating0[25].O, 

4 0 

CH30 0 OH 

N 0,, 
5 h 

Scheme I. 

CHo OH 

e.o. 
N 

6 rI 

ones enhances the reactivity of the hydroxamic nitrogen 
atom towards nucleophiles [22]. 

EXPERIMENTAL 
Isolation of compounds. DIMBOA was isolated as described 

[2] from Et 2 0 extracts of 6-day-old seedlings ofZea mays L. cv 
Tl29s grown in a greenhouse at 25±3'. Mercaptoethanol, 
dithiothreitol, thiolactic acid and mercaptoacetic acid (Sigma) 
were used without further purification. Cysteine methyl ester was 
obtained 	as described [13]. 

The reduction product of DIMBOA was isolated from Et2 O­
extracts of he reaction of DIMBOA with dithiothreitol in 
KH 2PO,(0.1 M, pH 8 )and was characterized as the correspond­
ing lactam 5 by comparison of its UV. IR (KBr) and mass spectra 
with those reported previously [10]. 

S'vthesis of 2-bromo- 4 -hydroxv-1,4-ben:oxain-3-one.A mix­
ture of I g (0.006moles) of 3,4-dihydro-4-hydroxy-l,4­
bcnzoxazin-3-one (previously synthesized as described [23]) and 
1.2 ml (0.012 molesl trichlorobromomethane in 10 ml CCI4 was 
refluxed and stirred overnight. The reaction mixture was cooled 
to room temp.. filtered and the filtrate concd to dryness. 
The residue was recrystallized from petrol to give (25 %. yield) thi. 
desired compound. The 60 MHz N MR spectrum (CCI,, TMSI of 
the bromo compound was similar to that of the starting materi'l 
exetpi for :he signal of the proton at C-2: in the initial compound 
it appeared at 64.6 (s,2H) whereas in the product it was shifted to 
64.8 (s, 1H). 

!nithesis of 2 ,4-dihydroxy-l.4-ben:oxa:in.3..on, (DIBOA). A 
mixture of 100mg (0.55 mmolcs) 2-bromo-4-hydroxy-l,4­
benzoxazin-3-one and 42 mg (0.5 mmole) AgCO 3 in 20ml wet 
Et2 O was stirred for 3 hr at room temp.. acidified to pH 5. filtered 
and the filtrate coned to dryness. The residue was recrystallized 
from petrol to yield DIBOA, which was characterized by 
comparison of its mp, R1 in TLC and UV spectrum with the 
lit. [24]. 

Kinetic measurements. To lOml of 0.1 M buffer soln of the 
desired pH, thiol was added to obtain an 8 mM reference soln. 
Five ml of this soln were pipetted into a tube containing enough 

solid DIMBOA to obtain a 0.08 mM soln (sample soln). The 
reactions were monitored in the 24(0 310 nm region using quartz 
cells therrnostatted at 31 ± 0.2 . pH was measured before and 
after each reaction. 

pK,, rmeasurerent. The pK, values of DIMBOA and DIBOA 

were determined spectrophotometricall) at 44±0.5' usingbuffers with I=0.1. Spectra were recorded in the region 
220 350 nm for each pH value. lsosbestic points were obtained 

up to pH 9 (at 272.5 nm for DIMBOA and 267.5 nm for DIBOA) 
the presence in equilibrium of two absorbing species

The analytical wavelengths employed were 260nm for 
DIMBOA and 250 nm for DI BOA.
 

Electron spin resonance studies. ESR 
 spectra were recorded
with a Varian V4502 spectrometer. Measurements were per­
formed at room temp. with H, = 3340 Gauss and i = 9.5 
x J0' Hertz. Under these conditions no signal was detected from 

a mixture of 0.02 M DIMBOA and I M mercaptoethanol in 
borate buffer pH 8 even after 10 min of reaction time. 

Molecular orbital calculations. The CNDO/2 method [26, 27] 
was used with the geometry of one of the two independent 
molecules in the asymmetric unit of crystalline DIBOA [28]. The 
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Jographic parameters [29], the rest of the molecule was identical 

12. Niemeyer, H. M., Bravo, H. R., Pe~a, G. F. and Corcuera,
 
to DIBOA. 	
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EFFECT OF BORATE ON THE-'DECOMPOSITION OF 2 ,4-DIHYDROXY-7-METHOXY.1,4 

BENZOXAZIN-3-ONE, A HYDROXAMIC ACID FROM GRAMINEAE 
Francisco J. Prez and Hermann M. Niemeyer* 

Facultad de Ciencias, Universidad de Chile, Casilla 653, Santiago, Chile 

Abstract - Borate anion catalyzed the decomposition of 

compound, a resistance fadtor of'Gramineae. The effect was 

to the formation of a complex between borate and the 

hydroxamic acid intermediate in the decomposition reaction. 

the titIe 

attributed 

open-chain 

. 

'F3. 

Cyclic hydroxamic 

important role in 

they exhibit toxic 

acids isolated 

the defense of 

effects towards 

from extracts of Gramineae (Hx) play an, 

the plant against insects,' 2 
In addition, 

4several bacteria and fungi ,"and have been. 

reported as mutagenic to bacteria. While studying the aqueous decompositionDIMBOA, 1, the main Hx in wheat and maize extracts, a catalytic effect 
borate buffer was observed. In this paper this effect is described and 

of 
by 

an 

interpretation of its origin suggested. 

The decomposition of DIMBOA was monitored spectrophotometrically at 2go nm. The 
main decomposition product was 6-methoxy-benzoxazolin-2-one., First order rate 
constants were calculated using a linear-regres'sion computer program. Analogues 

of DIMBOA were synthesized according to reported methods8.7' 8 

The catalytic effect of borate is shown in Fig. 1. Hydroxamic acids have been 
shown to interact with borate. However, DIMBOA decomposes with the inter­
mediacy of the open-chain hydroxamic acid 2. In order to determinewch ofthsacd inecs 
which of these two hydroxamic acids interacts with borate, model compounds 3 
and 4 were synthesized and their spectra recorded (Fig. 2). 

, 
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Fig. 1.Effectof 
 borate and phosphate ) PH9 on the rate of decomposition 

Of DIMBOA (8 1 M) at 310.Fig. 2. Absorption spectra of 8 10-5 M Solutions of compounds 1, 3 and 4 in 
0.1 M Phosphate (---) and borate (---) pH 9 buffers.
 

Fig. 2 shows 
 that while the optical density of 4 at 260 nm substantially.increased 
in borate 
as compared with 
phosphate 
buffer, the absorption peaks 
of
1 and 
3 at 290 and 
300 nm respectively, 
were not 
affected. 
These 
results
Indicate that only compound 4. interacts with borate and give support to theproposal of complex formation between the open-chain form ofoUn2 DIMBOA, 2,borate. andThis comolex 
was not a
detected 
in the spectrum 
of DIMBOA presumably due 

to 
the low equil2rium concentration of 2.12 
 " . : . -

The structure of the complex 
can not be 
similar 
to that reported 
for other
hydroxaic 
acios,- since 
no enolizable 
 hydrogen 
 is present 
 in 2. However,
 
analogous 
interaction 
of borate 
witr 
the hydroxamic hydroxyl moiety leads tostructures 
 5 and 6. From a thermodynanmic 
 viewpoint, complex 5 would 
 be favored
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since it involves the format ion 
of a f'-nenbr;-ed ring 
and it, fu~rthert S'at I ied 

by i:ntramolecular hydrogen bonding. 

The fact that cyclic hydroxarric acids 1 and 3 do not show interastion with
 

borate may be rationalized 
on the basis of interatomic distances. 
The distance
 

between the hydroxaric hydroxyl oxygen 
 and the carbonyl oxygen has been
 

determined crystallographically 
as 2.P4 A in the analogue of DIMBOA lacking 
the
 
13
7-mFthoxy group. This 
distance is A
0.49 longer 
than the O-C distance in
 

boric acid. Thus, the formation of a complex of type 
6 is less likely on this
 

basis, and 
also because it would necessarily lead to a 5-membered 
ring.
 

The following scheme is hence 
postulated for the decomposition of DIMBOA in the 

presence of borate pH 9: 

CH 3 0 - 0 OH K1 CH 3 0 OH kl 

~ . ~Ni'i( 0 00 Products 

0I 
 Ioe H
 

K2 Borate 

CH30O "YO H* 
.o k2CH3 


Products
 

H
N 

5 0
 
HO OH
 

Under steady-state conditions, 
equation I is obtained. This may be reduced to
 

equation 2, in which kob k
0
and are
s the observed rate constants
Obs obs in the
 

K
1
 

=V (DIMBOA) 
Ik i k2K (Borate)j 
 (1) 

1 -4 K. 

= 
 or-,= ,ob- c *(Borate)s (2)
 

presence and o
absence borate. This model fits the 
exnerimental results 
shown
 

in Fig. 1, v:tn a ca*tltic ckn'aan' - I 1
- ej-i to 0.103 min k,-

The for a rat ;c, 
 c fr
c r, c,duc y ; no, -rrrel- ..( 2 (O 51 :rivc).v the nacleoph lic 
attacO of trc ryja oya c: oyger aloT or, thc, aldehyoic carbonvy group. 10, 

1 1 
The
 

catalytic effect 
 of borate arise
may fron both thermodynamic and kinetic
 

factors. 
 Since an open-chain intermediate 
 is necessary for reaction, the
 

- 15­



e equilibria toad 
 hi Compound 
i --- of borate complex.

5 favors 
the reaction. On 
the other hand, complex 
5 is presumably more 
reactive
 
than 7 on entropic grounds 
(reactive groups 
are .held. in suitable position 
for
reaction) 
as well as on enthalpic grounds 
(strong 
p "larization
by boron of 
the
 
aldehydic carbonyl group).
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INHIBITION OF MITOCHONDRIAL ENERGY-LINKED 
REACTIONS BY 2,4-DIHYDROXY-7-METHOXY-1,4-
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Abst-act-DIMBOA (2.4-dihvdroxy-7-methoxv-1,4-benzoxazin.3.one) is the main hydroxamic acidisolated from maize extracts. It inhibited reversibly ATP synthesis, P,-ATP exchange reaction andATPase activity in submitochondrial particles from bovine heart. Half-maximal effects were obtainedwith 4. 2,and 6mM DIMBOA respectively. At higher concentrations it also inhibited mitochondrialelectron transport (1,, = 11 mM). Irreversible inactivation of mitochondrial electron transport, P-ATPexchange reaction and 8-anilino-I-naphthalene sulforiate energy-dependent fluorescence entancementwas also observed. These effects of DIMBOA on energy-linked mitochondrial reactions may explainthe inhibitorN action of DIMBOA on several aerobic organisms. 

DIMBOA (2.4-dihydroxy-7-methoxv-1.4-benzoxa- an important role in the interaction between differentzin-3-one) is the main hvdroxamic acid isolated from species or in the mechanism of defense against plantwheat extracts [1]. This and other hydroxamic acids. pathogens or predators [14, 15]. Only in a few casesisolated from various (iramineae 12], have been sug- is the molecular mechanism of this allelochemicalgested to play an important role in the defense of action well known. One of the enzymic systems thatthe plant against insects [3-6]. It has also been shown must be considered as potential targets for the actionthat they inhibit bacterial 17] and fungal [8) growth. of such allelochemical agents are the systems
involved in mitochondrial energy metabolism 

CH3O' 01 OH [16, 17].
In this paper we discuss the effect of DIMBOA 

1 
on electron transport and other energy-linked reac­tions in phosphorylating submitochondrial particles

OH from bovine heart, as an attempt to contribute to the 
DIMBOA knowledge of the biochemical basis of its action onplant predators. 

Recentlh. it was reported that DIMBOA inhibits MATERIALS AND METHODS
photosynthetic ATP synthesis in spinach chloro­plasts, thus behaving as an energy transfer inhibitor Heavy bovine heart mitochondria were prepared[9]. Couplin, fact or CF, from the same origin is as described [18]. Phosphorylating submitochondrial
affected by DIMBOA in two different manners: (i) Mg 2 -ATP particles (SMP) were prepared from bov­a reversibic on. that accounts for an uncompetitive me heart mitochondria essentially as described [19].inhibition of the ATPase anactivitN, and (ii) irre- Electron transport. Electron transport in SMP wasversible one that results ina progressive inactivation determined following oxygen consumption with aof the enzyme [11)1.This last effect was suggested to Clark electrode connected to a Gilson oxygraph in abe due to an irreversible modification of sulfhvdrvl reaction medium containing 250mM sucrose andgroups in the enzyme molecule since DIMBOA is 50 mM Tris-HCI (pH 7.5) using either 10mM suc­able to participate in reactions with sulfhydryl com- cinate, an NADH-regenerating system composed ofpounds forming addition and/or reduction products 50mM ethanol, 0.2 mM NADH and 125 I.U./ml[11-13]. of yeast alcohol dehydrogenase (EC1.1.1.27)The abcve-described effects of DIMBOA 

or 
on dif- 5 mvl ascorbate plus 0.1 mM N,N,N',N'-tetra.ferent organisms arc indicative that hydroxamic acids nethyl-p-phenylenediamine (TMPD) as oxidizablecan act, similarly to other products of secondary substrate. Rate values reported correspond to theplant metabolism, as allelochemical agents, playing slopes of linear traces drawn by the oxygraph.

Spectral studies. The redox state of the cyto­
chromes of the respiratory chain under different

Permanent address: Facultad de Ciencias. Universidad conditions was studied spectrophotometrically in an
de Chile. Casilla 653. Santiago. Chile. Aminco DW-2a provided with a magnetic stirrer 
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attachment and connected to a MIDAN-T processor data analyzer. micro- Energj.linked 8-anilino-naphhen. suilphonate

ATfase actiryin.. SNIP (60jig protein) 
(AAS) fluorescence enhancement. Measurementswere added wereto a reaction carried out in a Perkin-Elmer 650-40 fluor­medium (I ml) containing 180mM escence spectrophotometer.sucrose. 2puM carbonylcyanide p-trifluoro-methoxv. ANS was excited at380nm and fluorescencephenvl hydrazone (F(CP) and was measured at 48 0(nm50rm Tris-H(l essentially as described by Ferguson et al. 1221.(pH 7.5). After 5min of preincubation, the reaction Irreversible inactivationwas started by adding ATP (4 mM final concn). The of SMP by )lAIMBOA.SMP (10mg/ml)reaction was stopped 5min were incubated in a reactionlater with 0.05ml1001% trichloroacetic acid (TCA). After 

of medium containing 18(ImM sucrose and 50 mMcentrif,- Tris-IICI. p1- 7.5. After 5mingation (10 min. 3000 rpm), aliquots were withdrawn
from the supernatant fraction and analyzed for inor-ganic phosphate according to Sumner [20].

A TP snthesis. The re:iction was measured in amedium containing (final concn) 180 mM sucrose,I mi MgCI , 10mM succinate, 0.5mM EDTA.3 M rotenone. 50 mM glucose. 2 rnM ADP. 5 LU.of yeast hexokinase (EC2.7.1.1) and 50(mM Tris-HCI. pH 7.4. SMP (0 .4 mg pbotein) were added tothismedium and incubated for 5 nin. ATP synthesis 
was started by addin moes P, 2 x cpn car-rier free .P, and 3 moles NgCwas . The final volume1 ml. The preincubation and the reaction werecarried out under aerobiosis obtained with agyratorywaterbath shaker. After 5min the reaction was 
stoppe!d and inorganic phosphate was quantitativelyprecipitated essentIal:, as described by Sugino and
Miyoshi [211. After separating the ppt by centrifugingfor 10 nin at 300 rpm. aliquots were withdrawn and3analyzed for j'2 lglucse-6-phosphate by Cerenkovcounting in Beckmana 810( liquid scintillation 

P,-A TI' e.,change reaction. SNIP (I mg protein)
were added to I ml of a reaction medium containing
]8i mM sucrose. 10mNIATP. l(ImMMgCl,.50mM
Tri,-HCI (pI-1 7.5). 10 mM P, and 2 > 1l0" cpm ofcarrier free 'P:. After 5 mii the reaction was stopped 
at adding Sugino and ivshi's reagent [21] and.aiter centrifu in g,at 30()lrpm fornatant fraction \as analyzed for [,- 32PJATP by Cer-

min. the super-
enko\ counting, 

100 

AD 

0 

0 

0 

C 

0 

0 10 20 30 

of preincubation,DINIBOA was added and aliquots were withdrawn 
at different time intervals and diluted (at least 10(1times) in the appropriate reaction media in order to measure succinate oxidation. NADH oxidation, PiATP exchange reaction, ATPasc activity, or energy­linked ANS fluorescence enhancement

Protein determinations were carried out using amodified biuret procedure [23.
DINIBOA was isolated as previously described[101. and dissolved in dimethyl sulfoxide (DNISO) 

prior to its addition to SNIP. Controls with thesolvent(less than 2r? ) were performed for allchemical reactions studied. the bit-Measurements
carried out were 

at 25. Rates are the average of deter­minations in duplica:e which agreed within 1(1,7. 

RESULTS 

DIMBOA inhibited electron transport from suc­cinate to oxygen in submitochondrial par:icles (SMP)
froni bovine heart. The dependence of the inhibition
 on DIMBOA 
 concentration 
curve followed a sigmoidal(Fig 1A). Hardly any effect \;is observedat concentrations belo\%4 mM. Similar results areobtained for NADH and ascorbate - TMPD oxi­dation, (data not shown). In all cas,. 5( , Iihibiti nwas obtained with about 11 mNI DIN113OA
 

Inhibition b\ DINIBOA 
 of ATP snthesis and P-ATP ecehange reaction catalyzed b\'Seffective and attained completeness I' s as more 
hyperbolic titration In hbth casescurves were obtained (Fi!. IB) 

B 

0 10 20 30 
DIMBOA (mM)Fig. I. Effect of DIMB1OA (n mitochondrial electron transport and other energy-linked reactions. (A)Mitochondrial electron transport (01 was measured assuccinatcas oxidizahle substrate. (B) ATP synthesis (10), 

indicated in Mat-rialk, and Methods using
activity (D) were measured 1-A P exchange reaction (ZA)and ATPaseas indicated under Materials and Methods.292 natoms 'mir. Activities for controlsmg protein, and 315. were102. and 521 n 'ioles,/min mg protein respeclivel.. 
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Fig. 2. Irreversible inactivation of mitochondrial electron 
transport b%DIMBOA. SMIP were incubated with 0 (0).
4 (E. 9 A) and 12.5 mM ") DIN1BOA a described in 
Materials and Methods. the indicated timeAt intervals. 
aliquots ,ere withdrawn and diluted in the media fr deter-
mining electron transport from succinate to oxygen. The 
pseudo-first-order rate constants (W)I calculatei from the 
slopes of the semilogarithmic plots are shown in the inset 
(0) Open circles (-) correspond to similarh determined 
values obtained from inactivation plots of electron trans­
port from NADH to oxygen. Activities foy controls were 
278 Isucirnate) and 161 (NADIH) natoms 'minmg protin. 

that allowed the determination of 1(, values (4 and 
2 mM DIMBOA respectively) from double-recipro­
cal plots of percent inhibition versus DIMBOA con­
centration. DIMBOA also inhibited ATPase activitN 
but the maximal inhibition that could be obtainec 

CC 

U70-

, 

U 

"0i 

0 20 
Time (rm) 

Fig. 3. Protection by succinatc of mitochondrial electron 
transport against inactivation bx DIMBOA. SNI' were 
treated with 15 nM DINIBOA in the absene (M and A) 
or in the presence of 1I0mM succinate (0and ) and then 
assayed for succinate oxidation (A and 0) or NADII 
oxidation (U and > ) essentialhl as described in Materials 
and Methods. When NADH oxidation wa, measured,
I mN malonate was added in order to specificalh inhibit 
succinatc oxidation. Activities for controls were J84 (sue-

cinate) and 172 (NADH) natoms/in ­mng protein. 

ot mitochondrial reactions 

about 7(J (Fig. 1B). Half-maximal effect was 
exerted by 6 mM DIMBOA. 

The above-mentioned effects were produced
almost instantaneously. When succina!e oxidation 
was measured after incubating SMP with DIMBOA,

progressive inactivation was observed (Fig. 2). This 
be attributed to an irreversible reaction because

it persisted after 100-fold dilution and the activity of 
samples did not change after standing for 

3( min. This inactivation followed pseudo-first-order
kinetics with arate constant (k') that depended
linearly on DIMBOA concentration (Fig. 2, inset).

resuit:. were obtained when NADII oxidation 
was measured with DIMBOA-treated SMP (see 
open circles in Fig. 2, inset). The inactivation of 
succinate and NADH oxidations by DIMBOA wasprotected completely by 10 mM succinate (Fig. 3).
Spectral studies showed chat the reduction of cyto­
chromes b, c and a by succinate was blocked almost 
completely by preincubation of SMP with DIMBOA 
(Fig. 4. spectra B and D). However, under the same 
conditions, cvtochromes c and a were reduced bv' 
ascorbate TMPD (Fig. 4, spectra F and C). 

F 

DE 

B 
A 

-

500 55 0 G00 
WI=velfri"g th' (nmr) 

Fig. 4. Difference spectra (reduced minw oxidized) of SNIP 
under various conditions. Traces shown correspond to thedifference between spectra of SNIP (1.9mg protein/nil)
treated as explained below and untreated oxidized SMP. 
The reaction medium (1.5 ml) wa, 50 mM potassium phos­
phate (pH 7.5). Freatments were as follows: (A) NaS:O 4,
(B) 10mM succinate. (C) 5mM ascorbate+0.1 mM 
TMPD. (D) incubation of SMP with 20mM DIMBOA 
for 15 min and further addition of 10mM succinate. (E)
incubation of SNIP with 21 mM DIMBOA for 15 min, with­
out addition of reducing agents, and (F) incubation of SNIP
with 2(ImM DIMBOA for 15 min and further addition of 

5mM ascorbate + 0.1 mM TMPD. 
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Fig. 5. Irreversible inactivation of P,-ATP exchange reaction. Experimental conditionsthose explained in the legend to Fig. 2 except that in this case P,-ATP exchange reaction 
were similar to 
was measured(see Materials and Methods). DIMBOA concentrations were: 0 (0). 3 (0), 7 (A)corresponds to SNIP treated with 20 mM DIMBOA 

and 18 mM (A). (x)
and afterwards assayedindicated under Materials and Methods. In the inset 

for ATPase activity as 
are plotted the pseudo-first-order rate constants(k') determined from the slopes of the scmilogarithmic plots shown. Activity for control was 98 nmoles/

min mg protein. 

Preincubation of SMP with DIMBOA also pro-
yoked an exponential inactivation of the Pi-A'FP
exchange reaction (Fig. 5A). The pseudo-first-order
rate constants, in this case, were dependent in a
hyperbolic manner on DIMBOA concentration (Fig.
5A, inset) since the double-reciprocal plot of k' versus DIMBOA concentration yielded a straight
line that intersected the v-axis at a 'alue sinificantl% 
different from zero (Fig. 5B). Conversely. when 
ATPase activitN was measured with DIMBOA-treated SMP, no inactivation could be observed (see
Fig. 5A). 

DISCUSSION 

DIMBOA exerted several actions on mitochon.
drial energy metabolism. At concentrations above
5mM it inhibited electroa transport from NADI].
succinate and ascorbate - TMPD to oxygen. acting
at the level of the respiratory chain since similar
results were obtained in the presence of uncouplers
(data not shown These results suggest that the sitc,
of action of the inhibitor can be tentatively located
in the cytochrome chain after the site of entr\ of
electrons from ascorbate + TMPD. Since it was not
possible to observe an instantaneous change in the

redox state of succinate-reduced 
 SMP by addition
of DIMBOA in concentrations inhibiting electron 
transport more than 8t)9 (data not sihowil). it can
be suggested that the reversible inhibition of electron 
transport is produced between cytochrome a and O,.

At lower concentrations. DIMBOA inhibitcd
ATP synthesis. P-ATP exchange reaction and
ATPase activity. These effects cannot be attributed
to the action of DIMBOA on electron transport and 
are probably exerted at the mitochondrial ATPasc 
complex, since the ATPase activity was also inhibited 

by DIMBOA. This inhibition was reversible since a
100-fold dilution restored the original activity.

When these effects are compared to the reversible
effects described on ATP synthesis in chloroplasts
19]. several differences can be pointed out: (i) in
chloroplasts DIMBOA behaved exclusively as an energy transfer inhibitor whereas in SMP it also
behaved as an electron transport inhibitor. and (ii)
chloroplasts were twice as sensitive to DIMBOA as 
SMP. 

A second category of effects probably related with
the known reactivity of DIMBOA (see Refs. 11 and
13) resulted in the irreversible tnactivation of some
mitochondrial functions. Electron transport eitherfrom succinate or from NADI to oxygen were simi­larly inactivated upon incubation of SMP with
DIMBOA. The inactivation followcd pseudo-first­
ordei kinetics, suggesting that the activity is sup­
pressed after reaction of one group in the enzymatic
complex with DIMBOA. From the kinetic data it 
can be postulated that DIMBOA reacted with some 
component in the respiratory chain following asimple second-order reaction and resulting in an
irreversible inactivation of mitochondrial electron 
transport (see reaction scheme I in Fig. 6). From theinset in Fig. 2 the second-order rate constant (k)
can be estimated to be equal to 4.4 M- 1 min t. The
electron transport chain component modified byDIMBOA is probably located at the level of the
cvtochrome chain since: (i) NADH and succinate
oxidation were equally inactivated, and (ii) succinate 
was able to completely protect both reactions against
inactivation by DINMBOA (see Fig. 3). The pro­
tection by succinate cannot be explained by bindingof succinate to succinate dehydrogenase since this 
enzyme is not in the path of electrons from NADH 
to oxygen and hence is unlikely to be the electron 
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E+ DIMBOA - Ei 

E+ DIMBOA - E - DIMBOA - Ei
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Fig. 6. Irreversible inactivation of mitochondrial reactions 
by DIMBOA. E represents the unmodified fully active 
enzyme form. E, represens an inactive form, either an 
adduc of the enzyme and DIMBOA or an irreversibly 
inodificO Cezyrrie form. E.DIMBOA represents a revers-
ible intermediate whose dissociation constant (K,) equals

k,/k,. 

transport chain component affected by DIMBOA. 
Therefore, succinatc protection must be exerted in 
an indirect way probably by changes in the redox 
state of some electron transport chain component 
located in the cytochrome chain near the point of 
entry of electrons from succinate dehydrogenase. 
The change in redox state of such a component could 
be accompanied by changes in nucleophilicity and,/ 
or reducing power 11. 13] of the groups involved in 
the irreversible modification. Further experimental 
evidence allowed the location of the site of action of 
DIMBOA as an irreversible inhibitor of the res-
piratory chain: (i) ascorbate + TMPD oxidation was 
not inactivated upon incubation of SNIP for 30 min 
with 20 mM DIMBOA and (ii) cytochromes b. c and 
a cannot be reduced by succinate in DIMBOA-
treated SMP (Fig. 4,spectrum D), whereas cvto-
chromes c and a can be reduced bN 
ascorbate + TMPD (Fig. 4, spectrum F). Therefore. 
the site of inactivation by DIMBOA must be located 
before cytochrome c and after succinate dehydro­
genase (see above). Whether the appearance of a 
chromophore upon incubation of SMP with DIM-
BOA (Fig. 4. spectrum E l is related to the inac-

that the enzyme complex was still able to hydrolyze
ATP. However, this ATP hydrolysis was not able to 
build a proton gradient through the mitochondrial 
inner membrane since the Pj-ATP exchange reaction 
and the ATP-dependent ANS fluorescence enhance­
ment (data not shown) were inactivated completely 
when SMP were preincubated for 30 min with 20 mM
DIMBOA. The inactivation of these two energy­
linked (ATP-driven) reactions can be explained by 
an irreversible uncoupling of ATP hydrolysis and 
proton gradient build-up whose mechanism is still a 
matter of study. 

An additional difference between the effect of 
DIMBOA on mitochondria and on chloroplasts is 
that ATPase activity in chloroplasts was irreversibly 

inactivated by DIMBOA whereas mitochondrial 
ATPase activity was not. This difference is probably 
related to the fact that, in the fl-subunit of chloroplast 
coupling factor CF 1, there are essential cysteine resi­
dues Isee Refs. 10, 11 and 13). Conversely, it has 
been recently confirmed that f3-subunit from mito­
chondrial ATPase does not contain cysteine residues 
[241. 
Insummary, the actions of DIMBOA on SMP, 

described in this paper, suggest that mitochondrial 
metabolism is a good candidate ,¢or explaining the 
biological action of these hydroxamic acids on organ­
isms that depend largely on mitochondrial ATP syn­
thesis. From the point of view of the toxicity of 
DIMBOA, probably its most relevant effects on 
mitochondrial energy metabolism were the irre­
versible inactivation of electron transport and the 
irreversible uncoupling of the ATP-driven energy­
linked reactions. Either effect would produce an 
inactivation of mitochondrial ATP synthesis leading 
to increased ineffectiveness of the energy metabolism 
of aerobic organisms. 

ckmtumleoient;s--N. B.C. is a Fellow from the Consejo 
Ncional de Investigaciones Cientificas y Tcnicas 
(CONICETi from the Repiblica de Argentina 0. A. R. 

tivation of electron transport by DIMBOA is still a is aMiember of the Carrera del Investigador from the same 
matter of study. 

The inactivation of the Pj-ATP exchange reaction 
cannot be explained by reaction scheme 1. since the 
hyperbolic dependence of the pseudo-first-order rate 
constants with DIMBOA concentration indicates 
that a non-covalent intermediate or an easilh-revers­
ible covalent intermediate is formed prior to tht 
irreversible modification (set:reaction scheme II in; 
Fig. 6). From the minus reciprocal of the x-imercept 
in Fig. 5B the dissociation constant (K,) for the 
revrsilein5tedisocaonbostmante tore helreversible intermediate can he estimated to be equal 
to 7.5 mM and, from the minus reciprocal of the y-
intercept in the same figure. the value of k, (rate 
constant for the irreversible step) can be estimated 
as equal to 0.1 min-i.The site modified by DIMBOA 
that is responsible for the P,-ATP exchange inac-
tivation must necessarily be different from the one 
responsible for electron'transport inactivation.- since 
both inactivations followed kintical different reac-
tion schemes.An interesnt.

An interesting point is that the ATPase activity 
of SMP was not inactivated at all by DINIBOA. 
indicating that the mitochondrial ATPasc complex 
was not modified or that it was modified in such a way 
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A NEW PRODUCT FROM THE 2 4
DECOMPOSITION 
OF , -DIHYDROXY-7-METHOXY-1,4_
 

BENZOXAZIN-3-ONE 
 (DIMBOA), A HYDROXAMIC ACID FROM CEREALS
 

H~ctor R. 
Bravo and Hermann M. Niemeyer*
 

Facultad de Ciencias, Universidad de Chile, 
Casilla 653, Santiago, Chile
 

Abstract- A 3 4
new pruduct, identified 
as , -dihydroxy-7-methoxy-1,4-benz_
 

oxazin-2-one 
(5) was isoated in 10% yield from the 
decomposition of
 

the title compound in dioxane. 
 A mechanism 
 for its formation is
 

discussed.
 

Hydroxarric 
acids from cereal extracts, such 
as the title compound, DIMBOA, play
 

an important defensive ' 2
role in the plant. In interpreting the mode 
of acton
 

of level, its chemistry
DIMBOA at a molecular 
 in solution, in particular itt,
 

decomposition reaction, has 3
beer of paramount importance, The reaction has
 

been shown to give, 6
as main product, -methoxy-benzoxazolin-2-one 
 (MBOA),
 

through the formation of the isocyanate 2 (Scheme 
1).4,5 The yield 
of MBOA is
 
not quantitative. 6 
 We report herein 
the structure of a secondary product of the
 

reaction, 5.
 

Scheme 1 CH 0 O H C H H O
 

CH30 0 1 OH 2 H 

OH ,, OH CH 3 Of -0>,r C 3
DIMBOA "CHO K CHO N 

N "NH 

3 oH 4 OH 5 OH
 

The yield of MBO from .
the decomrcto*,tion 
of DIMBOA wa dependent upon the
 

basicity 
of the solvent system employed. in 
aprotic solvents, the logarithm 
of
 

the yield correlated linearly (r= 0.940) 
with solvent donor number, 
a measure
 

of the ability of the solvent to donate ao 7
electron pair. In 
aqueous solutions,
 
the logarithm of the yield 
correlated linearly 
(r= o.gg6) with pH (Fig. 
1).
 

335-­



These results 
are consistent 
with 
the mechanism 
shown in 
Scheme 
1. Thus, an
 
increase 
in nucleophilicity 
of the hydroxamic hydroxyl group, 
either by inter­
action 
with an electron-donating 
solvent 
or by dissociation, 
would favor its
 
attack on 
the 
aldehyde group of 1 with formation of intermediate 2.
 

1 

186
 

M 00 

0o
 

170 I4 
_174
 

15 
 25 
 35 3 
 5 
 7 
 9

Donor number 

pH
 

Fig. 1. Effect of donor number and pH on the yield of MBOA from the decomposi­
of DIMBOA
tion in aprotic and 
 aqueous 
 solvents, 
 respectively. 
DIMBOA was
 

decomposed 
 for 
 at least 
 5 half-lives. 
 Dioxane= 
 1, tetrahydrofuran= 
 2,
 
N,N-dimethylformamide= 
3, dimethylsulfoxide= 4, pyridine= 5.
 

Attempts to 
isolate secondary products 
wEre carried out in dioxane, the solvent 
producing 
the lowest yeld 
of MBOA. DIMBOA 
was decomposed 0
in dioxane 
at 63 C 
for 2 weeks. 
The residue was 
subjected to 
dry column flash 
chromatography 
and
 
then to thin 
 layer chromatograrhy. 
A product 
with Rf= 0.43 (silica gel OF254
 
w4'rh chio-oform:methano0 
 10"I as developing 
solvent), 
 isolated 
 in 10% yield,

hac the following prooert:er: LIV max (EtOH) nrr: 
 257, 2e7sh; Xnra: (H2 0. ph 7)
(7
 ma1,4(H20e'r;p> 

nrr: 21 
 c= 11,400). 2e,,h; 
 (Ha.20' pH 13) nm: 
 255sh, 300 (C=11.3; 10,900); pKa=(K r! 
 :r 320' .
 c 1665, 161r, 1500, 14 0, 1280, 
1140 1080,
 

100,' 820; H-W-1P (60 MH_. COf)-0 3
. (3H,sCH-) 
 5.5 (1H,s,CHOH, 6.4-7.0
 
(3 m a rr, ic : E M ' rc) . 70 eV) m!z -rel. int . 211 (72)[M], 18 (100) 

.
I-r, - r1F-1 1-9 (37) [ -C 
C-HOH 
 (48) [153-0)',
;4C.' r15 -NOH , 106 (21. 
137 

122.2-0]'; negative 
FeCI test; positive Tollens' 
test.
 
This data is 
 consistent 
with structure 
5, an isomer 
of DIMBOA. 
This produ:t
 
could be detected 
by thin layer chromatography 
in the decomposition of
mixture 

DIMBOA 
in the other 
aprotic solvents studied.
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The formation 
of 5 may be rationalized as 
shown in Scheme 1. The open form of
 

DIMBOA, 
 1, may be demonstrated and 
 quantified polarographically in 
 aprotic
 

solvents. 8 
Reclosure to hemiketal 3 has been proposed 
 in the reactions of
 

related compouns.9 Opening of 3 would follow to form 4 which 
would finally
 
cyclize to yield 5 
by addition of a hydroxylamine nitrogen 
to a carbonyl group,
 

a reaction analogous to the well-known synthesis of hydroxamic acids.
 

The formation of 5 provides 
a rationalization 
of hitherto unexplained facts in
 

the literature. Thus, the 
decrease 
of the yield of MBOA from DIMBOA as pH is
 

lowered may be attributed to acid catalysis 
of the conversion of 
 3 to 4. 
Furthermore, the 
decomposition 
in strong acid of these hydroxamic acids has
 

been reported to yield the 
 corresponding 2-hydroxy-phenylhydroxylamine.10
 

Hydrolysis of ester 4 accounts for this product.
 

Other products from 
the reaction studied were 
coloured, 
resinous substances,
 

which likely arise from oxidation and condensation of these intermediates."
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Effect of gramine in the resistance of barley seedlings to the aphid Rhopalosiphum
padi 
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Abstract 

Gramine (NN-Dimethyl-3-aminomettiylindole) content in various barley cultivars varied from 0 to2.6 mmoles/kg fresh weight. Those cultivars which were lacking gramine were the most susceptible to thaphid Rhopalosiphumpadi (L.). The population growth r?'e of R. padi negatively correlated with graminecontent in leaves of barley seedlings. In addition, gramine incorporated ia artificial diets decreased survival,amount of diet ingested and reproduction of aphids at concentrations similar to those found in plant leaves.Thus, it is suggested that gramine may be one of the factors responsible for the resistance of barley seedlings
to R. padi. 

Introduction Materials and methods 
Secondary compounds may protect plants Aphids. Individuals of R. padiused for the experi­against herbivores. For example, acyanogenic ments were collected from naturally infested barleymorphs of Lotus corniculatus L. and Trifoliunm near Santiago. Aphid colonies were maintained onrepens L. are preferred over the cyanogenic morphs

by a 
Hordeum distichum cv 'F. Union' grown undervariety of invertebrate and vertebrate herbi- continuous light in the laboratory.
vores (Rhoades, 1979). Sheep avoid grazing on vari­eties of lupine that contain high concentrations of 
 Infestation e.xperiments. Seeds of five different bar­alkaloids but readily graze on 'sweet varieties (Ar- lev cultivars, namely cv F. Union, Abyssinian, co­nold & Hill, 1972). The resistance of some varieties

of barley can 
mun, CM67-Galt and Brea 'S' Celaya, were plantedto aphids be attributed to the pres- in pots filled with soil and grown under continuousence of several phenolic and flavonoid compound,, light in a greenhouse at(Todd al.. 23-28°C. Ten-day-oldet 1971). Gramine relatedand indole

alkaloids present 
plants were infested with two aphids, apterous gy­in Gramineae, Leguminosac and noparae, and the increase in the insectother families population(Saxton, 1965) are responsihic for was determined after 6 days. Gramine contenttheir toxicit\ to ruminants (Gallagher et al.. 1964). leaves 

of 
Indole alkaloids \,as also determined in 10- and 16-day-old
were also reported as toxic to seedlings. Three samples of five seedlings each were
aphids (Corcuera, 1984). In addition. Ztfiiga et al. used for each treatment.
(1985) have reported the role of indole alkaloids asa factor in the resistance of several barley (Hordce- Preparationo; extracts.for gramine anahpses. Theun)cultivars to the greenbug Schizaphis graminum
(Rondani). In this paper we examined 

samples (2 to 3 g of leaves) for the alkaloid analysesthe effect of were frozen and macerated using mortar and pestlegramine contained in barley to the aphid
Rhopalosiphumn padi. 

with 20 nil McOH-NH 4OH (100:1 v/v). The extract 
was filtered through glasswool. The solvent and en-

Entornol. exp. appl. 40, 259-262 (1986).
C Dr W. Junk Publishers, Dordrecht. Printed in The Netherlands. 
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dogenous water were evaporated under an air 
stream. The chlorophyllous residue was dissolved 
in 5 ml 0.1 N HCI and filtered through Whatman 
No. I paper. The pH of aqueous filtrate was adjust-
ed to pH 9 with conc NH 4OH and washed twice
with chlroform (1:2 v/v). The organic phase was 
evaporated to dryness. Gramine quantified inwas 
these extracts as described previously (Ztiliiga et aL, 
1985). 

Feeding assays. Aphid feeding assays were made 
by using holidic diets placed between two layers of 
Parafilm M (Argandoa ctal., 1982). The diet con-
.,isted of a solution containing 35% sucrose, 
aminoacids and minerai salts, adjusted to pH 6 
(Corcuera, 1984). The amout of diet ingested by ten 
aphids was determined by weighing the Parafilm 
sachets before and after 7 h of feeding. Three sam­
ples of ten aphids each were used for each treat­
nent. 

Each point in Fig. 2 represents the average of
 
three samples of ten adults aphids each.
 

Results and discussion 

Gramine content and resistance to aphids. See­
dlings of the five barley cultivars were selected for 
infestation experiments with Rhopalosiphum padi.
The most susceptible varie.y was 'F Union', which 
lacked gramine, while the varieties with higher gra­
mine contents were more resistant to R. padi
(Fig. 1). Similar results have been reported with 
Schizaphis gramnnum (Ztfiiga et al., 1985). Howev-
er, the seedlings with more gramine were more resis­
tant to R. padi than to S. graininum. 

Effect ofgramine on aphids. Incorporation of gra-
mine into artifi.:ial diets decreased survival of R. 
padi at all concentrations tested (Fig. 2). To deter-
mine if graminc acted as a feeding deterrent aphid
nymphs were fed on diets containing 0 to 6 mM 
gramine for 7h. The amount of diet ingested by the 
aphids decreased with gramine content (Fig. 3A).
After 7 h of feeding with diets with various gramine
concentrations, the aphids were transferred to con-
trol diets without grarnine. Survival was determined 
48 h later. Survival of aphids at 0 and 6 mM were 
the highest, while the lowest survival was observed 
at intermediate gramine concentrations (Fig. 313). 

04 

Z. 
-. 

: 02 

3 

0 
o 2 3 

Gromine (mmol/kq fr wt) 

Fig. I. Gramine content of leaves and population growth rate of 
R. padi on barley seedlings. Numbers of Barley cultivars: I ='F 
Union'. 2='CM67-Galt', 3='BREA "S"-Celaya' 4='comun, 
5=Abyssinian. Vertical bars: t1 se. Aphid population growth 
rate = Lh (Nf/Ni)/At. 

,00 

50 r 

C, 

0 __'_. 

3 6 

Gromin, (mnM) 

Fig. 2. Effect of gramine on the survival of adults after 48 h 
feeding of R. padi on diets containing various gramine 
concentrations. Vertical bars: ± I s.c. 

As indicated in Fig. 3A, the highest survival of
aphids exposed .to the 6 mM gramine diet was prob­
ably due to non-feeding. When the diet was ingest­
ed, a higher mortality was observed. Thus, gramine 
causes toxic effects and also feeding deterrency. In 
addition, reproduction rates of aphids feeding on 
artificial diets decreased even at relatively low con­
centrations of gramine (Fig. 4). These low concen­
trations were selected for the experiment because 
feeding deterrency was also low and gramine con­
taining diets were ingested in similar amounts as 
the control diet. 

It is likely that gramine plays a role in the resis­
tance of barley against aphid attack. Although, the 
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Fig. 3. Feeding deterrentc and toxicity of gramine. After the nymphs were exposed for 7 h to the diets, ingestion was determined byweighing the sachets (A). Then they were transferred to control diets, and survival was determined after 48 h (B). Vertical bars: ± I s.e. 
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Fig. 4. Effect of gramine on the reproduction of R. padi reared 
on artificial diet. The reproductive index (no. nymphs/av. no. 
adults) was measured after feeding adults for 72 h. Vertical bars: 

S.e. 


exact location of gramine in the I-aves is unknown, 
the feeding deterrent and toxic properties of this 
compound appeared to be relevant to plant protec-
tion. 

Barley is an important grazing crop in warm, dry 
areas. De'elopnent of gramine-free barley cultivars 
has been suggested as desirable because of the use 
of this crop fot atinial feeding (Hanson et at., 
1981). However. thi, paper and our previous work 
(Corcuera. 1984. Zttfiiga et al., 1985) have shown 
that barley cultivars which contain a low amount of 
gramine are more susceptible to insect attack than 
those cultivars with a high gramine content. Thus, 
eliminating gramine from barley 1.y means of plant 
breeding would be advisable only for those culti-
vars that have alternative insect resistance mechan­
isms. 
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Rksume 

Effet de /agramine sur la resistance de plantules de 
seigle des puceron Rhopalosiphum padi 

La teneur de gramine (N,N-dimethyl-3-amino­
methyl-indole) dans differentes cultures de seigle 
pr~sente des variations comprises entre 0 et 
2,8 mmoles/Kg (poids frois). Les varietis d~pour­
vues de gramine sont plus sensibles l'attaque des 
pucerons. Le taux de croissance de la population 
des Rhopalosiphum padi a une correlation n&gative 
avec la teneur en gramine des feuilles de plantules 
de seigle. D'ailleurs, ]a grarnine diminue les taux de 
nourrissement, de survie et de rproduction des 
pucerons aliments avec des dietes artificielles 
contenant des concentrations du produit teste, 
similaire Acelles trouv'es pour les feuilles des plan­
tes. Donc, on sugg&ent que la gramine peut &re un 
des facteurs responsables de ]a resistance des plan­
tules de seigle contre l'attaque de Rhopalosiphurn 
padi. 
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SUMMARY
 
Resistance to the aphid Sitobion avenae F. was assessed on six wheat cultivars ofknown concentrations of total hydroxamic acids. A range of values for intrinsicrate of increase (rm) were obtained, 960 of the variation in which was explained byacid concentrations. Of the components of rm, age-specific fecundity was the most

significant factor contributing to resistance. 

INTRODUCTION 
Sitobion avenae F. is a sporadically damaging pest of wheat in temperate climates (George &Gair, 1979, Vickerman & Wratten, 1979: Carter, McLean, Watt & Dixon, 1980). Wheatextracts contain hydroxamic acids (Hx) (Willard & Penner, 1976) which have been shown tobe important in resistance against insects in several Gramineae (Klun, Tipton & Brindley,1967; Kiun, Guthrie, Hallauer & Russell, 1970; Long, Dunn, Bowman & Routley, 1977; Beck,Dunn, Routley & Bowman, 1983). The most abundant of these acids in wheat is 2,4­dihydroxy-7-methoxy-l,4-benzoxazin.3-one (DIMBOA). This compound has alsoshown to be involved in the resistance of several wheat cultivars 

been 
to the aphid speciesMetopolophium dirhodum (Wlk.), Schizaphis graminum (Rond.) and Rhopalosiphum maidis(Fitch) (Corcuera, Argandohia & Niemeyer. 1982), but S. avenae has not been investigated in 

this context. 
The main objective of this investigation was to assess a range of wheat cultivars, previouslyassessed for hydroxamic acid levels, order measurein to and rank them for antibiotic
resistance to S. avenae. Any correlations between aphid performance and acid levels would
have implications for future screening of wheat material against this important European
 

pest. 

MATERIALS AND METHODS 
Seed samples of six wheat cultivars representing a range of known Hx levels were grownunder permanent light at c. 26 'C with a 10 'C range in a glasshouse at the University of Chile,and harvested at the two-leaf stage (G.S. 12; Zadoks, Chang & Koii. k, 1974). A portion,1.5 g, of the plant tissue (10-15 plants) was then macerated with a mortar and pestle in water(6 ml total volume), filtered through cheesecloth and left for 15 min at room temperature. Theextract was adjusted to pH 3 with I MHC and centrifuged at 10 000g for 10 min. Thesupernatant was extracted three times into equal volumes of ethyl ether and the organic phaseswere evaporated to dryness. Hx form a blue complex (Am. -==590 nm) upon the addition offerric chloride reagent (50 g FeFI3 .6HO, 500 ml 95% ethanol and 5 ml 15 MHCI). Theconcentration of Hx in ..je tissues was determined by comparing the absorbance of extracts 

*Present addres: C-6, Vani Vihar. Utkal University, Bhubaneswar-751004, Orissa, India. 
© 1986 Association of Applied Biologists 
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Fig. I. Effect of assessment period on the estimate of intrinsic rate of natural increase (r,) of Sitobion 
atwnae on six wheat cultivars. 

with a standard curve made with DIMBOA. The procedure was tested by adding DIMBOA 
to an Hx-lacking barley cultivar (cv. Fola Union - see Argandofia, Luza, Niemeyer &
Corcuera, 1980). Recover), of DIMBOA was 100% DIMBOA had previously been isolated
from 7-day old seedlings of maize (c%. T 129S) by the method of Queirolo, Andreo, Niemeyer
& Corcuera (1983). The names of the cultivars assessed are given in Fig. 1.

For assessment of aphid performance at Southampton. seeds of the same cultivars were
planted singly in 5-cm diam. polystyrene pots containing John Innes No. 2seed compost and 
were germinated in aglass-house at a temperature of20 CC with an 8 C range and a minimum
16 h photoperiod. They were transferred after c. 5days to a culture room basec on the design
of Scopes. Randall & Biggerstaff(1975). They were kept at 20 -C with a 2 'C range, 60-70" 
r.h. 	and 16 h photoperiod. Light intensity was 75 pE m-2 s-' 

Stock cultures of S. arenae were clonal. originating from a single parthogenetic feinale
collected in Hampshire, UK, in 1984 and were maintained on wheat (cv. Hobbit) in the
culture room under the above conditions. Adult apterous viviparae of unknown age were
placed individually on the test seedlings (30 of each cultivar) which were at the two-leaf stage:
these were then covered with transparent plastic cylinders 20 cm high with a Terylene mesh 
top. These aphids were left for 24 h to reproduce and then removed together with all but two
first-instar nymphs. The latter were left undisturbed until they moulted to the adult stage, but 
were checked daily during this period. One was them removed and the daily fecundity of the
remaining singly-caged aphids (up to 30 on each cultivar) was recorded for 10 days. Progeny
of these were removed daily, using a fine paint brush, during the same 2 h period each day.

The intrinsic rate of natural increase (rm ; Birch, 1948) was calculated for the aphids on eachcultivar using a program incorporating the 'Jack-knife' technique to calculate the standard 
error (Miller, 1974; Bissell, 1977; Birch & Wratten, 1984). Age-specific survival (Q),and age­
specific fecundity (mn)were also computed. 
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RESULTS AND DISCUSSION 
Estimates of r,, were calculated at daily intervals. On all cultivars, nymph production

during the first few days of reproduction contributed most to the value of r, (Fig. 1), a pattern
similar to those found for other aphid species (e.g. Wyatt & White, 1977; Birch & Wratten,
1984). Values of r,, based on 10 days' recording were used in subsequent analysis.

There was a highly-significant negative relationship between the r, value achieved on the
cultivars and the concentration of hydroxamic acids in their tissues: the proportion of the
variation in r,, values explained by acid levels was up to 96, depending on whether thevariables were arithmetic (Fig. 2a), or one, or both (Fig. 2b) variables, were logarithmically
transformed. The confidence limits for rm were very low; however, the parallel inter-plant
chemical variation could not be calculated because of the bulking of samples needed to 
provide [.5 g of plant tissue (see Methods).

Of the components of r,,, mr'rtality did not begin on any cultivar until 16 days after birth
(Fig. 3); this was well after the highest daily fecundity had been reached (8-12 days after
birth). This pattern agrees with that found by Frazer (1972) for two aphid species on Vicia

faba L. cultivars. In other work, where a wider taxonomic range of plant material has been 
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Fig. 2. Relationbips between intrinsic rate of natural increase of Sitobion azenat, and levels of totalhydroxamic acids in wheat seedlings at the two-three-leaf stage. a. arithmetical (with 95% confidencelimits); b. logarithmic; log y - .22 - 0.37 log b. s.E., = 0.033, P < 0.001, r = -0.98, P < 0.001.Symbols as in Fig. I. 

screened, extremes of survival and reproductive performance occur (e.g. Birch & Wratten,
1984).

In addition to the correlation in Fig. 2b, the age of the aphids at the time of the peak in age­specific fecundity was positively related to acid levels (log y = 2.17 + 0.17 log x' P < 0'05; r
0 86).

This preliminary investigation has revealed that hydroxamic acids appear to play a majorrole in seedling resistance to Sitobion atvenae Future work must include a wider taxonomicrange of Triticum material, which should be screened for aphid resistance and hydroxamicacid levels, ideally in the same plant cohorts at a range of growth stages.et al. (1980. Although Argandofia1981) demonstrated declines in acid levels with increasing plant age, the rate ofthis change needs to be compared within a wider range of taxa, with a view to selecting thosewith the lowest rates. Even for those Triticuncultivars and species with high acid levels onlyat the seedling stage, useful resistance potential remains; dipterous pests of the generaOscinella and Opornyza attack seedlings in the field in Europe and the aphids Rhopalosiphumpadi (L.) and S. avenae colonise seedling cereals in the autumn in the UK, when plantpathogenic viruses may also be transmitted. 

K.B. thanks the Association of Commonwealth Universities for the award of an AcademicStaff Fellowship at Southampton. Financial support by the Universidad de Chile and theAgency for International Development is gratefully acknowledged. 
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Fig. 3. Changes in age-specific fecundity (m, 0) and age-specific survival (/,, 0) for the six cultivars
(top to bottom): SNA-3, Likay. Huenufen, Naofen, Sonka, SNA-2. 
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Extracts of various Gramineae contain hydroxamic acids
such 2 ,4-dihydroxv-,-methoxy1, 4 -benzoxazin-3.one 
(DIMBOA), which are involved in the resistance of the 

2plants to pests and pathogens.1 . It was suggested that
the toxicity of DIMBOA is partly due to reactions of its
open-chain isomer, N-(9.-hydroxy.4.methoxyphenyl)gly.
oxylohydroxamic acid (1). 4 On the basis of rate and
product studies,"' this intermediate has been invoked in
the decomposition reaction of DIMBOA. Since 1 has
electroactive groups different from those of DIMBOA, we
attempted its quantitation by polarographic reduction of 

(1) Willard, J. .; Penner, D. Residue Rev. 1976, 64, 67.(2) Argandofa, V. H.; Corcuera, L. J.; Niemeyer, H. M.; Campbell, B.C. Entomol. Exp. AppI. 1983, 34, 134 and references therein.(3) Queirolo, C. B.; Andreo, C. S.; Niemeyer, H. M.; Corcuera, L. J.
Phytochemistry 1983, 22, 2455.(4) Niemeyer, H. M.; Corcuera, L.J.; P6rez, F. J. Phytochemistry 1982,
9, 2287.

(5) Brendenberg, ,1. B.; Honkanen, E.; Virtanen, A. 1. Acta Chem. 
Scand. 1962, 16, 135.(6) Smissman, E. E.; Corbett, M. D.; Jenny, N. A.; Kristiansen, 0. J.
Org. Chem. 1972, 37, 1700. 

(7) Bravo, H. R.; Niemeyer, H. M. Tetrahedron1985, 21, 4993. 
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solutions of DIMBOA. We describe herein the quantita-
tion of I in aprotic solvents and discuss its reactivity andthe mechanism of decomposition of DIMBOA. 

Experimental Section 
DIMBOA was isolated as described from ethereal extracts of

6-day old seedlings of Zea mays L. cv T129s grown in a greenhouse 
at 25 ± 5 *C. Phenylglyoxal monohydrate (Aldrich) was usedwithout further purification. Solvents were purified and dried

'by described 	methods and were stored under nitrogen.
Polarograms were taken with a PAR Model 174A polarograph 

on DIMBOA solutions thermost-ated at 28 *C. The cell, designed
for measurement,, under inert atmosphere, contained a dropping 
mercury electrode (DME) as working electrode, a platinum
auxiliary electrode, and a standard calomel electrode (SCE) as 
reference electrode. Dry argon was bubbled through the solutionsfor 10 min before each experiment. Runs were carried out "with 
the solvents in the absence of DIMBOA to test for oxygen leaks. 
No leaks were detected even after successive potential scans formore than 5 h. The supporting electrolyte was 0.1 M tetra-
mrethan5i Tuportyte. wCDCOCD,)ethvlammoniu Pperchlorate. 

S.ynthesis of N-Phenvl-aa-dichloroacetohydrox,.,ajc Acid.To a solution of 0.035 mol of freshly prepared phenylhydroxyl­
amine in 45 ml of anhydrous diisopropyl ether was added an excess of sodium bicarbonate. Tc this suspension was added,
under constant stirring, 0.018 mol of dichloroacetyl chloride
dissolved in 5mL of diisopropyl ether, with the temperature kept
between 0 and F.°C. After 30 min the mixture was filtered and 
the filtrate concentrated to turbidity. Petroleum ether was added 
to complete precipitation. The residue was filtered and recrys-
tallized from henzene-petroleum ether (yield. 93%): mp (un-
corrected) 91 IC: rv\X ,EoH 263 nm; IR,,.BK, (cm-') 3200, 1635;
EIMS (pro (. 7t' eV),m ,;: (relative intensity) 220 (5, [M ]'), 136
(32, [M - CHCIJ]' 101; (100, 136 - COI-): !NMR (60 MHz. 
CI). COC,, ?,7.1 (1H. s. CHC). 7.2-7.9 (5 H, m. Ar); positive
FeCIl, test. Anal. Calcd for CRHTNO 2CI: C. 43.67: H, 3.21; Cl,
32.22. 	 Found: C, 43.89; H, 2.97; Cl, 32.61. 

Synthesis of N-Phenylglyoxylohydroxamic Acid Mono-hydrate (PGH). This compound was obtained by hydrolysis of 
N-phenyl-o,a-dichloroacetohydroxamic acid in 1.5 N NaOH at 
room temperature for 2 h. The resulting solution was extracted 
with diethyl ether and then acidified to pH 3 with concentrated 
HCI. The acidified aqueous solution was extracted with diethyl
ether. The organic phase was dried with Na,,SO4 and evaporated
under vacuum. The orange oil left was treatedl with benzene, upon
which white crystals were obtained. These crystals were further 
washed with henzene. The yield was less than 10%: mp (un-
corrected) 155-157 OC; UV \,m'EtOH 253 nm,XrJ70 244 nm (,

' 
 -14 800); IR ..." (cm ') 3360, 1665; ElMS (probe, 70 eV), m/z(relative intensity) 183 (31, [M]), 165 (100, [M - H.O]+), 136 (50, 

(8) Argandofia, V. H.; Niemeyer, H. M.; Corcuera, L. J. Phtorhcm. 
istry 1981, 20. 67:3.(9) Riddick, J.;Bunger, W. B. In Techniques of Chemistry, Weiss-
berger, A., Ed.; Wiley-Interscience: New York, 1970; Vol. 2. 
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DIMOA (rM)Figure 1. Variation of the limiting current with the concentrationof DIMBOA for the reduction waves A 	(a) and B (b) in di­
methylformamide. 

Table I. Half-Wave Potentials for the Polarographic
Reduction of DIMBOA and Model Compounds 

-E,12/V vs. SCE 
compd solvent wave A wave B 

DIMBOA 	 dii.,ethylformamide 0.63 1.72 
dimethyl sulfoxide 0.62 1.95 
pyridine 0.65 1.73 

PG dimethylforniamide 0.62 0.95 
PGH dimethylformamide 0.66 2.06 

Concentrations employed were: DIMBOA = 1.1 x 10 M; PG -
1.1 x 10'M; PGH = 1.4 x 10- M. 
[165 - CHO]+), 108 (32, [136 - CO]*); 'H NMR (60 MHz, 

Anal. 	 6 6.9-7.9 (m,CH(OH)2 and Ar); positive FeC 3 test.Calcd for C8H9NO 4: C, 52.46; H, 4.95. Found: C, 52.24; 
H, 5.17. 

Results 
Two reduction waves appeared in the polarographic

reduction of solutions of DIMBOA in dimethylformamide.
The limiting current for wave B was proportional to the 
square root of the height of the mercury reservoir, indi­
cating diffusion control, and proportional to the concen­
tration of DIMBOA (Figure 1b). Wave A was detected
 
at DIMBOA concentrations greater than thosc used to
 
a t aB . I t ratin g g re t wa s ese d o
 
detect wave B. Its limiting current was independent of
 
the height of the mercury head, indicating kinetic control.
 
The limiting current of wave A was over 
100 times smaller
 
than that of wave B and increased linearly with DIMBOA
 
concentration (Figure la).


The polarographic behavior of solutions of DIMBOA in 
the other solvents employed was qualitatively similar.
 

The reduction of two model compounds was also stud­
ed: phenylglyoxal monohdrate (PG)and N-phenylgly­

ied: hyyoxa a monohydrate (PG) henelgo­
oxylohydroxamic acid monohydrate (PIi). These com­
pounds share with DIMBOA the structural feature de­
picted in 4. The polarograms of solutions of these corn-

H 
.0 OH
 

0 
4 

pounds were similar to those of DIMBOA, showingdiffusion-controlled wave 	 aof type B and a wave with kinetic1 
cnaracter of type A. These similarities suggest that elec­
troactive groups are present in or are produced from the 
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Table Il.Thermodynamic and Kinetic Constants for theDecompositioi, of DJMIIOA at 28 'C0 

solvent 10'k.d min - ' IOOK k2, in -' 
dlmethylformamide 1.72 2.1 0.082dimethyl sulfoxide
pyridine 0.81 0.73 6.1110.52 0.27 0.194 

'See eq 1 in the text. bExtrapoled to 28 *Cplots with data from ref 7. from Arrhenius 

partial structure 4. Half-wave potentials for the polaro-
graphic waves described are collected in Table I. 

Discussion 
Identification of Species Being Reduced. The po­larographic reduction of DIMBOA solutions showed a

kinetic wave A and a diffusional wave B. The half-wavepotential of wave B was similar to that for the corre-
sponding wave in PGH and fell within the range observedfor the reduction of the hydroxamic acid moiety.' 0 Hence,wave B may be attributed to the hvdroxamic function inDIMBA. 
 "constantDIMBOA. 

Waves showing kinetic control, such as wave A, have
been reported in the polarographic reduction of sugais1-1 4 
and aldose oximes' , and have been attributed to hemi­acetal opening prior to electron transfer. On the otherhand, similar waves have been reported in the polaro-graphic reduction of PG' and of other aldehydes,7 in 
aqueous solutions. They have been attributed to a dehy-dration process formally similar to hemiacetal opening (PG
to 2). The waves of type A observed in the polarographicreduction of solutions of DIMBOA. PG,and PGH in non-aqueous solvents may thus be identified with compounds1, 2, and 3, respectively. 

Determination of Equilibrium Constant DIMBOA1. At sufficiently high concentrations of DIMBOA,small amcunts of I could be detected directly. If thediffusion coefficients of cyclic and open-chain species,DIMBOA, and 1 are assumed to be equal, the equilibriumconstants for hemiacetal opening can be determined as theratio of the slopes of lines such as those shown in FigureI for dimethylformamide as solvent .Table 11 collects thevalues of such equilibrium constants in various solvents.Studies of the hydroxyl stretching frequencies of DIM-BOA in aprotic solvents have shown that the solventsinteract with DIMBOA by sharing electron pairs with thehydroxyl groups at positions 2 and 4.7 One of these in-teractions is expected to be absent in compound I since
in it a strong intramolecular hydrogen bond would 
 beformed (5). Hence, these solvents are expected to pref-erentially stabilize DIMBOA over com)ound 1. This 

CH3 0 Oil 

0oconstant 
Hkob.d 

50No 


(10) Eisner, V.;Kirowa-Eisner, E.InEncyclopedia of El'ctrochem.
istry of the Elements: 
 Bard, A. J., Ed.; Marcel Dekker New York, 1979; 
(11) Ikeda, T.; Send, M. Bull (he. .i. 1973, 46 2107.(12) Bhnduri, M.; Chowdhur,, F. H.; Fouder. N. B.4. Che.27.Indian 

SoM.1975.52, 1141. "
(13) Chowdhury, F. H.; Foudzer, N. B.; Tarahlar,Chem. Soc. 1975, 52, 1139. S. A. J. Indian 
(14) Delahay, P.; Strassner, J. E. J. Am. Chcm.Soc. 1952, 74, 893.(15) HaasI J.W.; Storey, .1.1).; Lynch, C.C.Anal. Chem. 1962, 3,1145.(16) Rodriguez-Mellad,, .. M.; Camacho, ..; Ruiz, J. J. J.Elhctroanal.Chem. Interfacial Electrochen. 1984. 177, 39, 51.(17) Heyrovsky, J.;Kuta,J. Principle,, of Polarographv;Czechoslovak

Academy of Sciences: Prague, 1965. 
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Figure 2.Effect of solvent donor number on the equilibrium

Figu r Eefor the processos donor nuDIMBOA - 1 (0) and the the(ber on on ruerateconstant of formation of isocyanate 6 (Scheme I) (e). Solventsemployed were dimethylformamide (1), dimethyl sulfoxide (2),
and pyridine (3). 

Scheme I
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consideration is indeed reflected in the linear solvent en­ergy relationship obtained with log K by using the donornumber of the solvent., a measure of its ability to donate 
an electron pair (Figure 2)."'

Mechanism of Decomposition of DIMBOA. DIM-BOA decomposes to give 6 -methoxybenzoxazolin-2-one
(MBOA) as the main product both in protic',6 ,19 andaprotic7 solvents. The comparable effects of basicity ofaqueous solutions and donor ability of aprotic solvents ondecomposition rate.%20 and yield of MBOA'9 suggest thatsimilar mechanisms are operating in both types of solvents.Evidence presented for the decomposition of DIMBOA inaprotic solvents gave support to the mechanism depictedin Scheme 1.2In solvents of low donor number (lower thanca. 23), the opening of the hemiacetal is the rate-limitingstep.7 In solvents of higher donor number, such as di­methylformamide, dimethyl sulfoxide, and pyridine, therate-limiting step is the formation of isocyanate 6. Underthese conditions, the experimental rate constant for de­composition is equal to the product of the equilibrium 

constant for hemiacetal opening times the first-order rate

for the formation of 6 (eq 1). The values for K
 

= Kk2 (1)
determined in high donor number solvents allow the cal­culation of k2 (Table I). 
 The logarithms of these valuescorrelated linearly with solvent donor number (Figure 2).Since the proposed formation of isocyanate 6 requires thenucleophilic attack of the hydroxamic hydroxyl group on 
the aldehyde function in 1, the rate enhancement observedin solvents of high donor number may be taken as further 
evidence for the mechanism of Scheme I. 

(18) Gutmann, V. The Donor-Acceptor Approach to Molecular In.teractions; Plenum: New York, 1978.(19) Bravo, H. R.;Niemeyer, Ii.M. Heterocyclh. 1986, 24, 335.(20) Niemeyer, H. M.; Bravo, H. I.; Pefia, d,.F.; Corcuera, L. J. InChemistry and Biology of tlydroxamic Acids; Kehli, H., Ed.; Karger AG:Basel, 1982; 22. 
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INTERACTION OF 2,4-DIHYDROXY-7-METHOXY-1,4-BENZOXAZIN-3-ONE 
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Abstract- Solubilities and 
IR spectra of DIMBOA in alcoholic solvents
 

showed that the carbonyl group of DIMBOA 
is hydrogen-bonded to the
 

solvent. Activation parameters 
of DIMBOA in the same solvents suggested
 

that the decomposition 
 of DIMBOA occurs through atn isocyanate, in
 

analogy with the reaction in aqueous and 
-protic solvents.
 

Extracts of Gramineae 
such as wheat and maize contain hydroxamic acids, such 
as
 

DIMBOA, which 
 are involved in the resistance of the plants to pests and
 

1 2
pathogens. ' The study of the 
chemistry of has
DIMBOA provided a basis for
 
rationalizing its biological 
properties at the molecular 
level. The stability
 

of DIMBOA has beer described 4 5
in aqueous ' and aprotic solvents.6 We herein
 

describe the behavior of DIMBOA in 
alcoholic solvents.
 

Solubilities 
of DIMBOA were determined 
by adding FeC1 3 reagent to the super­

natant of saturated solutions 
of DIMBOA and measuring the absorbance at 590 nm
 

of the blue complex formed. Rates of decomposition of DIMBOA 
were followed by
 

taking aliquots of the 
 reaction mixture after different time intervals and
 

analyzing them with Ferl 3 reagent.
 

Solubilities of DIMBOA in 
 different alcohols generated 
a linear solvation
 

energy relationship 
(Fia. 1) using acceptor 
number (AN) as solvent parameter, a
 

measure of the ab:lity of the solvent to an
accept electron pair. 7 ,5
 

Additionally, a 2-parameter 
correlation using AN 
 and DN (donor number), a
 

measure of the abi! ity 7 8
cf the solvent to donate an 
electron palr, , produced a
 
ratio of coefficienis for AN and 
 DN equal to 25, further supporting that
 

electron pair accepting properties of the 
solvent are of overwhelming importance
 

9
in its interaction with DIMBOA.


- 2809-­



2.1 

0 3 

L- 1.7 

1.5
 

33 37 41 
Acceptor number 

Fig. 
I. Effect 
of the acceptor 
number 
of alcoholic 
5olvent 
on 
the solubility of
 
DIMBOA 
at 284 
K. Solvents 
employed 
were: 
methanol 
(1), ethanol 
(2), 1-propanol


2

(3), -propanol 
(4) 
 and 1-butanol 
(5). Correlation 
coefficient 
= 0.986. 

These 
results 
point to 
the interaction 
of electrophilic 
sites 
in 
the solvent
 
with nucleophilic 
sites 
in DIMBOA. 
The former 
can be 
assumed 
to be 
the hydroxyl
 
proton 
in the solvent; the latter 
may be identified with 
the carbonyl 
group of
 
DIMBO4. 
 Ccnfirmation 
 of this proposition 
was obtained 
 from the e(fect of
 
solvent 
on the carbonyl 
stretching 
frequency 
of DJMBOA. 
lable 
1 shows that as
 
AN increased, 
the carbonyl 
band 
broadened 
and shifted 
towards 
the region of
 
increased 
single 
bond character, 
indicating 
hydrogern 
bonding 
of the carbonyl
 

g-ourl tc 
the solvent.
 

Table 
1. Stretch.n
 frequenciesand
9 
 widths
band of the c,rbonyl
 
group
in DIMBO 
dissolved 
in alcchols
 

Solvent 
 I/C=0 Crr 
1 

1
£i (cm-) 
 Aa
 

Methano: 

172 
 vert' 
 br oad 
 41.3
 

Ethanol 

1664 
 57 
 37.1
 

1-Propanol 
 1689 
 48 
 35.3
2
 
-Propanol 
 1687 
 48 
 33.5
 

1-Butanol 

1687 
 47 
 32.2
 

t-Butanol 

1689 
 40 
 27.7
 

asee 
note 
8.
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The kinetic, of decorpo , 1 i on wc,,e first order, with rerpect to DIMF3(.A. V-ree 

energies of activation produced 
a linear solvation energy relationship %th AN
 

(Fig. 2). In addition, an isokinetic relationship (correlation coefficient 
-

0.9gB) was generated with a value of G (363 K) falling within the range 
10
 

expected for solvent effects on reaction rate5,.


120 

6 

112 

29 345 40 
Acceptor number 

Fig. 2. Effect of the acceptor number of the alcoholic solvent on the free 

energy of activation of DIMBOA at 326 K. Solvents employed the as inwere same 


Fig. I and t-butanol (6). Cor'relation coefficient = -0.980.
 

The main products from the reaction P-ere 6-methoxybenzoxazolin-2-one (MBOA) and
 

formic acid. The following mechanisrr Incorporates the features described:
 

CH30 -". 0 OH CH3C 'OH k HCH30 CH0 0
 

N' HCOOH
"N '0 " slow N 
0-

' N 
C, .,' H 

DOIY'in 1 2 MBOA 

The ( satve: c at f. constant i5 th c roduct of the equi Iibriurr constant for 

hemiace il corer,;ri (V) t:me the rae constant for isocyarlate formation (k,1. 

Intermedia:e 1 ha. a carbonyl grour, engaged in intramolecular hydrogen bonding
 

and a carbonyl group relatively free to interact with the solvent. 
Thus 1 does
 

not differ substantially 
from DIMBOA in capability of interactlon with solvent
 

2I11­



in the manner previously described. Hence, electron pair accepting properties

of .the solvent are not e~xpected -t-. 5h~ satil 
 inlewea-
 vleo

K.Onth Other 
hand, during formation 
of the transition 
state leading to
 
iaocyanate 
2, the intramolecular 
hydrogen bond in I must 
be broken to allow
attack by the hydroxamic hydroxyl group 
on the aldehydic carbon. 
This process

is expected 
to be facilitated 
by accepting solvents which 
not only compete with

the hydroxamic hydroxyl 
group for interaction with 
the carbonyl group but 
also
 
polarize 
it increasing 
its receptivity 
towards nucleophilic 
attack. 
This is
 

borne out 
by the 
free solvation energy relationship of Fig. 2.
 
mechanism similar ,to that 
presented has 
been postulated for the decompositionof DIMBOA in aqueous 
 and aprotic 
 solvents.
 

ACKNOWLEDGEMENTS
 

This work was supported by Agency for 
International Development, 
Universidad 
de
 
Chile and Fondo Nacional de Cienclas..
 

REFERENCES AND NOTE
 

1 J.l. Willard.and D. Penner, Residue Rev., 
1970, 64, 67.
 
2 V.H. ArgandoPla, 
 L.J. Corcuera, 
H.M. Niemeyer and 
B.C. Campbell, Entomol.
 

Exp. ADpl., 1983, 34, 134.
 
3 F.J. 
Pirez and H.M. Niemeyer, Phytochemistry, 1985, 24, 
2903.
 
4 J.B. Brendenberg, 
E. Honkanen 
and A.I. Virtanen, 
ActaChem. Scand., 1962,
 

16, 135.
 
5 E.E' Smissman, 
M.D. Corbett, 
N.A. Jenny and 
0. Kristiansen, 
J. Org. Chem.,
 

1972, 37, 1700.
 

6 
H.R. Bravo and H.M. Niemeyer, Tetrahedron, 1985, 21, 
4983.
 

7 V. Gutmann, The Donor-AcceptorApproach
to Molecular 
Interactions, 
 Plenum
Press, New York, 
1978.
 

8 When nlot available directly, values of AN and DNI-were extrapolated fromcorrelations with other solvent parameters, 
discussed in ref. 
9.
 
9 V.J. Kamlet, J.L.M.- Abboud and R.W. Taft, frLp%1Phys.Org. Chem., 1981, 13, 

485.
 
10 J.E. Leffler and E. 
Grunwald, 
Rates and Equilibria 
of Organic Reactions, 

Wiley, New York, 1963.", 
11 S.v. Copaja, H.R. Bravo and H.M. -Niemeyer, J. Chem.,. 198,
Org. in press.-

-- -

Received, 1st May, 1986 

~~It 4 
- 28 12 ­



Chapter 12 

Resistance of Cereal Crops to Apids:. 
Role of Allelochemickals 

Luis I Cor"era, Victor H.Argando .aand.Gus:vo E.ZUhga 
Departamento de Diooga, Faculad de Ciencia,. Umiversidad deChile, Casilla 653, 

Smntiago, ChiE 

Aphids cause important economic losses in cereals. 
Thus,

devIlopment of varietiesresistant is.-0esirable. This 
paper describes the possible role of various natural
chemical .conpoumds in the resistanCe~'of barley, ,wheat.,. -


rtrIitcale and maize to the aphids Schizdph.. gitm nu ,
Rho iphu, pad and Me.opotophum diLhodunr.Resistance 

,Ii::.i : ~~~~ofof the :alkalid gramine. Converse&ly,- increased .suscep-ii..barley to aphids may be affected by: the concentration' "- ..: ,:: : 

tibility of barley seedlings'gron uner water stress is'
partially caused by accumulation, of. glycine-betaine in 
their leaves, . Resistance'of wheat, triticale' and. !maize 
to hese insects~is mainly determined by thepresence of
 
hydroxami c acids. 

... Resistance. of plants to herbivorous animals is determined inma N cases by the presence in plant, tissues of secondar, metabolites 
tha may cause feedinC. deterrence or toxocity toathc animal. Insects I ,cause damage to cereals, decreasing grain production, Development.­
of varieties resistant to insects is then'desirable f or improvingcereal productivity. .
 

Resistance of barley" to 
 aphidf has been reported to be influenced 
by the presence of severa.phenolic and flavonoid compound (L)!Grarine and related indole alkaloidF cause toxicirv. ir ruminants 

feedinp an varioushave, alsc been Cramineacto and. Leguminosattoxicit (Z2 'Tnesc alkaloidsreported cause'.: .:ap.-ic.! (4.,5) .:Since : t h e s compoun and feed-nF .de-errence tot . sas ece s a at'ii y ..-of 
fodde- plani.s, it has beern prposed to reduce the alkl]c-id" content
of varjou. 
, Gra ineae by plan: breedinp (k,. Resist....c. o" Sorgh.tc th- greenbuL SdiizarL Qa r-e.urapast bc 'afii-c'ted y th 
deee' oi hlatoof the intercellular' pelctin: (2 .". 'Sorgi.. .)bp ey (2 , and other cereals have cyanogenic' glucoride!- that may .be 
ip Dr in 'Oprotecti on,, Dhurrin was identified 'as 'a :'feedinL'tant'pl'
deterrent towards the greenbu'( IQ), Dhurrin is, loc ted enti re]y in 
epiderma2 cells of .Sorghu.leave.s ( L) ,ydroxamic a ci ds' m ,' Ibe 
....... in the sstaohe
determining rust"eofmaieto European corn ' 
borer'O6tA2na nubii&z.LZ'iii'k'':d :''! 5)): a~re,(Li)foundJandmiore lc"'onwheatcentr'"r:ramaize (D~" '' ... rThese" comp und of and to, aphidsin..the '. I£t .,
ted' ' .. vascula ir; 

tissues than 'other of leafin 'parts the (j') 

0097-615 687/~O30- 0129S06.00/0 
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In this paper we sumarize our work on the role of indole &l­kaloids and hydroxamic acids on the resistance of cereals to aphids.In addition, we describe the effects of water stress on suscep­
tibility of barley to aphids. 

Results
 

SuaceptibilitZ to aphids andtramine 
 d hydroxamic acidcontent. 

Seedlings of several species of cereals were infested vith aphids.Atthis time, the content of grine and hydroxamic acids' in thewas measured. Six days leaves u 'ed. Gramine was later aphid population growth rate wasfoundonly in barley while meas..hydricXa cids were,
present in wheat, triticale, and maize (Table 1) . Correlations wereobserved between resistance of barley to aphids andCorrelation gramine.content.­coefficients between gramine content andId'populationgrowth rate- ofRho to6 phum pa i and Mctv'potophzurr diAhod eewere
-0.99, and and -0.99,-0.96, respectively. R.. p=a. wasm,, e, affected­than S. ~o.rtnwr and M. dZi.hodur by the gramine content. of leaves,
Similarly, hydroxaic acid content of leaves of wheat, .triticale and,
maize correlated w-'th resistance to S. _ i and I.d'odurn. 

Distribution of como ;ds.in barlev andwheat tissues, Tissues ofbarley and wheat leaves were mechanically separated 
 under the mi
croscope. It was observed that in barley gramine was more con­centrated in the epidermis 'than in the entire leaf (Table 1i).Hydroxamic acids in wheat were absent in epidermic tissues and were
 more concentrated in the vascular tiss ues than~ in the entire leaf.compound was detected in xyler exudates nor in guttationdrops, 

Eioo~ia2ctiityof rasineand hvdroxamric acids. Graminedecreased surv:-val, feeding, and reproduction of aphids in artificialdiets. a, i11,"at a concen:ratio simialar to those: foundof , in leavessevera barley cultivars. D OA., 2.,4-Dihvdroxv-7e bo... 4­x\...,..- (thebe.. .zoxa:*-onE mair;hydroxamic ac.6 f To wheat anc maize) ,it. uiu ane
 
e also showed deleterious eflects on the aphiad at
concen:ra:ton levels found ir.leaves v' wheat andmaize., 

,ae stress on sus: tbi2tVof barley .t's : wee.ted eu aphiid! . Barlevc wate<, stress, T p -,.F ac-urnu.saee . anr : 'o t ., c omi oun s p ro ne an d plycine - b eta ine (7 a ! ,t ! v.; Als... 
tn . mi're stresse plants were. the mc-s. s u eptmc il LL' 
•. : . . u .t: : ij , e: l ac ke c •• ram .. . . =u - th i s ~-ex - • inE.c.in(.. -1ri .. u.t:Va7 owee . , E 

, : a iae tre " D ' a&te : . 5 t re s a . 
.ause..raune concentra:icl,r wa nct

" ' * . . . .4 4 

lo' tet: some' stresF com;*3:uncE hae beneficial.,prciut, cOi~nE and glvcjne-bE--ai.ne f"e.s orahdwere incorporated inic art"'icial diets. Proline and cholinE appeared to decrease, siurviva; ofaphids, while glycine-betaine did not, (Table V). Moreover, glycjne.betaine caused a drastic increase in aphid reprodu'ction.7 Thus, the'increased susceptibility to aphids of water stressed plants maY be.. 
partially due to the higher content of glycinerbetaine. 

, 

, 

- ' : , 

' 
4.. ' , ; 

4 

4 4t 

44 

44' 
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Table 1. 
Cramine and Hydroxamic Acid Content and Susceptibility of
 
Various Cereals to Aphids
 

Compounds 
(mmoles/kg fr vt) 
 Population rowth Rate
 

Gramine Hydroxamic 
 (day- )
 
Acid 
 SF Rp Md
 

c'. F. Unior, ND ND 0.38 0.32 
 0.43

Bre;, "S" Celava 1.2 ND 0.35 0.24 0.4079 AN mt; 1.7 ND 0.33 0.15 0.38Ab.'sslnian 5 2.9 ND 0.30 0.12 0.34 

TdA cwarta£'w +
 

cv Sonka 
 ND 0.6 0.44 ­ -
Likay 
 ND 0.9 0.43 -CajemE ND 1.5 
 0.24 -
Naof en 	

-

ND 1.5 0.24 .. 
+	 ­

,T. du ­
cv SNA-] ND 
 1.6 
 0.21 ­ -

7. 	 ac, t,.vuwr
 

cv Huenufer, 
 Nb 0.5 - - 0.35
Na~fer ND 1.2 " - 0.31 

". &T. duur
cv Ss.N-" ND 3.] - 0.23 

,NI . 5 - ­ 0.] 

C'. 71 : NI 7.3 all deac
 

Tr, a n 	 0:.:,:.-: =a- :e.- u.uj c (,--dav-ol] (- or " '­se~ rlj.!n: - u. r -:~:. . After s:. dav! pcu'.ir.grc'wtr r '.t- .w;. ecL E. :lt!-.L 'r:' a = ir. (N. j'Ni) /Lt.. S. 

d". ,, : .tin. NL, no' d(:.,L't.if 

http:d(:.,L't.if
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Table II. Distribution of Gramine and lHydroxamic Acids in Barley 
and Wheat Tissues 

Compound
 
(mmoles/kg fr wt)
 

Leaf Part Cramine Hydroxamic Acids
 

Complete leaf 0.28 4.2 
Veins ND 7.0 
Guttation drops ND ND 
Xylen exudate ND N 
Epidermis 0.72 ND 

Gramzne wai determined in barley (cv XB-T-]031) and hydroxamic aci&s 
in whea: (c% SNA-3) tissues. Plants were grown for 10 days in a 
greenhous( with a day-time temperature of 25'C and a night-time 
temperaturt ol 16C. Tissues were mechanically separated under a 
microscope.
 

Table I1. Effects of Gramine, DIMBOA and DIMBOA-lucoside on 
SOczaph.db g'tamcnur feedIng or artificial diets 

Compound Survival 
(:) 

Aphids 
() 

feedinF Reproductive 
Inde). 

Non 
Gri:nr. 
Di V-." 

bC 
1, 
15 

6C 
25 

C 

'. C 
i. 
5.( 

Survvva" a":, " ant tne rtrn::,e- cf apr.:ds fee w:c4 d:e.nined 
a: . u.t -c_: .. r v1 th( d::.- R .ocu: v ude (n r.:.7 C v '.: n 

ac. a t : C"( ' t. cc::7 ... u r tn 
d:E: , a. t rL.4 V': t t, '., .a:7T: u . " _ z, 7hL' aVE7EW-( .'= a;: 

WErt le"\. Le a:. 10"M . D:1. /:i , - y r,:.- m, rv : ,, t, -.

http:SOczaph.db
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Table IV. 
Effect of Water Stress in barley Plants on Proline and
 
Clycine-Betaine Content and Susceptibility of Barley to 

Sc-zaphiz g9winnum
 

Water Potential Proline 
 Betaine Population rowth Rate
 
(-bars) (moles/kg dry weight) (day )
 

6.3 
 5 57 0.36
 
10.6 11 
 79 0.39
 
15.5 25 
 126 0.43
 

Barley seeds (cv F. Union) were germinated at 25C and after 6 days
 
were subjected to water stresE. 
 Four days later, plants were
 
analyzed for proline and betaint content and 
the water potential of
 
the leaves was measured. 
At this timei,plants were infested with
 
aphids and the insects were counted six days later.
 

Table V. Effects of Proline, Choline and Glvcine-Betaine an 
ScJ zapW 9kamcnnwr Feeding on Artificial Diets 

Compound Survival 
(%) 

Aphids Feeding 
(%) 

Reproductive 
Index 

Nont 
Prclinc 

93 : 3 
96E 6 

9C( 
57 : 3 

2.45 : 0.10 
2.13 7 0.13 

Chc1 int 72 - 5 92 - 3 2.O - 0.29 
Glvzine-be:aine 9E : 3 7 . 5 3.6." - C.]] 

,: c wer perf oCe wapr t mY compounc ir.tht die:. The 
r: r ,-:- , UnL)0. ap:.id.ofec w t 1 mY o l:n-be L was .. a:te: .. C; Zee :nj. IaLuv; shcv are tht averagE .- standard 
errc: c: :..e sam;. e0.o" te. ap:..d. each. Reprodu: t:cr studies 
wE:t pc: "rmt. watt, five saz;:ez. 

tCr:.1o:,s betwee cort.,e.: Of varlou.s cmpound in cereals and 
popuiatio; growthi rate oi aph.ds or, the plant4 were found. In
 
add:tion, these compounds cause deleterious ,."fects or aphids on
 
artifi:ia" diets at concentrations similar to those fount in plants.

TnuF., it ii possible that gramint anc hydroxamic acids plaN a rcle
 
in prctezttq barley and wheat, respectively, against aphids.


S. aotr.-rLL feeds preferentially frou phloem (17). HNdroxamc
 
acids are mort concentrated in the vascular bundles of wheat leaves
 
than in other tissues. Moreover, these compounds are not 
present in
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xylem exudates. Although the exact location of hydroxamic.. acidswithin, the veins is unkown, it is likely that these compoundsprotect Phlcem against aphid feeding. Gramine wai'found preferential-'
ly in the epidermis of barley and was not detected in the veins.Thus, gramine is not found in the main feedings i4 (phloem) of thegreenbug. Nonetheless, the feeding deterrent properties of graminemay be relevant to plant protection. 

A variety of compounds may accumulate in plants under waterstress (18, 19). One of these compounds, glycine-betaine, increasedIreproduction rates of aphids in artificial diets, It is likely thatthe observed increased susceptibility of barley to aphids, may 'bedue to glycine-betaine accumulation in barley,leaves; It ispossible that cultivars that accumulate preferentially proine andother amino acids instead of glycine-betaine under tress conditionsmay be more resistant to aphids. 

I 

Experimental 

Analvsesof compounds. Plant tissues were homogenized in water, 
supernatant fluid was extracted 2x) andthe extract evaporated to dryness. This extrac t was used, for quan­
titation of hydroxamic acids. as previousIl described (14),

The samples for gramine snalyses were frozen and macerated with20 ml of MeOi: NH 0H (100:1 v/v), The extract was filtered througb 

glasL wool, Solvent and endogenious water were evaporated to dryness.Tn chlorophN-llous r'esidu wa. disso]ved.in 5 m] 01M"HC'J"and the'solution filtered(Whatmar,N') paper). The aqueous filtrate wasadiuste- to.i -9 with concentrated NHOEi andashaken twice .. ith . 
Chlorofor,. (1:2 v/v). The organic phase was, evapOae odyesfraindo was quniie r thsf extractI s by using Ehinann! £ reagentfo7idoles(20) , as described previously, (5).Prolinec was quantified b% the mtoofBeseZaL.(21). 
Gvcine-be:aine was qua5tified by the method of Grieve and Grattan 

(22) 
' 

Feec-r, assav. Assavs werc pe:crf ed witr diets placed V61e,laye: o: Para'iln Y(23). Tn; die: wa as des:ribec I nWer" 
eMLaphs aErtused' (surviva:. an feedij- dete rence assays) the­

wee 3rc ane4tr--insata 

,a 

AK 

~pc, 

, 

WZ;*E: F,:F trE&rne7,*' SeL-LclTIbe r w erefwtr~'ir~a:o~fC. h.r.. ~ e rvup- of planzi--tw3 erec dea w it r di f i Eren, am,c'ut' of wa *E C'ors:. caer.: of leaves. wa mE-Eut. at this stagt- (25)., 
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GLYCINE-BETAINE ACCUMULATION INFLUENCES SUSCEPTIBILITY OF 
WATER-STRESSED BARLEY TO THE APHID SCHIZAPHIS GRAMINUM 

GUSTAVO E. ZU!41GA and Luts J. CORCUERA* 

Dcpartamento de Biologia. Faculhad dc Ciencias. Univcrsidad de Chile. Casilla 653. Santiago, Chile 

(Rez'ised received 6 June 198M) 

Ke Word Indeit -Hordeum. Gramineac. barley; Schi:aph: 9raminum. grecnbug: aphids; insect resistance; waier 
stress. beame. proline 

Abstract -Water deficit increased susceptibility of barley to the aphid Schi:aphis graminum. Proline and 
glycine betaine accumulated in the stressed plants These compounds were incorporated into artificial diets to test their 
effects on aphids Sur%ival of S. graminum was not affected by proline and glycine betaine. In addition, glycine-betaine 
increased reproduction of the greenbug at concentrations similar to those found in stressed barley plants. When 
glycine betaine was added to detached shoots of barle%, population growth rate of S.graminum increased in that plant 
material kept in the beratn solutions It is suggested that glycine-betaine accumulation may be responsible for the 
increased susceptiblirN of water-stressed barle to the greenbug 

INTrI)t CrO',
Barle, k'-es accumulate proline and glycine betaine 
under water stress] The grain yields of breN cuht,'ars 

that accumulate proline as a response to water stress are 
not decreased over a ide range of environments [2) 
However. prohne accumulation does not serve as an index 

oflte drFigh resstncof drought resistancc [3] Although a precise role has yet 
to be assigned to glcine-betaine. this compound may 
function as an organi cytoplasmtc osmoticum [4] The 

findinF that gkctnc betaine is located in the cytoplasm 
support, thi, h~ pothcis [5] Moreover. prolin and 
gl.ci bct, i,: pioicc: ses ral e n me, against i: , 
heat mnantjwr. [t,. It has also been reporied th. 
prohint %.orictritatjoi,inrcase' in %irus infested teace, 
[Tj lagiutid [S, sugec,,ted thai plants witht ii hi hw 
conten! 0; p10l1rt JrL1m,,rc Nus'eptlihL to in,.ct preklalor> 
buh It %,!- ,lcI.: .h, t thai pitlinc tconten do,.- not 
influenc, ,s, .i ! Betmitic and ltiinthl. op baric* [9] 
conccntralior in e f,,otolio".ing rust inle,tior in sU',. 

ceplib: bi: r.,: it rci',ini heat arictic, Ilt 
Hms cs er. i ' .rlation bsecn the su.,-cptihilit 
and the con, tmttator, ol the-c compounds ha, not ,t'r-
demonstrated \\c repor here that ac:umulanttor, of 
glycine- betaine in ,a,.:-stressed barley ma\ influence the 
susceptibilit of seedlings to the aphid Schi:aphi.s grami-
num (Rondanii. 

RESt I.TS AND DISCILSSO 

Barle, seedlings subjected to water stress were infested 
with adult apterous aphids Aphid population growth rate 
increased in the stressed plants (Fig ]a). These plants also 

'To whom correspondence should be addressed. 
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accumulated glycine-betaine and proline (Fig. I b) To test 
if these compounds were responsible for the increased 
susceptibility, detached shoots and leaves were put in 
solutions containing proline. choline and glycine-betaine 
After two days each group was infested with adult aphids 
and the populatin growth rate was determined six days 
later (Fig 21. Population growth rate increased in plants

Pouato growt inrae plantserateug ineiskept , the glycine-betaine solutions Proline and choline 

produce a small decrease in the population growth rate 

.4phid.tceding c..pern 'ivi't 

Prohne. cholinc and glYcine -betaine were incorporated 
.nit, artificial diets it, te,; their effects on the greenbug 
('holine decreased sur 'al of aphids. while prolint and 
gl .:jnc Ctall. did n,,i lable 1i Moreover. gl~cine 
betatne Increaed repreOaction of the greenbug at concen­
trallon, similat to thos. found in plants (lable I and 
Fig 31 

Our result, ha\c shoss n correlations between natural 
accumulation of gl'ciri" betaine and plant suscepiilit% 
Also. a similar correlation was found when gl.cine 
betaine concentration of the leaves were artificially 
increased b) putting the plants in glycine-betaine sol­
utions. Moreover thi, compound increased the reproduc­
tion of aphids reared with artificial diets. Thus. it is 
suggested that glycine-betaine accumulation may be a 
factor responsible for increasing the susceptibility of 
water stressed barle to the aphid S. graminurn. Whether 

other compounds involhel in water stress responses also 
increase suscepibilit. to aphids remains to be determined. 
Since proline and choline did not show beneficial effects 
on aphids reared on artificial diets, it is possible that 
cultlivars which preferentially accumulate these com­
pounds are more resistant to aphids than those that 
accumulate glycine--betaine. 
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polic holncFig Lll, f ne l~cnt txtaic icoro-Fi p r g toli~n o~f choi ne a nd i s c n s e t a ne nco po.rate.1:..hcn hoor.0 thr us.'r Ihilir\ to aphids.k~[k: 1 ~li W eipht -day -old harle,\ secdirp1> c%F Uniion.
' re't ;r ,oC'u;on, o(niammyio picilin. Lolint and glinr

-VIC, IV., iUas l.' groif, 'Aa rif Is 5i l' adul,apit:,. opi~i. Popiilarioi.gri-\Ah rat, A,~ avevrniincd six da 's 
ia!;. I ai. iit. i %xlt thu Mei~n o! lhri., sample- of tiC 
.. \c rar, art :%~ .tc SoiWIt' (titjifleCJI'M
 

101i,:i: Ciiws t-.scriicr ie., A': 
 5rlrtKninctit­~ di,. r,; o.~-te:ah1t efle,:t, on the grcnu 'L Cil-,ow. etatnt 
i -:). prolin, 4j, cholint i 

EXPERIMEN.TAL 

Anaoyst~ of compounids. Proline was quantified b) the method
of Batese fiIll Plant material FOSgi was homogenized in
Itiml of 3', aqueous sulphosalic',clit. acid and then filtered
through \\ hatman No I filter paper I sso ml of this filtrate wereincubated with 2 ml acid-ninhvdrin and 2 -n! HC)Ac at 100' fot
30 min and the reaction teintinated iin arn icr bath The reaction
mixture was extracted with 4 ml toluene and the absorbance Aasmeasured at nm520i using toluene for a blank P-.51 = 11511). 

Fig 3 [ flectolgls' iric hc',ainc on repto(du~lijor. of .Sar.Jnimu,,reared on ar i i f icia idiet s Ad u lt ap hid s \ 4 ere ed sAi l h ar ti li, i al d i et s 
With gi CurL rxilint aiddd Tht reI(d h i mdt "a measure,- aftiv! h; LaJ, iame is ihtc meal, o! tit-c -,LOipie5 oftn-.t1iaphi&, ' Of-alvIr ste1Frt rer 5 rl :ri1' hLamnouri! -N n,\ tnph, hori diiided h.\ the aserapt NrIL't 0 adult'All %..lue c'rL signt nifi.tdillcrcnt at P -(O t).% I test 

GiLIf' r.ia mi~t %ka, quantified hx a meihot: pres oIusls dc­
scritcd [I1j i)riej plant material 0(1.5 LYi.'AdSshaken sith 20' Ml 
of deionized H~O lon 24 hr at 25 . The extracts Asert diluted I.I
with 2 N H:SO., Aliqu~ots of 0.5 ml were cooled in ice water fot
I hr and tt~en 0.2 ml of cold K-J12 reagent was added. The tubes
 
were stored at "-
 for 16 hr and then centrifuged at 5.(Kg for30 mtnat ( The supernarit was discarded. The periodide crystalswere dissolsed in Sml l.2-dichloroethanc Afte., 25 hr the
absorbanee Axas measured at 365 nm (1.,,. 22441i 

Water strc.% treati'rrn Five groups of fout-da%.old seedlings
were watered dail\ with different amrounts of water for six davs
Water potential of leaves Aasxmeasured at this stage [13] Then.
each group of plants was infested Aith adult apterous aphids oif Sgrcarniinum The numnber of aphids on the lcave wkas measured si~x 
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Table I Eflects of proline. choline and glycine betarini on Srhi:apht 
gramrnium fecdiig on artificial diets 

Amount of diet Reproductive 
Survival ingested index 

Compound ("mJ (nymphs adult)1mg 10 aphids.) 

None 934 3 0.9 2.5 +0.3 
Proline 96- 6 0.9 2.34 OA 
Choline chloride 72 :!5 0.7. 2.2 * 0.2
 
Glycine-bctaine 98 4 3 0.9 .34 0.2"
 

Biological assays were performed with holidic diets placed between 
two layers of parafilm M The diet was as described in the Experimental
with 6 mM of each compound added Survival of aphids was measured 
after 48 hr of feeding The amounts of diet ingested ,-ere measured b)
weighing the parafiln, sachets after 7hr The reproducove index was 
measured after 72 hr All assays were performed with adult apterous
aphids Values shown are the mean of three samples of ten aphidk each 
2 sc Reproductric indcx i the amount of nymphs born divjded b) the 

average number of aoults '1i = significant diflerences from control 
values at I' - 0(05 b3 t lest 

days afterand populaion growt; ratr wascalculated 1population 4 " yn Jones. R G.. and Store). R. 1981) The Ph'siolog) andgroth rate = lnlNf 'Nit Ali Bc'hem!tri of Drought Resistance in Plants (Paleg L. GFeetdin a.su.%i Assays wkere performed with d,et placed and Aspinall. D.. eds i. AcademiL Press. Sidnes.between t, layers of Parafilm M[14] The diei was asolution 5 Hall. J L.. Harses. D M. R.and Flowers. T. J. (1978) Plantocontaining 35', sucrose, amino acids and mineral salts adjusted 140. 59. 
to pH 6.0 Three samples of ten aphids each were used for each 6. Paleg. L. G.. Douglas. T. J., van Daal. A.and Keetch. D. B. 
tre tmcnt (19811 Ausi J Plant Phrsiol 8. 107 

7 Stewart. G R and Larher, 1. (19801 The Biochemistr ofArknoiicdqementc-- This work was supported by grants from Plants. Vol 5(Miflin. B. J.. cd.1 Academic Press. Nev, Yurk.
the ASenz%for International Deelopment. LUniversidad de Chilc 8 Haglund. B M 119801 fvaturc 28h. 697
IN.1654i and Fonde, Nacional de Ciencias Wkethank Ing Agr 9 Bright. S 9WJ.. Lea. P. J.. Kueh. J. S H., Woodcock. C.,EdmundoBcrattoandCompahia Cervecerias Lnidas for provid. Holloman. D ' and Scott. G C (19821 Nature 295. 592ing the seed used 10 Strange. R N. Maset. J R and Smith. H 0]9741 Physiol 

Plant Path 4. 277 
I1 Bates. L S.. Waldren. R P. and Teare. I D (19731 P. Soil39. 

Rt VE RUN (ES 205 
12 C McrisM and Ciratiar. S R t1931iPi Soil 70, 30I Hanson. A D 19,0t(/i,,: S, 15 62' 13 h,ildc!P IPF . Hammei. H I.. Hemmingsn. E S and2 Singh " N \spinal! ard aic~ L1 (1) tand2 .\ 'i , B.i-id.trcci, 1 1) i t ',, .Na .4c ad cr. t..S 4 52.

th,, 23tI lts, I V

3 Harir. I P Nclcrn (h 1. andl\cr.,or H1t iQl-"(rr 14 rganoomi \ H Penia Ci Nieme \e:. H M
I and

St; 17. "2t' (.or, uer;i. I J i1Y I2!Ph t,,tit it rt 21. 15' 
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Abstract-I. The effects of the title compound (BOA) on energ)-linked reactions in mitochondria were 
studiedJ2. BOA inhibited electron transfer between the fRavin and ubiquinone inComplex/and ATP synthesis
at the F, moiety of the ATPase complex

3. Thest results are discussed in relation to the 
organisms 

INTRODUCTION 

Ber,zoxazolin-2.ones such as compounds I (Scheme 

1) are decomposition products of hydroxamic acid 
g lu cosides na tu ra ll %occu r ring in G ra min ea e su ch a s 
maize, wheat and rye. their production starting when 
the plant tissue is injured (Hofman and Hofmanova. 
19711. 

.R,, 0 BOA R - H 

N MBOA R - CH3Oa l 

1 be 


The possibl role of benzoxazolin-2-ones as host 
plant resistance factors towards various pests and 
pathogens has been investigated. Benzoxazolin-2-onc 
(BOA' and its 6-methox derivative (MBOAi pro-
duce deletereous effects on various organisms 

M BOA is toxic to the cereal aphif Mciopolophium
dirhoduni V, = 7mM) (Argandofia el al.. 19801. 
Bernzoxazolin-2-ones inhibit growth of larvae of the 
European corn borer. O.trrinia nuhilal.,

2.SmMi (Beck and Smissman. 1961) and of 
other insects such as Bomhi. mort (Kubo and Kami-
kawa. 1983) and Blatellu gernmantca and Prodenzia 
eridana (Beck and Stauffer. 1957). 

The growth of Fusarium niale. a fungus patho-
genic to rye. is completel] inhibited by 3 mM BOA or 
MBOA (Wahlroos and Vlrtanen, 1958). Other plant
pathogenic fungi such as Fusarium moniliforme. Gib. 
berella reac. P'renochaeia terrestris, Diplodia zeae 
(Whitney and Mortimore, 1959), Sclerotinia tri-
foliorum (Virtanen et al., 1957) and Penicillum 
chrr'sogenum (Beck and Smissman. 1961) are also 
inhibited at concentrations ranging from I to 6 mM. 

Plant pathogenic bacteria such as Xanihornonas 
steirardiiare inhibited by MBOA at 4 mM (Whitney 
and Mortimore, 1961). In addition, both BOA and 
MBOA inhibit growth of Staplo'lococcus aureus. 

*Permanent address: Facultad de Ciencias. Universidad de
Chile, Casilla 653. Santiago. Chile. 

I 

toxictm of BOA towards a wide range of aerobic 

Pseudomonas.ftluorescens and Escherichiacoi at con­
centrations higher than 5 mM (Virtancn et al.. 1957). 

The toxicity of benzoxazolin-2-ones towards such 
a wideyrangem t bofl aerobic organisms suggests that thee n r s i i t e a po i l e a g t f r t h r 
energy metabolism might bc a possible target for their 
action. We report herein the effects of BOA on 
mitochondrial electron transport and ATP synthesis 

MATERIALS AN) METhOD­

Phosphor'lating submitochondrial Mg 2*-ATP particles(SMPi were prepared from heav) bovine heart mito­
chondria (Smith. 19t'7 1as described (Lou and Vallin. 1963j.
Beef-heart F, was prepared according to Knowles and 
Penefsk) (1972) It was stored at liquid nitrogen tem. 
perature and processed before used as described (Roveri and 
Calcaterra. 1985) 

Electroy, trwispori 
Electron transport in SM}' (03mg protein) was deter­

mined following oxygen consumption with aClark electrode 
connected to a Gilson oxygraph in a reaction medium 
containing 250mM sucrose. 50mM Tris-HC (pH 7.5). 
50 mM ethanol. 125 1 U.ml of yeast alcohol dehydrogenase
(EC 1.1.1 I)and NADH Rates reported correspond to the 
slopes of linear traces draw, b%the oxygraph 
Reduction of flat.oproictnu. and cvtorhronic b in SMP 

The reduction kinetics were followed b) determining the
 
absorbancc changes in an Aminco DW-2a 
 spec­
trophotometer (Dual wavelength mode) 'at 475 minus 
510nm (flavoproteinsi or .3 minus 575nm (cytochrome 
b). The reaction was carried out al 2-C in a medium 
containing 50 mM potassium phosphate (pH 7.5) and SMP 
(2.5mg proteintml) 
A7TP ,,,h,,i, 

Ther 
con reaction was measured in a medium containing (final 

3 rotenon. 20.5mM EDTA. mM 50mM sucose,.m 
ADP, 15 11. of yeast hexokinase (EC 2.7.l.'il) and 50 mM 
Tris-HCI pH 7.4. SMP (0.25 mg protein) were added to this 
medium and incubated for 5min ATP synthesis was started
by adding Spmoles P,, 2 x I(06cpm carrier frmc "'P, and 
3 pmoles MgCI,. The final vol. was I ml. The preincubationand the reaction were carried out under aerobiosis obtained
with a giratory waterbath shaker. After 5min the reaction 



2 
HiA,,t M. NMULnM el a. 

stopped aW itorlganic Phosphatewas 	 was quantitativelyPrecipitated essentially as described by Sugino and Miyoshi 100 
(1964). After separating the ppt. by centrifuvna for 10lnjnat 300 rpm. aliquots wert withdrawn and analyzed for(nP)gJuoW--&PhOhatc by Cerenkov counting in a Beck­man 8100 bquid scintillation counter. 
Pl-ATP exchante reaction 

SMP (I IS Protein) were added to I mlmedium containing 180mM of a reactionsucrose, 10mM ATP. 10mM
MI 2. 50mM Tns-HCI (pH 50

7.5). 10mM P and
2 x I0'cpm of carrier free 3P, After 5min the reaction was
Stopped by adding Sugino and Miyoshi's reagent (1964) and
after centrifuging 30at 00rpm for 10min the supernatantwas anialyzed fork,- 'P)ATP by Cerenko%counting 

ATPas attn ut. cf SAIP and of F, 
ATl"Pase actiit), was determined spectrophotometricall)as described (Pullman eial.. 1960) in(2mn) containing 	 a reaction medium100mM sucrose, ImM MgCl,. 4mM 0Phosphoenolpyruvate. 	 1o

kinase (EC2 7.1.40. 0.125 mM NADH. 60 1 U. pyruvate 	 20 
501 .U. lactate dehydrogenas Fig i. Inhibition b, 8O6 (MM)(EC 1.1.1.27). 40 mM Tris-Ha (pH 8.0) and Mg-ATP. The 	

BOA of several mitochondrial energ .­reaction was stared 	 linked reactionsb%adding F, (3 pg protein) or SMP 	
Thc reactions measured (particular condi.(0.1 mg protein) to the reaction medium 	

tions in parenthesis)
In the latter case. 	

were. P,-ATP exchange reaction (0),the medium also contzined 3 pM rotenlone 
ATP synthesis driver,b%sucinate oxidation (E). NADHoxidation (. 0.3 mM

General &ADH). ATP hydrolysis catalyzed 
Mg-ATP)b) SMP (0. ActivitiesI mM Mg-ATP)Protein determinations 	 for or by F, (x; 0.07mMwere earned out 	 controlsaccording to 	 were315 nmol,min mg protein. 	 102.450natmin mg protei.n. 1.25BOA (Aldnch Chem. Co.) wIs rryTstallized twice before 

use and 	 and 2 Spmol,min mg protein, restivelydissolved in dimethylsulfoxide prior to its addition
to the reaction medium The solvent (ess than 2%) had
effect on an. of the biochemical reactions studied 
no 	 moiet of NADH dehydrogenae (Hatefi. 195).

which isthe firstMeasurements 	 acceodr ofwere carried out at 	 lectrons from NADH.30C. except when The f rst c eptoofletroindicated 	 Ns AhRates informed 	 Therefore.are the average of duplicate expenments tt can be concluded that FMN ts in thewhich agreed within 10%. 	 substrate side of the BOA-sensitive site. The natureof the electron transport chain components re-
RESLLTS AND DISCUSSION sponsible for the other half of the absorbance changeand their relative contribution has not been clearlyBOA completely inhibited electron transport from 

established yet Nevertheless. it has been reponedNADH to oxygen in SMP (Fig 	
(Boveris and Stoppani. 1970) thatI). This effect can be tribution 	 the major con­located at the level of the mitochondrial respiratorN 	

to the signal corresponds to flavoproteinreduction (FMN ofrchain since similar results were obtained in the pres-	
NADH dehydrogenase and FAD ence of uncouplers (data not 

of succinate deh:'drogenase) In addition, under ourshown). In addition, experimentalsince succinate oxidation was not inhibited it 	
conditions. NADH was able to com.can be pletely reducesuggested that BOA 	 succinateinhibits electron transport from 	 since the same extent ofabsorbance decreaseNADH to ubiquinone (complex 	 was obtained in the presence of/of the respirator either NADHchain). 	 or NADH plus succinate (dataA 	 shown). Therefore. not more precise location was accomplished 	 most of the BOA-s.nsitiveby NADH-dependcni absorbance decrease could be

following the absorbance changes produced b%addt. tributed 	 at­tion of NADH or NADH 	 to FAD and ubiquinone reduction. Hence,plus siccinate. in theflavoprotein spectral region 	
FAD and ubiquinone would be located on(475 minus 510nm)* 	 the oxy.(i) NADH-dependent absorbance decrease in SMP 
gen side of the BOA-sensitive site. Since BOA and
was partiall) rotenone exerted similar effects and the addition of
(about 50%) 

inhibited b)BOA. Maximal inhibition rotenone to BOA-inhibited SMP did not produce any
was obtained with

2B). a concentration 

I0mM BOA (Fig. extra inhibition, it can final'
which almost 	 be concluded that BOAcompletely in- exerts its action at or very, nearhibited cytochrome 	 to the rotenone­(ii) subsequent additionb reduction (Fig 2A). 	 sensitive site.of succinate to NADH-reduced BOA-inhibited SMP (Fig. 2B) increased the 
ATP synthesis driven b) succinate oxidation wasabsorbanc 	 also inhibited by BOA (50% inhibition was obtainedchange to a level similar to that observed within the absence of BOA. 	 2mM BOA, Fig. I). This effect(iii) similar results were 	 cannot beattributed to inhibition of electron transport since, as obtained with rotenone (Fig. 2B). a known inhibitorthat blocks electron transport from FMN to ubiqui-	

stated above, succinate oxidation was insensigve to 
none in complex/ 	

BOA. This result together with the inhibi n ofand (iv) the addition of rotenoneto NADH-reduced BOA-inhibited SMP did not pro- P,-ATP exchange reaction and ATPase activity-Fig.duce any extra inhibition (Fig. 2B). 
1)in SNIP indicated that a second probable site ofHalf of the absorbance change 
action of BOA is the ATPase complex. Furthermore. 

510 nm can at 475 minus 	 since ATPasebe attributed to reduction of the FMN 	
activity of the soluble mitochondrialATPase (F,) was also inhibited by BOA (Fig. I), the 

http:1.1.1.27


benzxazlin.2.,one 

A3 

BOA 16 

NA DH 

B 
L 

NADHWID 

*_t 
NADH 

BI 

BOA 

ROT 

Surccinot. 
ROT 

NADH 

Fig 2. Kinetics of" reduction by NADH of flavin and cytochrome h in SMP. The time course of
cytochrome b%(A) and flain (B) reduction and reoxidation was determined as described under Materialsand Methods. Additions were NADH (0.45 mM). ROT (3M rotenone). BOA (l0mM) and succinate 

(l0 mM). 

likely site or action of BOA is at the F3 moiety of the isolated F, and of SMP, could reflect different con-ATPase complex. BOA behaved as an uncompetitive forrmational stases or different mechanisms of soluble
inhibitor with respect to ATP for the ATPas activity and membrane bound F3. ri:. in isolated F1 only theof isolated F3 (K, = 3 raM, Fig. 3) and as a non- kinetically competent F,-ATP complex would bind
competitive inhibitor with respect to ATP in SMP BOA, whereas in membrane-bound F3, both F3 and(K, = 8 maM. Fig.. 4). Hence it can be concluded that the F 3-ATP complex would be equall,the bindini of BOA does not occur at the active site BOA. able to bind 

of the ATPase complex. The diffcrcnces between the The above discussed effects of BOA resembleinhibitions by BOA of the ATIPase activities of somehow the effects described for hormonal steroids 
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Fig. 3. Uncompetitive inhibition by BOA of AT'Pase actREilEof soluble mitochondnal ATPase Experimental conditions were as described under Materials and Methods M-ATP
concentrations were 0065 (0). 0.130 (A). 0.260 (W and IE 
(0)mM In the figure. r., values are plotted against BOA
concentrations. aith it equal to the velocit% in the absenceof inhibitor and equal to the velocit) in the presence ofthe corresponding concentration of inhibitor In the inset,
the reciprocal of the slopes of the rir, vs (BOA) lines are
plotted against the reciprocal of Mg-ATP concentration.
according to the procedure described b) Roven (19851 forlinear uncompetitive inhibitors The valuc for A was

determined from the intercept on the y-axis as 3 mM 

and related substances (Vallejos and Stoppani. 1967;Bovens and Stoppani. 1970). However, a differe,.ce 
must be pointed out BOA inhibited ATP synthesi. 
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Fig. 4. Non-competitive inhibition of ATPase actist) in

SMP. ATPase activit, 
 was measured as described under 

Materials and Methods at 0.05 (0"), 0.150(0), 0.50(0) and
I (A)mM MgATP. The figure shows the line correlating all
the points simultaneously since the slopes of lines corre-

sponding to different substrate concentrations did not differ
silgnificantly (see inset). The plot shown in the inset identifies 
a non-competitive inhibitor, as described by Roveri (1985).
The points correspond to the slopes and the bars to thestandard deviation of the slopes, obtained by linear 
regression analysis of r /r,values as a function of (BOA) at

the different particular Mg-ATP concentrations. 

by acting directly on the ATPase complex and not in 
the energy coupling.

Finally, the effects of BOA on mitochondr~al elec­
troi transport from FMN to ubiquinone rad on
ATPase complex would result in an impairment ofAT? synthesis in organisms largely dependent onoxidative phosphorylation for their emergy require.
ments, thus providing a possible explanation for 
rpored deletcrous effects caused by BOA. 
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*erent
 

ratios oa lYCi ne-Detei ne/arami 
ne. the suviva] oi -Dhri os
 

increasec in 
 proport)rr. tc, the q'vcine-oeta3ne content IF twe 

diets. Frolane lad not : on theioct 
 u-rb va! o4 aads. s e oi' 

01 oram ine was ,. ar,- 4. rn'1 P ­11 .cW when aL rhd j re-t.e re 

were ac 
 Wecto tre die'.- . cEse resuli ts uouest tna&: glycl:re­

betai ne accLumLj ati on oue to water st res mav reouc the 

deletereous effects of cramine on tne aphids S.gram_[lnUm and
 

R.pa il..
 

Towom e nen 
 sea ese-----------------------------­

*To whom corresponoenc 
& shouldc be aorespd~c. 



INTRODU 1O
 

The identification of 
factors that may regulate plant­

insect interactions may De important for breedino Pest-resistant 

cultivars. For enample. gramine and rejateo indo]e alkaloids are 

responsible ior towicity of Pha1aris so to ruminants (1.2). In 

audition it has been reported the role of qramine as a factor 
 in
 

the resistance of 
 several barjev cultivars to the aphids
 

So hi apPD!S gryanim and Rhopa1s1pym podi (S,4). Gramine 

concentration in barlev shoots declineE with aqe in well-watered 

plants grown at mocerates temperatures (5). On tne other hand. 

Qrami ne content in barley plants under water stress does not
 

charge (6). However . barley leaves may accummuate proline and 

glvclne-betaine 
 in response to 
 water stress (7). We have
 

previously reportec that accumulation o4 Qivcine-beta~ne in water 

stressed barley may increased its SL'sceotitnilit to tne aphid 

. um 3. tn(8) In s work we repo,-t tnat ir har] ev cu ti vars 
that contain orami ne, tie accumul a iaon of olvcane-De-aine in 

resr~nse to water stress may reouce "inp oeet er vDo yiect of
 

gramine. increaslnQ tne aDnid popLlIati on on Natne rts. 

2
 



RESULr5F 

Prolinesqlycine-bet ai ne and gram n e in p1 an[ts urnder water stress. 

Measurements 
 of 1eaf water Dotenta als showed that
 

gramine content remained nearly unchange in watpr stressed and
 

unstressed leaves( Table 
I). However~oroline and plycine-betaine
 

content 
 were higher in stressed leaves of 
 barjov. Accumulation
 

of prolineqlycine-betaine and gramine in 
leaves depended also
 

on the cultIvars USEO.
 

Effects of water stress on arle suscePNtibiTY
 

we nave previousl y snown correl at ion 
 amonr natural
 

accumulationof givcine -betaine ano p-ant s.SCeptb]!]tv to
 

SgramnuTrn in 
a pramine free oarley cultivar (b). !o determine htne
 

e4 fects on anl ds produced by orami a-d
ne ol ,cine--betai ne In
 

stressec pJante, 
 seeoaincs of o fier nt 
bar Je,,ou: t vars were
 

infested with adul!c aoterous nvmohs o4 S-grapnyIjD and R.2ad1, 
 he
 

population growth rate 
of aphxos on the more _tresseo pjanl, was
 

lower in tnose cultivars with higher 
oramne (ontert (FIQ 1). 

However, in stressed barlev seedi ngs. it was obervec, that the
 

Dopulation prowt n 
 rate of noth species Nf a rads increased wi th
 

respect to, the normal 
seeod ngs. Since prninne oaa rot show
 

substancial 
 eftects on S.grama.nurn 'S) it is li .ely trnat tos 

onserved effects are due to giycine-netai ne accumu 
ataon. o5uleIe 

sugars in both treatments dio not change significantly ( not shown). 

Effects of gEamine and glyciDe-betaie on yQo. 

Gramine decreased survival of S. rami[nrn and R..a 

with a similar LD (0.8 ml) (3,4). When the aphids were fed i.n 
diets with a 5cn
one gramine concentration and different 
glycine-betaine
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concentrations, tie survival 
of both species of 
aphids increased
 
(Fig 2). 
 These results suoested that 
qlycane-betajne reduced the
 
deletereous 
effects 
 of gramine on 
the insects.Proline 
was 
 not
 
effective in reducing gramine effects 
on aphids 
( not shown). The
 
LD of gramine 
for S.graming 
 fed 
 with artificil 
 diets
 
increased 
 in proportion 
to the olycine-betaine 
content 
 in the
 
diets(Fig 

.). 
 This effect was 
observed 
on aphids with 
 gramine
 
and glycine-betaine 
at concentrations normally found in 
plants.
 

D1 S~COWS A01.. 
The resuLts 
snown here ano 
the ones 
 previ ousliy report e 

(8), sugQested 
tnat pl ycne-0etaine accumuliation 
may increase the
 
susceptibaijty oi 
barlev scpedaings to sphior. 
 In gerera] .it 
 has
 
been assumeO 
that Qlycine-oetaine is 
a 
solute involved in 
osmotic
 
aojustements 
 (9).This 
compound 
 has been shown to be 
 a major
 
osmoticum 
in na]ophilic organisms 
(10). Moreover, 
qlvcine-oetaine
 
prevents the 
 inhibition 
 of several 
enzyme 
 activities 
 by high
 

concentration 
of salts (il).
 

Dr e V may be an 
 imortant 
 crc, ] F, sDIE,1 dry 
 areas
 
(12). 
 in periooc 
c:f water 
O4:.t 
 barije
 P:cLmv te proiane anc( 

yvcine-net irne ')
.
 It 76.; beer, rjr n.fE,:
?q'& stress-.:tnducecl
 
glvcine-oet 
ane accumUlation is an soart&: Ve mpl-,o 
ic respon,
 
(114),and 
that its accumulation could be 
a vaIuable 
metariolic
 
criterion 
 in breeding for orought 
resistance 
(15). However. 
 in
 
spite of 
the Possible beneficial 
effects 
Af olvcirfe-oetaine 
 on
 
plant metabolism 
 unoer 
 water 
stress. 
the reyujts shown here
 
indicated 
 that a 
iaiher accumulation of 
this compound may 
 also
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increase the susceptibilitv of barley to anhids in cultivars with 

or without gramine. Proline, another metabo]Jte invo)vec in 

responses of plants to stress~did not c:ranoe the effects of 

gramine. Since gramine content does not chanoe with water stress 

and high qlvcine-detaine content 
increases the susceptibility of 

plants to aphids it cOUlo be possible that plants that accumudate 

none or small amounts of gl ycine-betaine are more resistant to 

aphids that those plants without or reduceo toncentration of 

gramine and high glycine-netaine content. 

The mechanism invoiveo in insect protection against 

gramine oy qlvcine betaine is unknown. However, qramine has 

inhib ton e+ects on mammali an mitochonor3 a ann stbmi tochondri 

particles (b). Respiration of the bacterium edornons gyringae 

was aiso inhibited by oramine. Giycine-etaine totally rejase 

this innititon (17). Thus, it could oe oossinle that .vcine­

betaine may somehow affect celluiar respiration oi aphios.
 

t',r ment.al1iee 

Elant ma_ i, al and iVnteotaion wt Prn Three narl eya de. 

cultivars were analizedt F.Union.Cruza_ ard CiU--TT.M . Seeas were 

sown in Dots - 3] ed wi th soi l . Pi ants were growron under cot FiruouE. 

1 Lnt at 2.5' 2n a .rowto chamber. Sin dav--o i at. C, P,eacr 

cuitivar were watered daiv with different amount of water ior 

six days. Plant water potentials were measured at this stag7e of 

development using the methodology described (17). Each group of 

plants was infested witn adult apterous aphids of S.,. :79,[Lm 

and R. pad. 'The increase in the insect population was 

determined after six days and popul ation growth rate was 

5
 



calculated (Population growth 
 rate= jr,(N4/Ni)/&t).
 

Analyss of compounds. 
 For oroline analyses, lea4 samples were 

homogenized in 10 ml of 3 % aqueous sulfosaii(:ylic acid and 

quantified by the method describe0 by Dates et a] (19). Gvcine­

betaine was quantified 
 by a method described by Grieve et al (20). 

Dried plant material ( 0.5 g). was shaken with 20 m of deionized
 

water for 
 24 hr at 25 and then filtered. The entract was diluted 

1:1 with 2 N H SO Aliquots of 0.5 mi were coolec) )n ic:e water 
2 4

for I hr and then 0.2 ml of cold K I--I was added. The tubes were 

storeo at 40 over night and then centrW-jeo at 000i g for 5 

main. at . he sLuQernant was discarted saic the Precloitate was 

dasoived in 5 ml 1.2 dachloroethane. After 2.5 hr the absorbance 

was measurecd at "65 nm. 

Gramlne measurements perfomed as. Oescribed previwere 
ously 

(4). Sugars were extracteo in 1(0 ml of 80 % (v/v) ethanol at 250 

with constant shaking. Total soluble sugars were quantified as 

described by Riazi et al (21). 0.1 ml of alcoholic extract ... re
 

reacted wiah 3 m! 
of fresrnl prepared anthrone i a ,o i ng wate­

bath 
 for ! ., min. The reactiorn was toprc in ice aro the 

asDrbance the samples wa measured at_-4__..,cc.i,'ere 
ot 

" nu 

F4,
Fed.. no = - A says w-ere e- omeo wi th c. n..ced be:w .er, 

two iavers- of Para-fi]m M ".).. Me M e wES a solj ulion 

containing 
 -. 5 % sucrose aminoaca cls ano m3nera .a tv. ad juteu to 

pH 6.0. Three samples of ten arphids were used for each treatment.
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TABLE I. Effects of water stress on gramine, proline and glycine­

betaine content in barley seedlings.
 

CULTIVAR Water potential COMPOUND
 

(-bars) (mmoles /kg drv wt)
 

gramine prj 3 fene ] vcine-beta3 ne 

F . Un i on5 . .N . 1 8 n 
N.D. 

12.0 N.D. : 90 1. e 

Cruzat 5.6 
 20t 2 20 2 54± 4 

12.0 19! 2 71! 7 94 1 8 

MCU-34 5.6 37! 3 71 231 

12.0 3'o 3 S7 50- 4 

Barlev seedlinas. were gr-own 1, s0L Under cor,ntinULtO S 

light in a growth chamber at 25t 22. wo-O o'o, oi sin oav- o d 

seedlings were irraiated daily with bit4erert &mounts oi water 

for six days. Lea water potentials were measured in twelve day­

old plants usino a pressure chamber. Each value is the mean of 

two samples + I S.E. The compounds were analyzed as described in 



FIGURE LEYENQE
 

Fig. Water 
stress and suseptibility of 
Parley 1P aphds
 

Barley seed 
 cv F.UnionCruzat and MCU-'4 
were orown in
 

soil under continuous light 
in a growth chamber at 25 +2.
 

Six day-old seedlings were subiected to 
water 
 stress 
as
 

described 
 in Experimental.Each 
of these plants were
 

infested 
 with 2 nonalate adults.Ap hids 
 were counted
 

after 6 days. Each value is 
the mean o three samples of
 

ten plants each. 
 Verti cal bars are 
 I s.e. FOPLI] at ion 

growth rate = in (Nf/Ni)/dt. (day 

Fig. 2 Effects p! gj ne-betaine o- aIcsrval of aphids fed In 

dets witD gramine
 

Aphids were feo witn artificial 
diets with 
 mM gramine
 

and givcine-betaine at 
various concentration. Survivaj 
was
 

measured 
 after 
 48 hr. Each value 
is the mean of trree
 

samples of ten 
aphids . VerticaA bars are 1 s.e. 

F i g - " Su rv iv a] .....
i & ....! di gi t 
 anDRe 

Adult. aphids 
 fed with arciaicial
we-e diets cortai nio
 

various 
 amount of graine and glycine-betaine. 
 Survival
 

was measured after 48 hr 
(3-A). The numbers over 
 the
 

curves 
 indicate glvcine-betaine concentration 
(mM). The
 

lethal dose of 
gramineas affected by glycine-betaine 
was
 

then calculated (3-B).
 

1C)
 

http:adults.Ap


0.50 
S.graminmum I Normal R.padi 

I] Stressed 

0.. ....... .... 

0" 0.35 

0 

020 L 
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DISTRIBUTION OFGRA AND HYDROXAMIC ACIDS IN BARLEY 

Vtcroat H. ARGANOFA, OUSIAvo E. ZURIGA and Luis J. CoitcuRah 
D-panamcni de 1iolIcn. dc Ciencus, Universidsd de Clek Caslla 653, Santiago.Faculiad 
 Chik
 

Absuan-Tet isfirst r 2 Nixymfbr 19 96g1 fnj~:o 

htrol-Thc first
: A" ka" of 12.day-old barky wedlings, contained 1.3 pmolil ft. Wt gramine while the concentrations-.2, 2,0ind3.1 jmol,/g~~~~ere fr. wi in lower and upper epidermis and mew~phyllparinchyma,resp~iveI).Oramine was - ,.: 

lhe nor inxylem exudates or gut tatininotdoted in vasutar bundles, drops. Thus, about 70 % ofloigramincin the 
parenchyma and 30,; inepidermal tissue, The content A11. of amic3.,pmol/ ft. wt inthe first leaf of 12.da) .old wheat plants. while the concentrations were 6. and 4.1 umnol/g fresh wt inthe vacuesr undleeandmnsphyll parnchyma,rpet.el),Thes compounds were not detected in epidermis. xylem 

exudates and ftieon drop,. About 50% oftotal- were Thehydroxamic acids found in the vasculay bundles
significance of these results inplant protection against aphids isdiscussed, 

0007 
000 ,tOUgrtO" 
OD' •Se ondar membohitcs om),protect plants against int.cts
0016 and pathogens (1].Qi snolizidine alkaloids from'thr 
0023 Fabaceac maybe involved inplant resistance to the broom 
0033 aphid Aphis rjowrum [2]ad-in allelopathy [3).The 
0042 concentration of these compounds varies among tissues of 
0050 the plant with marked diurnal fluctuations [4, 5].Dhurrin •I 
0058 is located in the epidermal lavers of the leaf blade of 
0069 sorghum[6). Thus. tcassip a defensive roe toa 
0079 compound, the location and oncentration of the com. 
0086 pound inthe plant should beconsidered, in additionto the 
-D0097 compoundtoxic annfeedinj deterrent properties of thut 
010$ Gramine; a iimplt indole alkaloid, is a constituent of 
0114 barle) leaves [7). The major ,econdaur) compounds in 
0122 wheat are hydroxamic acids [0)It has been suggested that 
0132 grarnineand hydroxamnic acids are involved rcspecdvel) in 
0140 resistance of barley and wheat toaphids, [9-12]. In this 
Ot$pap= we compounds instud) the distribution of thewe 

'0pb isse of bark)j and wheat leaves. 

-IESULTSAND DI(uSSION
BsDarleyleaves were analysed at vanous ages for graminc 

0178 content Younger lease. always had a higher,conoentra 
0185 tion of this compound (lable 1).Gratincein barley and 
0194 h)droxamic acids'in wlcat were heterogeneouislK dib. 
0200 tribut damong leak tissues (Table2). Since only 33 of 
0209 total grsmine present n aharley epidertma:lesf was in the 
0220 tissues and itwas not detected in the vasclar bundles, thr 
0231rest should be found in the parenchyma cells of the 
0241 mesophyll. For hydroxanicacidsabout 50 .'were present
0249 in thevascular bundles and were not detected in the 
0259 epidermis, Thus, the othet. 50.xhould be found in 
0269 patenchyma cells ofthemesophyll.To lest this hypothesis 

he 

0278 mciophyll protoplasts were obtained from wheal and r 
0285 barleyThese protoplasts were then analysed for grarnint
0293 and hyLroxamic acids. As, expected, both graminic and

*0301 hydroxamic acids were found in high concentrations in 
0309 mesophyll protoplasts of barley and wheat, respectively. 
0316 (Table 31 
0317 Gramine has been reported tohave toxic and feeding 
0326 deterrent properties against aphids [12). Sincegratine is 
034not% presnt inshevascular bundles,a preferred feeding sit • 
0344 of Sch:aphisgrominum, its effects in protecting barley
0352 plants against this aphid ma) be a'consequenot of'the 
0362 deterrent properties of the compound during penetration 
0369 of theleaf by the siyles and subsequent probing before 
0379 reaching phlom, On the other hand, hydroxinicacids are 

* 0385 present in the parenchyma cells of the mesophyll and in
'~ , , , 0395 the vascular bundles, and it is more likely thatthe'aphids 

C409 would ingest these compounds. The presence of gramine
0417 in epidermalhtissus may berelevant toprotection of . ,
0426 barley against other Insects'and plant pthogens.

",- - ,"043
 

,.,q 

http:mesophyll.To


0434 ~ UMNA 
043 $Sepu"'a, e, iuws Plaot. gwwn at2t with.a4 ht photrol., 
0441, persodwereused tosatirleaf, tisues Vascislav scrhundli. wiere
046 srated bywIts mrborundum asdaemsta andthen +ablem re.11,11
0467 byasaclsinisepauration with iiam ect ,s ale undo a Nat 
0473 scope. The lower . swobtained b sitorial heleaves at 

w - i,046ras'fottwo m wihan it r3,min. lhm,the 
0499 litiesw:rpu onaldlauwih tuper'cidermh onthe 
03 1 ,*rurf , epd rinwasosasn - us n
0322, aWi bruls and mecihanically separated. Upper epsidermisiswas 

thesame karaner remoing
0341 ai pa04 sicnmmlPwihadisioctionavilk and afinbrush 

o si- tx*ram owepdm~eits
ndbrie 

0,S2 The upper epidernislemaed on the glass . 
0339 Prooplst tssiom. foloplsts WereIprepared from the
0566 mwphyllofpn r ao leyandlcip (lord,..,e, ," 	 .0575 var.r11a-T-10271d wheat eiedbngi arush' ivr,ITriifr L 
0 SNA,3)isrown for 12days in soil. The meisd surfac-.slailsd 
0393 Ieavet (4gt1weretlnpieces labout I iiin)and then incubatedlin' 
0607 40 ml ofmdjuniotining 1.5'7ccllulwse(CUb schcms0.S M
061. mainho (pH .6st28and gently shaken forshi, Liaftresidues 
0627 w r remosiedthrough an 10sn nylon net and protoplasts werr 
0637. purife asd n These protcplastsm usedfor-escribedref (14
064 quantilication of rarmni and hydrosamuc acd in barle) and 

-0637 wheat. nepccivel).
 
'70659 Quanritauion oh. roxami acids Tissues were ground in walte


066k using amortar and pestle, filtered through cheese cloth andkft 
0679 for 15 min at room temp. The extract wasadjuved to pIH3with 
0692 MHl andcentrifued at SO009for 35min.Tbe supernatart As 
0702 crawedinto Eo5O 12;1)and theorganic phhawsewaivaporated 
0712 todr)-ms.Hydroxamicaids rorma bluccomplea uponaddition 
0722 ofFea, rea5nl5OFeC]C 6H10,500il of951,EtOHand 
0733 5 ml of 11 MHCh The concentration orhydrouamic acsa 
074: determined by compans theA orthee.rat ith a standard 
0753 curve madc with DIMBOA, the main h)drounc acid from 
0762 wheat I&.,( 1315Thus, lse values represent DMBOA equ. -
0770 valents [6, 15 .
0772 Qua ni titao of prassem Plat tissues were froze. homs'. 
0779 gsenied ina mixture of MvOH-NH,OH (I0.IIIfiltered and
078k evaporated to dryness Thi extract was iolubilszed with
079601.1 M4HO. After adjustin t pH 9,the alkaloids wereestracted 
DRUG.with CHCI 0:21 This extract wasused for quantiatios of 
016 latnt with Elirmann'sreagent for tndole. asdescribedii ref 
(021[11,16)Gramte iwasthe only compound detected intheextract 
013f. with Eimann'srealent 
097-19 

0641 ArLno.led mer:-Supponed by FONDECYI, Unsctsidad 
064 *d Chile d AID 

01,9 

SEFEII t ,FSCF*J08.:1 1 McKc.. D 419791In Herbt es. thdr I lnerrum el. 

0159 Srondaj Plant Metaboltes IRoscnthal, G. A and Januzen 
0167 D, M. ndsi pr, 6!. Academi. Press. Net, York 
067te 2. Wnk.M. Hartmann..Wlttc. L.andRheiteimt. 119f.1 
OR" 2. A a089j . C37 C 10 1LrsW 

09 .3 Wink. M4.001 Plxru 136, 30. 
0691 4.-Win, XI and Witit. L,(1914)Plantis 161. $t. 

M0905. Wink. K 119biZ ua'fuforsich,41 C.37 
091$ 6. Kojir. M. Poulhon. J.L. Thayet . S and Coun.E E, 
09: 11979i Plan: P iysiol. 63, 10,2. 

093." 7. HansrA D.DDit..K.MSinletary,G W.andLlnd,7 J.
 
094 1963t Plant Plsjsiol. 71. 1915 
0950 	 IsZuhip. G E. Argndoi, V. H. Niemeyet, H M, and 
0960 CDotCr L. J. 119631Pkrroclmsrj 22.260. 
0967 9. Argandola. V.H, Corcuer. L J,Niemeycr,,H . and 
0977 Campbell. II C. (1931 Estorsol. La. App.i4. 134. 
0911. 10. Arandoss. V. H, Luza, J..G, Nicmcyct. H. M. and 
0996 Corcuera. L J. 119801Phsol ,mbro99.166 
3007 M. Zufthig. G, E Salsado. M4.S.and Corcueri. L J 1995)
 
1014 Phlyttocheristry 24,9435
 
1017 3.2. Zuip,G.E. andCorcuc L J.1986nomol. LitApp1 .
 
102t 40.239
 
1030. 13 Arpndoha, V,H,and C.orctier L. J. 119831Phk)
iecrmslr)­
1039 24.,77 
1041 34,MninoEaE. Hcl, U. and Wsemktn. A. 11981) auiir289, 
30) 292 
052 15. Woodward. M, D, Couers, L J,HclgMoi, J. P, Kelman, 

1062 A. and Upper. C. D, 11979)Plant Ph)siol.63, 14. 
1072 16. Ehmann, A. 19771J,Chrnsaloqr. 132,267. 
1079 

I Gramineconarsration nbirkieitslow atrouplant ­
-ags 

Gramine mmolA., i 

,wtb. Lear 9da)-old S ida).old 0.day0old 

' 	 First 1.10:10.03 0 90:t0 CC 0.2o:t 0.s
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SUMMARY
 

Fifty-five accessions 
of Triticum species were analyzed
 

for content of hydroxamic acids (Hx), a natural resistance
 

factcr against various organisms. Hx were found in all
 

access4onF analyzed. Extreme values were found in 
 w2.d 

cplcid species: hifnes in T. speltoides (16.0 mro. 'kL 

fr w" and !owes- in 7. tauschii (0.2 . Modern po'N' "c 

whea-, sharin the sar,- genome did nc- show subsitar<--a2 

variati.ons in Hx levels. The data suggest possible sources
 

of high Hx levels for wheat breeding programs.
 

INTRODUCTION
 

Host plant resistance plays a key role in the control of
 

pest populations in crops. Extracts of cereals such as
 

wheat, maize and rye contain hydroxamic acids (Hx, 1)
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which are 
claimed to be inVolved in resistance of wheat
 

to stem rust, Puccinia---- inis (ELNAGHY & LINKO, 1962),
 

and to the aphids Metopolophium dirhodum 
(ARGANDONA et
 

al., 1980, 1981), Schizaphis g£aminum (ARGANDONA et al.,
 

1983) and Sitobion avenae (BOHIDAR al.,
et 1986) and to
 

contribute to resistance cf to
maize fungal disease
 

(BEM:LLER & PAPPELIS, 
1365; LONG et al., 1975; TOTH TOLDI,
 

1984), and to insect 
attack (KLUN et 
al., 1967; LONG et
 

al., 1977; BECK et al., 1983).
 

In maize, breeding 
 for high Hx levels has been
 

suggested (KLUN al.,
et 
 1970; CABULEA et al., 1977;
 

GAHUKAR, 1979; KOSTANDI et 
al., 1981), and the inheritance
 

of Hx and sources of suitable parental material have been
 

studied (DUNN et al., 1981; 
SIMCOX & WEBER, 1985).
 

We herein report Hx levels 
 of several Triticum
 

species and suggest sources of high Hx levels 
for wheat
 

breeding programs.
 

MATE?:-ALS AND METHODS
 

Plant material. 
 Seed samples were obtained from USDA­

-Beltsville and INIA-Chile. Plants were grown in a
 from 

greenhouse under permanent light at 260 an 80ca. with 


range, and harvested at different 
times according to the
 

experiment.
 

Quantitation of hydroxamic 
acids. The method employed was
 

essentially as described (BOHIDAR 
et al., 1986). Plant
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tissue (0.2 to 1.5 g) was 
 macerated with mortar and
 

pestle in water (3 x 2 ml), filtered through cheesecloth
 

and left 15 min at room 
 temperature. The extract was
 

adjusted 
to pH 3 with 1 M HCI and centrifuged at 10,000 g
 

for 10 min. The supernatant was extracted with Et 20 (3 x
 

6 ml) and the organic phases evaporated to dryness. Ferric
 

chloride reagent was 
 added (3 ml) and absorbance was
 

measured at 590 nm. Hx concentration was obtained by
 

comparison with a standard made
curve with DIMBOA. Values
 

reported are averages at 3
of least replicate
 

determinations which agreed within 10 per 
cent.
 

Hx levels determined by this method been
have shown
 

to closely correspond to the sum of individual hydroxamic
 

acids determined by 
 specific methods (WOODWARD et al.,
 

ZUNIGA et al., 1983).
 

RESULTS
 

Table 2 shows H>: content data for the accessions ana>yzed. 

Typical deterrmnations of Hx levels are shown Tazlein 2 

for 7. comTpac:ur. 

Hx levels in wheat vary with the developmental stage
 

of the plant (ARGANDONA et 
al., 1981). The variation of
 

Hx levels at 2 plant ages was determined for a few of the
 

accessions studied (Table 3). The 
 results show that
 

decrease of Hx levels were comparable in all the
 

accessions 
studied, with the exception of T. monococcum.
 



4 

For the comparisons in 
 Tables 1 and 2, ten-day-old
 

seedlings were analyzed, 
since at that age variation of
 

Hx with age is smaller 
than in younger seedlings, but
 

still reasonable amounts tissue analysis
of for may be
 

readily obtained.
 

DISCUSSION
 

Development 
of maize varieties with increased host plant
 

resistance based breeding higher
on for Hx levels has
 

been suggested (KLUN et al., 1970; 
CABULEA et al., 1977;
 

GAHUKAR, 1979; KOSTANDI 
et 
a]., 19S1). Similar suggestions
 

may be put forward for wheat resistance. In this case,
 

availability of 
suitable germplasm must first he 
evaluated.
 

T. speltoides showed the highest Hx level among the
 

accessions 
analyzed (Table 1). Interestingly, resistance
 

towards biotype E greenbug (S. graminum) in wheat streak
 

mosaic virus-resistant 
 wheat lines 
 was claimed to be 

derive-' from T. speltoides (TYLER et al., 1985). 

Furthermore, persAstance of Hx in olcer plants of T.
 

monococcum (Table 
 1) may be related to the higher
 

resistance to 
 the aphids M. dirhodum and S. 
 avenae
 

reported, 
as compared with accessions of T. dicoccum, T.
 

spelta and T. aestivum (SOTHERTON & VAN EMDEN, 1982).
 

Modern wheats are 
 amphipolyploids containing
 

different combinations of genomes G, A, B, and D, 
as
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shown in Fag. 1 (SCHMIDT, 1974; BRIGGLE, 1980). It may be
 

suggested from Fig. 1 that the 
 unknown wild diploid
 

species contributing genome B may contain 
high Hx levels.
 

It would be desirable to test this prediction on T.
 

searsii, recently claimed as the B genome 
donor (THOMPSON
 

& NATH. 1986). Additionally the present results indicate
 

that substantial increases in Hx levels 
are unlikely to
 

be attained by hybridization 
 within a sez of wheats
 

sharing the same genomes. Furthermore, they show that
 

largest diff fences Hx
in levels occur upon changes of
 

ploidy. It would seem desirable to produce amphipolyploidy
 

utilizing the wild species possessing the G and B genomes
 

(Fig. 1).
 

Wild relatives of wheat 
have been extensively used 

as genetic sources for resistance towards various
 

organisms through wide hybridization (SH.F;. & GILL,
 

1983). Hence, it would 
be desirable to search. for 
sources
 

of . gh H>. lev'els in speciees of zrt, sult-rbe 7riticinae, 

in which interpeneric hybridizatior with wree is readily 

achievec (DEWEY, 2984). This approach nas already shown 

promise: a screening of several wild Gramineae showed 

that Elymus gayanus contains relatively high Hx levels 

(ZUNIGA et al., 1983). 

Hydroxamic 
acids are involved in the detoxification 

of atrazine-derived herbicides (HAMILTON, 1964). Hence, 

in addition to increasing host plant resistance to fungal 
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and insect attack, an increase in Hx levels could bring
 

increased differential tolerance 
to these herbicides.
 

Finally, 
it should :e pointed out that 
an increase
 

in the level of toxic hydroxamic acids in wheat 
pose no
 

threat to human consumption, since Hx 
are not present in
 

the grain (ARGANDO&A et a!., 1981).
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Table 1. Hydroxamic acid content of Triticum specieB


Species n b Range of Hx Mean Hx
 

(mmol/kg fr. wt)
 

T. aestivum 4 0.69 - 2.0 1.4
 

T. araraticum 2 2.1 - 3.5 2.8
 

T. boeoticum 1 0.52 0.52
 

T. carthlicum 3 3.5 - 4.5 3.8
 

T. compactum 5 1.2 - 2.8 1.9
 

T. dicoccum 4 4.3 - 6.1 5.1
 

T. durum 2 3.6 - 4.9 4.2
 

T. macha 2 1.6 - 2.5 2.0
 

T. monococcum 4 0.26 1.7 0.62
 

T. polonicum 3 3.8 - 6.2 5.3 

T. spelta 5 1.6 - 3.4 2.5 

T. speltoides 5 12.4 - 16.0 14.3 

T. sphaerococcun 4 2.6 - 3.4 2.9 

T. tauSchii 3 0.21 - 0.46 0. 37 

T. timopheevi 4 1.3 - 2.9 2.5
 

T. turpidum 4 2.6 - 6.4 4.7 

T. zhukovskyi 1 1.8 1.8
 

a Ten-day old seedlings were analyzed. 

b Number of accessions studied. 



Table 2. Hx levels in 10-day-old seedlings of 5 accessions of T. compactum
 

Accession Origin na 

B 237 Turkey 4 
K192Q x AL Kenya 4 
Montsec Spain 3 
Compactoide 5 Switzerland 3 
Vardenin 9 USSR 4 

a Number of replicates. 
b Mean ± standard deviation. 

Hydroxatic acids
 

(mmol/kg fr. wt)
 

1.72 * 0.13
 

2.77 1 0.13
 

1.21 f 0.12
 

2.17 . 0.11 

1.44 ± 0.08 
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Table 3. Variation of Hx content with plant age in Triticum species
 

Hydroxamic acids
 
(mmol/kg fr. wt)


Species PI number 
 De-r e-----------------­in fix (%) 
Plant age
 

6-day 10-day
 

T. carthlicum 94754 6.50 3.24 50
 

T. compactum 352288 5.77 
 2.23 61
 

T. macha 428179 5.54 1.95 65
 

T. monococcum 168804 
 0 .72a 0 .58 a 19
 

T. polonicum 290512 7.87 4.80 39
 

T. spelta 348474 6.74 
 3.77 44
 

T. sphaerococcum 4531-0 4.74 2.26 52
 

T. turgidur 91673 5.36 
 2.35 56
 

aNumbers dc not differ signiracantlIy (P= 0.05).
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Legend to Figure
 

Fig. 1. 
 Mean hydroxamic 
 acid levels along the
 

evolutionary 
 development 
 of wheat. Hexagons=
 

hexaploid wheats; 
 rectangles= 
 tetraploid;
 

truncated circles= diploid..
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A variety of compounds that have no recognized role
 

in 
 primary metabolism accumulate in plants(l). These "secondary"
 

compounds are nonetheless, important for 
the survival of plants
 

since they may be in
involved allelopathy, plant-insect
 

interactions, plant toxicity to herbivores and pathogens, and 
 in
 

adaptations to the environment. Alkaloids are one of 
the most
 

interesting 
 group of compounds due to 
 their use in
 

medicine, allucinogenic properties, 
 and broad biological
 

activities 
that may confer them important ecological roles. In
 

this article it will be attempted to give an integrated view of
 

the biology and chemistry of 
the simple indole alkaloids from the
 

Grami neae.
 

I. CHEMISTRY AND OCCURRENCE IN PLANTS
 

The simple indole protoalkaloids from Phalaris _EE. _ 

do not contain heterocyclic nitrogen other than in the 
indole
 

ring. Thus, they can 
not be considered true 
alkaloids.
 

Protoalkalois are biological amines formed 
 from similar
 

precursors 
to the true alkaloids(2). Several 
of these proto and 

true alkaloids 
have been described in Graminae (Figure 1) 
 and
 

are present in a variety of plant species (Table 1). 
 In addition,
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these or 
 other alkylamines derived from tryptophane have been
 

described in other plant families and animals(3,4,5,6,7,G,9).
 

Gramine E13, the simplest indole protoalkaloid, has 

raised considerable interest because of its chemical and 

biological properties. Gramine, a Marnich base has been used 

extensively in synthesis of indoles anO as an alkylating agent(6). 

Gramine has been chemically synthesized by a Mannich reaction 

among indole, 4ormaldehyde and diethylamir '10). Radiolabelling of 

gramine and related alkylamines has been accomplished by chemical 

synthesis(l1)(Figure 2). The importance of gramine and tryptamine 

derivatives in organic synthesis has been reviewed(6).
 

III. BIOSYNTHESIS AND DEGRADATION
 

Gramine and re2ated tryptamine derivatives
 

accumulate mainly 
in the young leaves. For example, gramine
 

content reaches a maximum during the first two weeks of 
growth of
 

barley seedlings, decreasing afterwards(12). Feeding studies 
14 

applying C-tryptophane to the leaves indicate that although 

gramine synthesis takes place mainly at the basal portion in 

barley leaves, accumulation of this compound is greater at the 

leaf tip(13). 

3
 



Tryptophane 
 is the Inmeciate precursor of
 

tryptamine(13,,14,15). A pyridoxal phosphate-dependent tryptophane
 

decarboxylase has been purified from [hb._riI t rQga(14). The 

activity of the enzyme is inhibited by NgN-dimethyltryptamine,
 

one of the major alkaloids produced by F 
 1b4rfs_, suggesting a
 

control mechanism for this biosynthetic route. 7hent tryptamine
 

derived alkaloids are synthesized by several N-methyltrans+erases 

using S-methyl-adenosyl-inethionine as 
a methyl donor (16,17,18). 

Several pathways have been proposed for the biosynthesis of the
 

various compounds (Figure 3)(19).
 

Tryptophane is also a 
precursor in the biosynthesis
 

of gramine(20,21). The indole ring, the methylene side chain and 

possibly the 
 amino N are derived from tryptophane without
 

cleavage of the indole-alanine linkage (22,23). The immediate 

stable intermediates 
 for the biosynthesis of gramine are 
3 -aminomethylindole (AMI) and 3 -methylamnomethylindole (MAMI).
 

These compounds 
 yield gramine upon N-methylation with
 

S-adenosylmethionine in the presence of a crude enzyme extract 

from barley (Figure 4)(18,24,25). It has been suggested that
 

sequential methylations of 
AMI could be catalized by two separate
 

enzymes(19). Although the metabolic pathway for the biosynthesis of
 

gramine is firmly established, the mechanism by which tryptophane 

is converted to AMI remains unclear.
 

Gramine is rapidly degraded by barley tissues. When
 

4 
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Co(- C3gramine was fed into excised barley shoots, 0.4% of the 

radioactivity was found in tryptophan, 10% in indole-3-carbinol
 

and 6% into indole-3-carboxylic acid(26,27,28,29). 
 A nearly
 
14 14
 

quantitative degradation LO( C3gramine to has
of -
 CO been
 
2found 
to occur in intact barley plants with no evidence for 

alternate pathways(30). Since in these experiments gramine is 

introduceO in plant compartments where the compound is not
 

naturally found, 
 it would be of interest to determine whether
 

these degradation products 
also occur in those tissues where
 

gramine is found in the plant. While 
gramine is found in 

epidermal tissues and mesophyll parenquima of barley leaves, it 

is not 4ound in the vascular bundles(31). Thus, the physiological
 

meanings of these degradations remain unclear.
 

IV.TOXIQITY TO MAMMALS AND PLANTS
 

Ef4ects on animals. 
Phalaris species are important components of
 

pastures around the world. However, intake of these plants
 

somet i mes produces. sudden collapse and death, and Phal ari s 

staggers, a chronic syndrome in sheep(3,32,33,34). The persistance 

of neurological signs after removal from the Phalaris pastures 

muggests the presence of degenerative lessions in the central 

nervous system(34). Gallagher et al.(34) have shown that all ages, 

breeds and sexes of sheep appear to be susceptible, while death
 

of cattle is riot common. Peracute poisoning with signs of 

neurological and cardiac disorder may occur 
in the same outbreak.
 

Necropsies of sheep suffering this syndrome have shown 
 severe
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abdominal 
visceral congestion, hemorrhages in the epicardium and 
the heart stopped In Systole or diaatole(32,34).
 

It has been proposed 
that EbRIjOEL poisoning

syndromes are caused by indole protoalcaloids present in tissues 
of this plant. 
 Since In y$_rp digestibility is not affected by
 
the alkaloids present 
in Phalarj, 
 poor animal performance with
 
the plant is 
 probably 
due to factors 
other than 
alkaloid
 
interference with rumen microflora(35). 
It has been suggested that
 
is likely that some pharmacological properties of serotonin 
may
 
be interfered 
by indole protoalkaloids 
because 
 of their
 
structural 
similarities(32). 
 Gramine, 
 methyltryptamine 
 and
 
5-methoxydimethyltryptamine 


caused 
tachy :ardia, 
 ventricular
 
extrasystoles, and fibrilation. Parenteral administration of 
 the
 
alkaloids 
 caused 
profound disturbances of 
the central 
 nervous
 
system 
 in sheep: hyperexcitability, 
 urination, 
 pupilary
 
dilatation, 
licking 
 of the lips, 
 head nodding, 
 high rectal
 
temperature, 
etc. 
Thus, these compounds appear 
to be responsible 

for at least some of the observed symptoms. 

Meadow voles ( Microtus 2ennsylncus) beenhave 

used to evaluate forage quality(36,37). Palatability of leaves of
 
tall 
fescue and reed canarygrass was negatively correlated with thel 
total alkaloid level(38). 
 In short term 
experiments 
gramine
 
5-MeO-NN-dimethyltryptamine, 
 5 -MeD-tryptamine, 
 N,N-dimethyl­
tryptamine and N-methyltryptamine made the diets unpalatable 
for
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meadow voles at concentrations similar to those found in 
plant
 

tissues(38,39). When the animals were fed 0.25 or 0.5%gramine in 

the diet for 21 days about one third of the voles died. Those
 

that survived had kidney lesions, glycosuria, higher intakes and
 

lower weight gains than control animals(40). Also, voles fed
 

gramine had increased rrticulocyte levels and higher 
alkaline
 

phosphatase than the control 
animals. This bioassay system may be
 

useful in judgements as to which chemicals can be tested in 
 the
 

expensive 
 trials with large animal& and ultimately included in
 

plant breeding programs(39). Palatabilty to sheep and cattle 
of
 

cultivars 
 containing various concentrations of alkaloids 
 is
 

consistent with palatability data with the 
ure compounds fed in
 

diets to voles(38,41). Thus, palatability decreases as 
 alkaloid
 

content increases(42,43). 
Since the alkaloids cause deleterious
 

effects on various animals, an attempt has been made to 
 reduce
 

the concentration of 
the compounds in reed canarygrasslt has
 

been found that lamb performance improves when the animals 
 are 

fed with those cultivars low in alkaloids(44). If the alkaloid 

concentration is 0.2% of the dry weight or above, the lambs will 

show reduced weight gains. 
This study has also shown that a
 

tryptamine-carboline 
free cultivar does incite
not diarrhea,
 

although gramine is still present, being possible that poisoning
 

syndromes 
may be caused by a variety of compounds. Considering
 

all these deleterious effects on animals, it has been proposed to
 

reduce or eliminate alkaloids in these plants by plant 
breeding
 

or by cultural practices (19).
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E If€ n R10019. Barle, leachatws 
caused Inhibition of
 
germination 
 and growth of SijlIOUrjprap, 922Stiie"
 

hWrg Ej*rLi and tobacco and had no significant effect 
on
 
wheat(45). Bramine, which 
is present in barley, produced 77X
 

inhibition 
of growth of JL gpgolp when added to 
the nutrient
 

solution 
at 0.05 mM. 
However at much lower concentration 
there
 

was an stimulation of 
growth. Germinat:lor 
was not affect.d by
 
0.05 mM gramine. If these allslopathic properties of barley are
 

relevant under field conditions needs further testing.
 

Gramine 
 causes phytoxicity 
on barley itself
 

dependino 
 on environmental 
 conditions(19). Growth 
of barley
 

plantlets 
was not affected by gramine at 25 C. 
 Nonetheless, when
 

plantlets 
were kept 
at higher temperatures growth was 
decreased
 

significantly by 10 mM gramine provo ing chlorosis and necrosis. 

In contrast, achlorophyllus 
callus tissue was 
 not affected by
 

endooenous 
 or exogenous gramine. 
The differential 
activity of
 

gramine 
 on these tissues could be explained by the effects of
 
gramine on chloroplasts. 
 Gramine inhibited photophoslorilation, 

Pi-ATF' exchange reaction and proton gradient and enhanced 
electron transport in 
spinach thylakoids with 
an I around 0.2
 

mM(46). 50The ATFase activity of Soluble coupling factor was not 
affected. Thus gramine appears to behave as 
 an uncoupler. The
 

apparent behavior of gramine as an uncoupler was also observed in 
rat and bovine mitochondria, 
although the 
effect was 
much
 

smaller(47). At higher concentrations (I 2-6 mM) gramine 

50 
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Inhibited electron transport at the level of complex 
I of the
 

respiratory chain. Also, an 
 inhibition of coupled succinate
 

oxydation was observed (I &10 mM). 
 The same effe&ts were
 
50
 

observed in the phytopathogenic 
 bacterium faetdgmn2s
 

*yEIr!ggf( 4 ). The effects of 
gramine on plant mitochondria remain
 

to be tested.
 

Gramine may then stimulate biochemical and 

biological processes at low concentrations and inhibit the 
 samL
 

or other processes at higher concentrations. Among these 
cases 

are stimulation and inhibition of growth of te1Iaria, 

Pseudomonas 
srinqae, and Tetrahymena(49). It has been proposed 

that the stimulatory effects of gramine at 
low concentrations may 

be due to its similarity with indole-3-acetic acid and 

tryptophane (45).A more likely explanation is that gramine is 

catabolized 
 in plants and there appears to be some recycling of 

the indole nucleus to tryptophan(27,28), but this has not been 

clearly demonstrated(21). Stimulatory indole compounds could then 

be formed from tryptophane.
 

From the previous discussion, it is apparent that
 

presence of 
gramine in barley and possibly in other plants may
 

cause damage to the plants under certain environmental conditions
 

and also to 
some animals of economic importance that feed 
 on 

these plants. If this is the case, selection of low gramine 

cultivars may be worthwhile. However, gramine and related 
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protoalkaloids 
may have ecological Importance 
 that should be'
 
considered before selecting against these compounds.
 

V.-8M IN_ 
 gE!H_ NS8_
 

Gramine 
 has a wide variety of biological
 
activities.Among 
those are toxicity to mammals 
and plants. In
 
addition, 
 indole protoalkaloids 
showed toxicity and 
 caused
 
feeding deterrency 
on the aphids SchizaphLs graminum, and
 
Rh~opalosiphun~aidis reared on a synthetic diet(50). The LD 
 of
 
methyl-tryptamine, 
methoxy-N,Pl-dmethyltryptamine, 50
gramine and
 
methoxy-tryptamine 
on R. maidis were 3.8, 3.5, 2.9 and 2.3 mM,
 
respectively. Concentration of 
gramine in barley ranges from 
0-5
 
mmoles/kg fresh weight(51). Therefore, the effects of 
gramine on
 
aphids occurr within the concentration range in which gramine 
is
 
found in plants. When artificial 
infestation experiments of 
barley
 
with Schizaphis granunum were performed, gramine content of the 
leaves correlated with resistance to the greenbug S. gEariWnuM. 
Similar results were found in infestation experiments performed 
with barley and R. 
 adi(52). Although S. 
 graminum and R. 
 padi 
were similarly affected by gramine in artificial 
diets, cultivars
 
high in gramine were more resistant to R. 
 adi than to S. graminum. 
This apparent contradiction could be explained by distribution of 
gramine in barley leaves and feeding sites of aphids. Gramine is nol 
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homogeneously distributed among tissues in barley leaves(31). About 

one third of total gramine is found in upper and lower epidermis, 

two thirds in the mesophyll parenchyma and none in the vascular 

bundles. Thus, studying the feeding behavior of these aphids in 

relation to distribution of toxicants in barley leaves would be 

of importance in assesing the possible role of gramine in
 

resistance of barley to aphids. Other insects on which gramine
 

affects feeding are rcgplytus LItjjLs (53), _%lniAlus
 

tivittanus(54) and Heliothis Kp(55). Being gramine located in upper
 

and lower epidermis and parenchyma cells of the mesophyll, could
 

be of importance for protection of the plant against chewing
 

insects and plant pathogens. Nonetheless, this remains to be
 

shown.
 

VI.CONCLUSIONS AND FUTURE PERSPECTIVES
 

Indole alkaloids from Gramineae are apparently
 

important in barley. Ehalaris and other plants. Concentration of
 

these compounds in plants may depend on cultivar (51,56,57),
 

plant maturity (56,5?), cultural practices, and environmental
 

factors (60,61). Since they produce toxic effects in sheep and
 

cattle and perhaps in the plant itself, it may look advisable to
 

select plants low or free from these alkaloids by plant breeding.
 

Undoubtedly this would be benefitial for animal feeding.
 

Nontheless, these alkaloids are also toxic or cause feeding
 

deterrency on a wide variety of organisms that feed or grow on
 

plants. Among these are insects and phytopathogens. Experimental
 

evidence indicates that these compounds may be important in
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resistance to these organisms and thus for the survival of the
 

plant.1t would be advisable not to Implement a selection program
 

to eliminate indole alkaloids 
 from barley 
and baj*E before
 

alternative 
resistance mechanisms to pathogens 
 and pests are
 

described and incorporated 
by plant breeding in 
 the desired
 

cultivars. 
 To 
do otherwise may produce susceptible cultivars to
 

pathogens and insects with lower biomass or grain 
yields. Thus,
 

the description of 
other natural resistance mechanisms to 
these
 

organisms is eargerly awaited.
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Yable 1. Indole protoalkaloids and / 3-carbolines In *ev.aI 

gramineae
 

Plant 
 Compound 
 References
 

BEWDnP 9--.t 
 Gramine [13 
 (3,18,62963)
 
NN-dimethyl-tryptamine [73 
 (3)
5 -Matoxy-N-methyl
-
tryptamine [8) 
 (3)


Bufotenine E93 
 (3)
 

Hcdeurm _igare 
 Gramine [13 
 (64)

3-Aminomethyl-indole [33 
 (24)
 
3-Methyl -ami nomethyl ­

indole [23 (24)
 

Hordeum pontaneum Gramine E13 (65)
 

Hordeum sativum 
 Gramine [13 
 (3)
 
N-methyl-gramine [43 
 (3) 

Ehalaris Mrundinacea Gramine [1 (66)
N-methyl-tryptamine [63 
 (66)

NN-dimethyl-tryptamine [73 
 (66)
 
5-methoxy-N-monomethyl
-
tryptamine [8] (67)


5-methoxy-N,N-di methyl 
-
tryptamine (10) 
 (66)
 

3
2-methyl -tetrahydro-/1­
carboline (14) 
 (68)


2-methyl -6 -methoxy-tetrahydro­
/S-carboline r15) 
 (68)
 

2,9-dimethyl -6-methoxy­
tetrahydro-/$3 -carboline (16) (68)
 

Phalaris aguat ca (tuber-osa) 
Gramine [1] 
 (16)

N,N-dimethyl-tryptamine [7) 
(16,69,70,71)
 
5-methoxy-N,N-dimethyl 
-
tryptamine E10) 
 (16,69,70,71)
 

Bufotenine [9) (7071)

5 -hydroxy-N-methyl­
tryptamine [123 (70)
5 -hydroxy-tryptamine E133 
 (70)

3-methyl -ami nomethyl -i ndol e [23 (70)
3 -amino-methyl-indole (33 (70)

5-meth(Xy-N-methyl-tryptamine E83 (70)

N-methyl-tryptamine [63 
 (70)

5 -methoxy-tryptamine r113 
 (70)
 

-2-------------------------------------------------------­
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Figure 1. Main indole 
gramineae. 

protoalkaloids and carbolines from 

Figure 2. Chemical 
(*) 'S C 

synthesis of double labelled 
or 11C, (a) 13C or OIC. 

gramine (11). 

Figure 3. Proposed biosynthetic pathway for tryptamine 
derivatives in ehaI@Eyjs Iberosa. Abbreviations 
used: TP, tryptophan; T, tryptamine; MMT, N-methyl­
tryptamine; DMT, NN-dimethyltryptamine. Enzymes 
involved: 1, tryptophan decarboxylase; 2 ane 3. 
N-methyl -transf erases. 

Figure 4. Biosynthesis of gramine in barley leaves. 
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