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OVERALL CBJECTIVES

Tne main objectives stated in tae 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 concentration of Hx in the plants and to determine the mode of action of

Hx at the molecular level.

In tne technical work plan, seven areas of studies werc mentioned. An
eighth area was considered following the provisos of Lhe review panel. The

results obtained in each area are described below.

RESULTS

a) Biological activity of compounds

Hydroxamic acids exist as glucosides in intact tissues. DIMBOA, the
main Hx in wheat and maize, and its glucoside, were incorporated into

artificial diets and their effects upon feeding aphids (Schizaphis graminum)

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

concentrations cowmparable 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 pglucosides. This relates Hx to numerons other plant

secondary metabolites which are stored as less active glycosides,

The barley alkaloid gramine was fed to the aphids 5. graminum and

Rhopalosiphum padi in artificial diets. Reproductive index, survival and

food ingestion were reduced by gramine concentrations comparable to those

found in barley plants (Zufiiga et al., 1985; Zufira & Corcuera, 1986, 1988).

The barley water-stress metatolites proline and glycine-betaine were
incorporated into artificial diets. Neither compound atfected survival, but,
while proline showed no significant effect on reproductive index, glycine-
betaine increased it (zGiiiga & Corcuera, 1987a). When glycine-betaine was
added to gramine-containing diets, the gramine lethal dose increased with

increasing glycine-betaine concentration (ZOfiiga & 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

Chusguea cumingii, Arundo donax ang Zlymus gpayanus, but not in Bromus

unioloides, Peca annua, Dactylis glomerata, Phalaris canariense, Lolium

perenne, Hordsum chilense, Cynodon dactylon, Shorghum sudanense x S. vulpare

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

between proposal submission and approval),

Within the cultivated Gramineae, Hx were found in rye, maize and
wheat, but not in barley. Additionally, Hx were found in Triticale (Corcuera

et al., 1987).



Parental material for wheat breeding for high Hx levels were searched
among 55 accessions belonging to 17 Triticum species, Hx were found in all
of them, concentrations varying from 0.2 to 16 mnol/Ky fresh weight. Common

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

Seedlings of 34 barley cultivars were screencd for indol alkaloids.
Gramine was the only alkaloid found, in concentrations ranging from 0 to 4.8
mmol/Kg fr. wt. (ZGfiga et al., 1985). 1In contradistinction, neither gramine

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

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

Hordeum halophylum (Araya, 1987). A review on indol alkaloids from Gramineae

was produced (Corcuera, 1987).

Proline, glycine-betaine and choline were found in various

concentrations in these latter species (Araya, 1987).

c) Infestation experiments with aphids

Resistance to the aphid Sitobion aveénae was assessed on six wheat

cultivars of different Hx levels. A range of values for intrinsic rate of
increase (rm) were obtained, 96% of the variation in which was explained by
Hx concentrations. 0Of the components of rm, age-specific fecundity was the

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 (ZGfiiga et al.,
1985; ZiOhiga & Corcuera, 1986), and also between rate of growth of aphid
populations and gramine incorporated into barley shoots (Zafiiga & Corcuera,

1988),



Water-stressed barley was more susceptible to the aphid S. graminum
than barley growing under normal conditions. (Zofiipga & Corcuera, 1987a,
1987b). Additionally, incorporation of glycine-betaine into excised barley
leaves increased the population growth rate of aphids (§. graminum) on Lhe
leaves. Proline incorporation showed no significant effect, but choline
incorporation decreased significantly the population growth rate (Zdafiiga &

Corcuera, 1987a).

d) Cellular and tissular location of compounds

The distribution of Hx was examined in maize and wheat tissues., Hx
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 (Argandofia & Corcuera, 1985; Corcuera et _a_l., 1987; Argandofia

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

Argandoria et al., 1987).

Electric monitoring of aphid feeding behavior in a gramine-lacking
barley cultivar showed +ihat S. graminum spert more time in phloem ingestion
and R. padi in non-phloem ingestion. In a gramine-containing cultivar, R.

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

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

was 1lincorporated. 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 contenl of wheat seedlings

(Galvez, 1986).

In barley plants, water stress did not alter sipgnificantly gramine
content (Zahiga & Corcuera, 1987b). Water-stressed barley contained
significantly higher amounts of proline and glycine-betaine than barley
grown under normal conditions (2afiiga, & Corcuera, 1987a); Zafiiga & Corcuera,

1987b).

Gramine content of barley decreased with the age of the plant from the
5th day wuntill the 27th. 1In ll-day old barley seedlings, gramine levels
increased with temperature in the second leaf but remained constant in the
first 1leaf. Barley seedlings showed higher gramine content under a long
photoperiod (16/8) than under a short one (8/16). Finally, nitrogen
fertilization increased gramine Jevels 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, Pi—ATP exchange reactlion
and ATPase activity in submitochondrial particles from bovine heart. At

higher concentrations it also inhibited mitochondrial electron transport.

ol



Irreversible inactivation of mitochondrial electron transport, Pi—ATP
exchange reaction and 8-anilino-l-naphthalene energy-dependent fluorescent

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

A scurce of interaction betweer (QIMBOA and enzymic systems are
nucleophilic sites in the enzyme, DIMBOA was 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 (Pérez & Niemeyer, 1985).

g) Decomposition of DIMBOA

Studies of the decomposition of DIMBOA in rnon-aqueocus solvents

supported the following mechanism:

K
CH10 0 OH K, CH30 o CH30 OH CH30
[: :I — @ O — \C[ >
NIO fast K’_' /k )KN/H HCOOH Né
| slow
OH
DIMBOA 1

The conclusion is based on the following data: in low donor number
solvents, k1 is rate limiting and in high donor number solvents, k2 is
rate-limiting (Bravo & Niemeyer, 1985), ii) K could be determined polaro-
graphically in high donor number solvents, and the . alculated 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



(Bravo & Niemeyer, 1986b), iv) borate catalysis of the reaction in agueous
1

solution by formation of an adduct with compound 2 (Pérez & Niemeyer, 1986)

’
1
v) a secondary product was isolated whose formation involved intermediate ér

(Bravo & Niemeyer, 1986a).

h) Field studies

Field trials were conducted on artificial infestation by R. padi and

Metopoloph{gm dirhodum of 14 wheat cultivars varying in Hx, up to day 80

after germination. Climatic factors such as rainfall or temperature could
not explain variations in aphid numbers. 3Gignificant inverse correlations
were found between aphid numbers and Hx in 10 cases. In the other cases,
correlations were poor. Slopes and intercepts of lines varied considerably

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

‘|
CONCLUS IONS

Hydroxamic acids in wheat

The scope of the correlations between aphid resistance and Hx levels

in the plant was widened to include Sitobion avenae.

Hx irhibit various mitochondrial functions, a fact that may be related
to their widespread toxicity. Chemical studies indicate that electrophilic
character of the hydroxamic nitrogen atom and the (hidden) aldehyde group in

Hx, is crucial fcr the inhibition of enzyme complexes,



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 inmportance 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.

Indol? alkaloids in barley

Controlled infestation experiments, assays with artificial diets and
electric monitoring of aphid feeding behavior indicate that gramine 1is
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 harley against aphids decreases, due
to the direct effect of water-stress metabolites and also Lo 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 graminé levels should
be decreased by bhreeding because it is toxic to ruminants. Our results
indicate that such measures might jeopardiz: plant survival by decreasing

its defenses,



Appendix 1: Publications

Grant DPE-5542-G-S$S-4029-00

Proposal: Role of secondary metabolites in the resistance of cereals to

aphids (3F-03)

Principal investigatlor: Hermann M. Niemeyer

1.

10.

Corcuera, L.J., Queirolo, C.B. and Argandofia, V.H. (1985). Effect of
2- —D—glucosyl—d—hydroxy—?-methoxy—l,4—benzoxazin—3—0ne on Schizaphis
graminum (Rondani) (Insecta, Aphididae) feeding on artificial diets,

Experientia 41: 6l4-516.

Argandoiia, V.H. and Corcuera, L.J. (1985) Distribution of hydroxamic
acids in Zea mays tissues, Phytochemistry 24: 177-178.

Zuiiiga, G.E., Salgado, M.S. and Corcuera, L.J. (1985) Role of an indole
alkaloid in the resistance of barley seedlings to aphids, Phytochemistry
24: 945-947,

Bravo, H.K. and Niemeyer, H.M. (1985) Decomposition in aprotic solvents
of 2,4—dihydroxy—7—methoxy—l,4—benzoxazin-3—one, a hydroxamic acid from
cereals, Tetrahedron 21: 4983-4986,

Pérez, F.J. and Niemeyer, H.M. (1985) The reduction of 2,4-dihydroxy-7-
methoxy-1,4-benzoxazin-3-one by thiols, Phytochemistry 24: 2963-2966.

Pérez, F.J. and Niemeyer, H.M. (1986) Effect of borate on the
decomposition of 2,4—dihydroxy—7-methoxy—],4—henzoxazin—3—one, a
hydroxamic acid from Gramineae, Heterocycles 24: 13-16,

Niemeyer, H.M., Calcaterra, N.B. and Roveri, O0.A. (1986) Inhibition of
mitochondrial energy-linked reactions by 2,d—djhydroxy—7—methoxy—l,4—
benzoxazin-3-one, a hydroxamic acid from Gramineae, Biochem. Pharmacol.
35: 3909-3914,

Bravo, H.R. and Niemeyer, H.M. (1986a) A new product from the
decomposi tion of 2,4—dihydroxy—7—methoxy—1,4—benzcxazin—3—one, a
hydroxamic acid from cereals, Heterocycles 24: 335-337,

Zaiiiga, G.E. and Corcuera, L.J. (1986) Effect of gramine in the
resistance of barley seedlings to the aphid Rhopalosiphum padi, Ent.
Exper. Appl. 40: 259-262.

Bohidar, K., Wracten, S.D. and Niemeyer, H.M. (1986) Effects of
hydroxamic acids on the resistance of wheat to the aphid Sitobion
avenae, Ann. Appl. Biol., 109: 193-198.



11,

12.

13.

14.

15,

16,

17.

18.

19,

20,

21.

10

Copaja, S.V., Bravo, H.R. and Niemeyer, H.M., (1986) Quantitation of
N—(2—hydroxy~4—methoxy~phenyl)—glyoxylo-hydroxamic acid, a reactive inter-
mediate in reactions of 2,4—dihydroxy—7—methoxy—l,d—benzoxazin—S—one, J.
Org. Chem. 51: 3542-3545,

Bravo, H.R. and Niemeyer, H.M. (1986b) Interaction of 2,4~dihydroxy-7-
methoxy-1,4-benzoxazin-3-one (DIMBOA) with alcoholic solvents,
Heterocycles 24: 2809-2812.

Corcuera, L.J., Argandofia, V.H. and ZGfiiga, G.E. (1987) Resistance of
cereal crops to aphids: role of allelochemicals. In "Allelochemicals:
Role in Agriculture, Forestry and Ecology". Waller, G.R., ed., American

Chemical Society Symposium Series, pp. 129-135,

Zifiiga, G.E. and Corcuera, L.J. (1987a) Glycine-betaine accumulation
influences susceptibility of water stressed barley to the aphid
Schizaphis graminum, Phytochemistry 26: 367-369.

Niemeyer, H.M., Calcaterra, N.B. and Roveri, O0.A. (1987) Inhibition of
energy metabolism by benzoxazolin-2-one, Comp. Biochem. Physiol., in
press,

Z0fiiga, G.E. and Corcuera, L.J. (1987b) Glycine-belaine in water stressed
barley reduced the effects of gramine on the aphids Schizaphis graminum
and Rhopalosiphum padi, Phytochemistry, in press.

Argandoiia, V.H., ZGfliga, G.E. & Corcuera, L.J. (1987) Distribution of
gramine and hydroxamic acids in tissues of barley and wheat leaves,
Phytochemistry, in press,

Niemeyer, H.M. (1987) Hydroxamic acid content of Triticum species,
Euphytica, in press.

Corcuera, L.J. (1987) Indole alkaloids from Phalaris and other Gramineae,
In "Toxicants of Plant Origin. Vol. I. The Alkaloids". Cheeke, P.R.,
ed., CRC Press Inc., Boca Raton, FI, in press.

Galvez, R., Quiroz, C. and Argandofia, V.H. (1988) Presencia de adcidos
hidroxdmicos en trigos cultivados en el campo y niveles de infestacidn
de afidos, manuscript in preparation.

Z0fiiga, G.E. and Corcuera, L.J. (1988) Effects of gramine on the feeding
behavior of the aphids Schizaphis graminum (Rondani) and Rhopalosiphum
padi (L), manuscript in preparation.




11

Appendix 2: Communications presented in meetings

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. Niencyer

A. International Meetings

1.

Zuiiiga, G.E. & Corcuera, L.J. (1985) Effect of betaine on susceptibility
of water stressed barley to aphids. Annual Meeting of the American
Association of Plant Physiologists, Providence, RIT, USA, June 23-28
(abstract only).

Corcuera, L.J., Argandofia, V.H. & Zuiiiga, G.E. (1985) Role of allelo-
chemicals in the resistance of cereal crops to aphids. 190th National
Meeting of the American Chemical Society, Chicago, USA, September 8-13.

Niemeyer, H.M., Pérez, F.J., & Bravo, H.R. (1986) Hydroxamic acids from
Gramineae. Function in the plant and mode of action. V Conferencia de
Fisico-Quimica Orgénica, Florianépolis, Brasil, April 2-4.

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.

Argandofia, V.H. & Corcuera, L.J. (1986) Distribution of gramine in
barley tissues. Annual Meeting of the American Association of Plant
Physiologists. Baton Rouge, Louisiana, USA, June 8-12 (abstract only).

Niemeyer, H.M., & Pérez, F.J. (1986) Hydroxamic acids from Gramineae:
their role in aphid resistance and their mode of action. Sixth
International Symposium on Insect-Plant Relationships, Pau, France, July
1-5,

. Wratten, S.D., Niemeyer, H.M., Thackray, D.J. & Edwards, P.J. (1986)

Effects of hydroxamic acids on the resistance of wheat to the aphid
Sitobion avenae. Sixth International Symposium on Insect-Plant
Relationships, Pau, France, July 1-5,

. Niemeyer, H.M. y Pérez, F.J. (1986) Los acidos hidiroxamicos del trigo y

la obtencidén de variedades resistentes a Aafidos. XVII Congreso Latino-
americano de Quimica, Bogota, Colombia, Octoher 12-19,



12

B. National Meetings

1.

()]

10,

11.

ZGfiiga, G.E. & Corcuera, L.J. (1984) Papel de un alcaloide indélico en
la resistencia de la cebada a Aafidos. Reunién Nacional de Botanica, La
Serena, September 24-29,

Zafiiga, G.E. & Corcuera, L.J. (1984) Papel de la gramina en la resisten-
cia de la cebada a Schizaphis graminum. Jornadas Agronémicas, Santiago,
October 1-5.

2afiiga, G.E. & Corcuera, L.J. (1984) Efecto de algunos alcaloides
indblicos simples en la resistencia de la cebada a Afidos. Reunién
Nacional de Productos Naturales, Valdivia, Hovember 13-16.

Argandofia, V.H. (1985) Localizacién tisular de meLabolitos secundarios
en gramineas y tasa de crecimiento poblacional de Schizaphis graminum,
Reunidén Anual de la Sociedad de Biologia de Chile, Pucén, November 28-30.

Zafiiga, G.E. & Corcuera, L.J. (1985) Efectos de la gramina en la
resistencia de la cebada a los afidos Schizaphis graminum y Rhopalosiphum
padi. Reunidén Anual de la Sociedad de Biologia ce Chile, Pucén, November
28-30.

Niemeyer, H.M., Pérez, F.J. & Bravo, H.R. (1985) Acidos hidroxamicos de
gramineas: funcién en la planta y modo de accidén. Simposio de Bioorgani-
ca, Concepcidn, Hovenmber 26-29.

Brzvo, H.R. & Niemeyer, H.M. (1985) Un nuevo producto de la descompo-
sicién de 1la 2,4—dihidroxi-?—metoxi—benzoxazin—S—ona (DIMBOA), un acido
hidroxdmico de gramineas. Jornadas Chilenas de Quimica, Osorno, December
3-6,

Pérez, F.J. & Niemeyer, H.M. (1985) Efectos micelares sobre el equilibrio
dcido-base y la velocidad de descomposicién del DIMBOA. Jornadas Chilenas
de Quimica, Osorno, December 3-6.

Septlveda, B.A. & Corcuera, L.J. (1985) Posible papel aleloquimico de un
alcaloide indélico de 1la cebada sobre Heliothis zea y Pseudomonas

syringae, Jornadas Chilenas de Quimica, Osorno, December 3-3.

ZGhiga, G.E. & Corcuera, L.J. (1985) Efectos aleloquimicos inducidos por
el déficit hidrico en la cebada. Jornadas Chilenas de Quimica, Osorno,
December 3-6.

Niemeyer, H.M. y Pérez, F.J. (1986) Acidos hidroxamicos en trigo: un
criterio quimico para la seleccién de variedades, resistentes a &fidos.
Simposio de Quimica Yy Utilizacién de Recursos Naturales, Concepcién,
July 22-25,



12.

13.

14.

16.

17.

18.

19.

20.

13

Zaniga, G.E., SepGlveda, B.A. & Corcuera, L.J. (1986) Inhibicién de los
efectos de gramina por glicina-betaina en Pseudomonas syringae. Reunién
Nacional de Botanica, Valdivia, September 23-26.

Galvez, G.R. & Argandofia. V.H. (1986) Resistencia quimica a Aafidos en
trigos cultivados en el rcampo. Reunién Nacional de Bot&nica, Valdivia,
September 23-26.

ZOfiiga, G.E., Argandofia, V.H. & Corcuera, L.J. (1986) Distribucién de
prolina y glicina-betaina en cebada. Reunién Nacional de Botéanica,
Valdivia, September 23-2G.

Septulveda, B.A. & Corcuera, L.J. (198G) Efecto y mecanismo de accién de
la gramina sobre Pseudomonas syrinpgae, Rennién Nacional de Botanica,
Valdivia, September 23-25.

Zafiiga, G.E. & Corcuera, L.J. (1986) Efecto de gramina sobre la distribu-
cién de 4&fidos en cebada. Reunidn Nacional de Boténica, Valdivia,
September 23-26.

Salas, M.L. & Corcuera, L.J. (1986) Efecto del nitrato de potasio sobre
la concentracién de gramina y 1la resistencia de la cebada al &fido
Schizaphis graminum. Reunidn Nacional de Botanica, Valdivia, September
23-26.

Araya, F. & Corcuera, L.J. (1986) Efecto de iones en la resistencia de
Distichlis spicata al &fido Schizaphis graminum. Reunién Nacional de
Botanica, Valdivia, September 23-26.

Pérez, F.J. & Niemeyer, H.M. (1986) Inactivacién de 1la papaina por
l,4-benzoxazinonas. Reunién de la Sociedad de Biologia de Chile, Pucén,
November 26-29,



14

Appendix 3: Student training

Grant DPE-5542-G-35-4029-00

Proposal: Role of secondary metabolites in the resistance of cereals to

aphids (3F-03)

Principal investigator: Hermann M. Niemeyer

A. Thesis (finished)

1,

Galvez, R.H. (198G) Presencia de Aacidos hidroxamicns en trigos cultivados
en el campo y niveles de infestacién de 4fidos. Thesis for Licenciado in
Education (Chemistry and Biology), Facultasd de Ciencia, Universidad de
Santiago de Chile.

Salas, M.L. (1986) Factores ambientales y fisioldgicos que afectan el
contenido de gramina en cebada. Thesis for Licenciado in Education
(Chemistry and Biology), Facultad de Ciencia, Universidad de Santiago de
Chile.

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

Zafiga, G.E. (1987) Papel de los alcaloides indélicos en la resistencia
de la cebada a dafidos. Thesis for M.Sc. in Biological Sciences, Universi-
dad de Chile.

B. Thesis (in progress)

1.

Pérez, F.J. (1987) Interpretacién bioquimica de la actividad biolégica
de los &cidos hidroxdmicos de gramineas. Thesis for Ph.D. in Biological
Sciences, Universidad de Chile.

Seplilveda, B.A. (1987) Papel de metabolitos secundarios de cereales en
la proteccién natural contra el ataque de Heliothis zea y Pseudomonas

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)



Appendix 4: Financial report
Grant: DPE-5542-G-SS-4029-00

Proposal: role of secondary metabolites in the
aphids (3F-03%)

Principal investigator: Hermann M. Niemeyer

Equipment

Refrigerated centrifuge (Sorvall RC-SB)

Gas chromatograph (Shimadzu GC-9A)

Liquid Chromatograph (Shimadzu LC-GA)
Spectrophotometers (Shimadzu UV-240 and UV-120)
Electronic balance (Shimadzu EB-2800)

Personal computer (IBM PC-AT)

Refrigerated baths (Lauda RM6 and RM20)
Recorder (Graphtech $R-6211)

Microscopes (Nikon XF-21E and SMZ-2T-D)

Supplies

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

Salaries
Graduate students:

Arturo Givovich
Antonieta Oehrens
Antonio Sepdlveda
Gustavo Zifiiga

Undergraduate students:

Ricardo Galvez
Victoria Rojas
Luz Salas

resistance of cereals

US$ 17.833

43,677

6,460

4,364

1,530

9,504
*————ﬁ
US$ 83,368

US$ 15,125.04
6,093.00
1,544.38

US$ 22,762.4:

US$ 1,410.31
795.35
2,150,66
2,583.74

467.44
677,00
795.35

15

to



16

Technicians:

Vivian Benavides 1,537.28
Jacqueline Grez 281.96
Lilian Mufioz 2,612.49

US$ 13,611.58

Travel
T
In 1985 (LuisACorcuera, USA) Uss 2,175
In 1987 (Hermann M. Niemeyer, USA and Canada) Us$s 2,809
—_——
US$ 4.984
Other costs
Interfaces and software (Data Translation) Us$ 5,274
SUMMARY
Requestqg 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 aco _—
Other costs 4,500 5,274.00
TOTAL US$130,000 US$130,000.00

Hermann M, Niemeyer
Principal investigator

Camilo Quezada
Dean


http:US$130,000.00
http:5,274.00
http:4,984.00
http:13,611.58
http:22,762.42
http:83,368.00
http:13,611.58
http:2,6i2.49
http:1,537.28

RIL

Experientia 41 (19%S). Burkhauser Verlag, CH 4010 Bascl Switzerland

Effects of 2-f-D-glucosyl-4-hydroxy-7-methoxy-1,4-benzoxazin-3-one on Schizaphis graminum (Rondani) (In-

secta, Aphididae) feeding on artificial diets

L.J. Corcuera', C.B. Queirolo and V. H. Argandofa

Departamento de Biologia, Facultad de Ciencias Basicas Y Farmacéuticas. Universidad de Chile, Casilla 653, Santiago (Chile ),

2% May 1984

Summary. 2-B-Glucosyl-4-hydroxy-7-methoxy- 1 4-benzoxazin-3-one (DIMPOA-Gilc). the main hydroxamic acid from maize and
wheat. and its aglucone. decrcased survival of Schizaphis graminum reared on artificial diets. Both compounds were toxic for
apids and acted as feeding deterrents. at concentrations as low as | mM. The natural concentrations of glucosides of hydroxa-
mic acids in wheat leaves reach up to 6 mmoles‘ke fresh weight. thus falling within the ranige in which DIMBOA-Gle causes

deleterious effects to diet-fed aphids

Aev words. Hydroxamiic acid: cereals; maize. wheat: aphids: greenbup

Hydroxamic acids from Poaceae (Gramineae) seem to pley a
role i plant resistance 10 Ostrona nubilals” Rhopalosiphum
maidis”, Metopolophium dirhodum* and Schizaphis graminum
DIMBOA. the main hydroxamic acid from maize and wheat

extracts, decreases feeding. survival and reproduction rate of

aphids reared on artificial diets®”. However, DIMBOA 1S
present in tissues as a glucoside (DIMBOA-Glc). The purpose
of this work is to describe ihe effects on aphids of DIMBOA.
Glc and to compare them with those of DIMBOA.

Experimental. 1solation of DIMBOA-Glc. Seedlings (Zea mayvs
L. cv TI29s) were grown in a greenhouse under permanent
hght at 30°C. 7-day-old seedlings (950 g) were slowly added to
1000 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 was
adjusted 10 10 and the sample centrifuged at 10.000 » g for 10
min. The supernatant fluid was acidified (pH 3, HChH and
washed three times with diethylether (2:1 vv cther:extract).
The volume of the aqueous phase was reduced to 25 ml and
added to 600 ml of methanol. The resulting suspension was
filtered and the solid (22.9 g) discarded. The volume of the
filtrate was reduced 1o 20 ml 1o which 100 ml »f methanol were

added. The solid formed (1.2 g) was removed by filtration and
discarded. Acetone (300 ml) was added 10 the solution and the
precipitate formed (17.6 g) was also removed by filtration. The
solution was evaporated to dryness and dissolved in 50 ml of
water:methanot 3:1 viv.

This solution was added to a column (300 x 35 mm i.d.) of
SP-Scphadex C-25 (Pharmacia) in the Fe(IIl) form and equili-
orated with water:methanol 3:1 v/v. This colurnn binds hydro-
xamic acids, turning 2 deep bluc*. The column was washed
with 1700 ml of the same solvent (33 mi/h). The sample was
then cluted with 300 m! of water:methano! 3:1 v/v saturated
with NaCl. The bluc fractions were coliected (158 ml). The
iron was displaced from 1ts hydroxamic acid complex by addi-
tion of 70 ml of 0.83 M EDTA pH 8.5. The precipitate formed
was removed by filtration. The solution was neutralized with
NaOH, concentrated and filtered. Aliquots of 6.5 ml were
added to a Sephadex G-10 column (720 x 45 mm i.d.) pre-
viously equilibrated with CHCly-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 ineasuring the absorbance of the
fractions at 260 nm, by treating the fractions with FeCl, and



Lxperrentian 41 (1988), Birkhauser Verlag, CH 4010 Basel Switzerland

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 onc peak which contained both
hydroxamic acid and sugar was observed. This peak had an
elution volume of 615 ml. Peaks with elution volumes of 44
and 475 ml co-caromatographed with Fe-EDTA complexes.
The FeCl, and anthrone positive fractions were pooled and
evaporated to dryness. The compound obtained (m.p. 250-
251°C) had equimolar amounts of hydroxamic acid and sugar.
as determined by the FeCl, and anthrone tests, respectively.
The compound was identificd as DIMBOA-Gle by its UV,
NMR and mass spectra, which were the same as those pub-
lished™ ", The vield of DIMBOA-Gle was 1.3 g’kg of fresh
tissue. DIMBOA was isolated as described'.

Aphid assays. Indwiduals of Schizaphis graminum (Rondani)
were collected from naturally-infesied barley near Santiago
and allowed to reproduce on plants of Hordewm distichum L.
¢v Fola Union kept under continuous light at room lempera-
ture. Feeding assays were made with diets placed between two
tayers of Purafilm M"* The dict was as described', plus DIM-
BOA-Gic or DIMBOA. When young aphids were used for ex-
periments, they were 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,

Results. Survival and 1eproduction of aphids. DIMBOA-Glc
and DIMBOA were offered separately to nymphs of S. grami-
nunt in diets (fig. 1). Both compounds decreased survival of
aphids. DIMBOA being more lethal than DIMBOA-Gle. The
concentrations necessary (o produce 50% mortality were 4.0
und 1.2 mM DIMBOA-Gic and DIMBOA. respectively.
Adults of S. graminum were fed DIMBOA-Gle or DIMBOA
and reproduction rates were measured (fig. 2). Both com-
pounds decreased reproduction rate at concentrations as low
as 0.25 mM.

Toxicity and feeding dererrence. Aphid nymphs of S. graminum
were exposed to diets containing DIMBOA-Glc or DIMBOA
and the fraction of aphids that were feeding on the diets was
determined. Both compounds showed appreciable feeding de-
terrent activity even ai the lowest concentration tested (0.5
mM).

Conorts of nymphs of 8 graminum were offered dicts contain-
ing DIMBOA-Glc or DIMBOA and then transferred to diete

DIMBOA-Glc

DIMBOA

Aphid survival (%)
8

Test compound (mi4)

Figure 1. Effect of DIMBOA-Gle and DIMBOA on survival of nymphs
of 8. graminum reared on artificial diets Survival, expressed zs percent
of initial individuals, was determined after 24 h of feeding. Each point is
the average of three samples of 10 aphids cach

518

without hydroxamic acids. Aphid survival was dctermined
{fig. 3). The lowest survivals were observed with 6 mM DIM-
BOA-Glc and 4 mM DIMBOA. At higher concentrations both
DIMBOA-Gic 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, graminum fecding
on artificial diets.

Discussion. Most of the knowledge about the activity of hydro-
xamic acids from maize and wheat on insects has been ob-
tained by testing the effects of DIMBOA? 7, Since DIMBOA s
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Figure 2. Effect of DIMBOA-Glc and DIMBOA on reproduction of
adults of S. graminum reared on artificial diets. Reproductive index
(number of nymphs born number of adults alive) was determined after
feeding adults for S50 h Each pornt 1s the mean of five samples of five
adults cach
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Figure 3. Effect on aphid survival of exposure for a limited time to
DIMBOA-Gic or DIMBOA. Nymphs of S. graminum were exposed to
diets with DIMBOA-Gl or DIMBOA for 12 h and then transferred to
control diets without hycroxamic acids. Survival was determined 24 h
later as a function of hyaroxamic acid concentration in the initial diets.
Each point is the. average of three samples initially of 10 aphids each.
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not found in intact tissues, the properties of the naturally-
present DIMBOA-Gle may be important in plant-insect inter-
actions Although DIMBOA was alwavs a mare active mole-
cule, DIMBOA-Glc also showed feeding deterrent and toxic
activities on S. graminum. Since DIMBOA-Gle may be hvdro-
lyzed to DIMBOA upon disruption of cells during inscet feed-
ing", the 10xic and feedmg deterrent properties of both com-

pounds may be relevant to plant protection. The cffects of

both compounds on aphids fed on artificial dicts were obser-
ved at a concentration ranpe similar to that found in wheat
leaves (0.1 10 6.3 mmoles kg of fresh weighty Since an inverse
correlation between hydroxamic acid content of leaves and
aphid infestation level has been found**, it is possible that va-
ricties resistant to aphids may be obtained by selecting those
with higher hydroxamic acid content It is difficult to predict
the concentration of hydroxamic acid necessary to achieve
plant protection against S. graminum. However, it has been
found that plants with more than 4 mmoles kg of fresh weight
in their leaves wre not susceptible 10 S, graminum and Metopo-
lophivn: dirhodum™ .

I To whom correspondence should be addressed. This work was sup-
ported by grants from International Foundation for Science (484).
Umiversidad de Chile (N-1654) and the Ageney for International
Development
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DISTRIBUTION OF HYDROXAMIC ACIDS IN ZEA M AYS TISSUES

VICTOR H. ARGANDORA and Luis J. CORCUERA
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Key Word Index—Zea mays; maize: Triticum durum; wheat; Gramincae; 1,4-benzoxazin-3-ones.

Abstract-—-The hydroxamic acid content of leaves of cereals correlates weli with resistance to aphids. In maize these
compounds were absent from xylem exudates and guttation drops. Lateral veins of leaves of 7-day-old maize piants
contained 8§ mmo! kg f1. wi while the entire leaf contained only 4.2 mmol/kg fr. wt. In leaves of 20-day-old plants, these
amounts decreased by ca one-third. In mesocotyls, the cortex and central vascular cylinder contamed 1.3 and
2.2 mmol‘kg fr. wi, respectively. In 12-day-old wheat plants. the complete leaves and their veins contained 2.4 and
6.4 mmol kg {r. wtrespectivels. The s, the concentration of hydroxamic acid was always higher in the vascular bundies.

INTRODUCTION

Plant secondary mctabclites may be important in protect-
ing plants aguinst herbivores and plant pathogens. For
example. hydroxamic acids from the Gramineae have
been supgested 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 Scinzaphis graminum (Rondani) at concentra-
tons lower thar those usually found n plant sap [4]
Hydreaamic acids are found in roots. shoots and leaves of
maize but therr jocation in the tissues of these organs 1s
unknown [ 5] Secondary metabolites. such as cyanogenic
glucosides 1 Sorghum, may be compartmentalized in plant
ussue {oi Ir this paper we report that n maize
hydroaamic acids are preferentially concentrated around
vascuiar ussues

RESULTS AND DISCUSSION

Hydroaamic acids were not homogeneously distributed
among the vanous parts of maize leaves of 7- and 20-day-
uold plants . Tabi | The concentration in the lateral veins
was higher that- that in the rest of the leaf Additonally,
hydronamic soids were not detected in guttation drog.: r
x¥lem exudates Similar results were obtained when
several leaves of a 35-dav-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 Triticum durum cv SNA-3.
The concentration of hydroxamic acid in the vascular
tissues of these leaves was 6.4 mmol/kg tr. 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 reparted [3]. their concentra-
tion decreased as plants became older. Also, hydroxsmic
acids werc more concentrated in the stele (vascuiar
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

PHYTU 24:1-L

concentration of organic acids in xylem cxudates [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 may be of
importance for the resistance of the plants 1o aphids The
greenbug Schizaphis graminum feeds predomimnantly from
the phloem and secondarily from mesophyl! tissue of its
host plant [i0]. Phloem and other tissues found in the
stele may be protected by the high concentration of
hydroxamic acid« against aphid feeding because of their
toxic and fecding deterrent properties [4]

Table 1. Hydroxamic acid distribution 1n leaves
ol maize

Bydroxamic acid
tmmol kg Ir wi)

7-Dav-old  20-Dur-old

Leaf part* plauts plant
Complete leafl 42201 1.3+01
Central vein 48+0.1 1.0+ 0.1
Lateral veins 80+0.2 27402
Guttation drops nd. nd
Xylem exudate nd. n.d

* Plants were grown in a greenhouse. The second
leal to appear was used for analyses. Guttation
drops were obtained from the tips of leaves. 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 &
maize plant

Hydroxamic acid (mmol/kg fr. wi)

Central Lateral Complete
Leaf* vein vein leaf
Second 06101 09400 08101
Third 1.0t 01 32402 09101
Fourth 19402 48103 19402

* Planis were grown in a greenhouse for 35 davs. Leaves
were ordered from the oldest (first to appear) to the
youngest The first leaf was not analysed because of its
senesceni state The numbers (+ 5.} are the mean of (wo
samples of several equivalent leaves of various plants

Table 3. Hydroxamic acid content in cortex and vascular cylin-
der of roots and mesocotyls of maize scedimgs

Hydroxan-ic acid® (mmol‘kg fr. wt)

Root Mesocotyl
Plant par 4+ 8 4t 6 7 8
Corter KR 10 36 59 1.1 1.3
Vascula- cvhinder 45 23 15 el 31 22
Compict: orgar 35 1.5 57 6.2 1.9 1.4
"Piert of maize were grown in the dark a' 28 Values

represere the mean of two samples. Standard errors were similar
to thowe recorded in Tables 1and 2 and are omutted for the sake
of simnian

TP apcadavyg

EXPERIMENTAL

Piare tiovsue Plants of Zea mays o Ti2% and Trineum durum
¢y SNA-X were grown in soll in a greenhouse Lnder permanent

light, being irngated with tap H,0. Temp. varicd between 22 at
night and 28" during the day. Plant tissues were homogenized n
distilled H,0 and centrifuged at 35004 for 15 min The
supernatant fluid was adjusted 1o pH 3 (1 M HC!), extracied into
Et;0 (2:1 v/v, Et,O-extract) and evapd to dryness. This extract
was used for quantitanon of hydroxamic acids as previously
described [ 3)

Separation of tissues. Primary and secondary veins from leaves
were separated using carborundum as described in ref. [11]) and
then by mecharical separation with a dissection needle under a
stercoscope. 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 [12]. The stele was then pulled
out from the basc of the mesocotyl The separated cortical and
vascular cylinders were used for analyses of hydroxamic acids.
Vascular eylinders from principal roots were obtained by making
a longitudinal cut 3 Smm below the transition zone which
allowed the removal of the cortex

Acknowledgements - This - research  was  supported by the
Agency for International Development (Grant 4X4} and the
Universidad de Chile (Grant No. 1654)
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ROLE OF AN INDOLE ALKALGID IN THE RESISTANCE OF BARLEY
SEEDLINGS TO APHIDS
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Abstract—The content of the simple indele alkaloid gramine in barley leaves decreased with age. Conversely,
susceptibility to aphids increased in older plants. Population growth rate of the greenbug Schizaphis graminum
correlated with gramine content of leaves of several barley cultivars. Gramine decreased rate of feeding, survival and
reproductive index of aphids feeding on artiticial diets at coneentrations similar to those found in plantleaves. Thus.itis
sug gested that gramine plays a role in the resistance of bailey seedlings 1o S. graminum. Benzyl alcohol. a previously
reported insect resistance factor trom barley. was absert from all barley cultivars analysed.

INTRODUCTION 0.01 mmol; kg fr.wt. Since a much higher concentration of
benzylalcohol is required 1o cause delelerious effects on S.
graminum feedmng on artificial diets (LD4,0.3 mM) it may
be suggested that this compound is not a resistance factor
of barley to aphids.

Seeds of 34 barley cultivars were germinated in the
dark, at 25 for 6 days, and the gramine content of the
shoots (mesocotyl and coleoptile) was determined by
using Ehmann’s reagent for indoles (see Experimental).
Each extract was also analysed by TLC, gramine being the
only indole aikalmd present, Cultivars differ in their
gramine content, ranging from 0 to 4.8 mmol kg fr.wt.
Graminc was not detected in seeds. Cultvars Rogers
and Omug had a graminc content of (.25 and
0.7 mmol kg ir wi, respectivels

Plant chemicals may  affect resistance of several
Gramineae to aphids. Resistance of Sorghum to the aphid
Schizapiux graminum has been associated to the degree of
methyiation of the intercellular pectin [1]. Hydroxamic
acid content in leaves of corn, rye and wheat correlates
with plant resistance to aphids [2-4]. It has been pro-
posed that resistance of some barley varieties may be
attributable 1o the presence of several phenolics or
flavoncrds ['S] Benzylalcoholaiso has been suygested as a
possible resistance tactor of small grains to the greenbug
[6]. bu' these results have not been confirmed.

Granune 11 a simple indole alkaloid. 18 present in
seversl parley cultivars reachmg concentrations of up to
Emyg v drvwe | 9 Indoie alkaloids are responsible for
tonns o Phatars: pastures 1o sheep and cattle [10012),
Thesw compounds cause vanous eflfects on ruminants  Gramine content and resistance 1o aphids
[13] decreae tood palatability 1o lambs [ 147, and cause
Kidnes eston o ghveosura and werght Josses 1 meadow
voies fec on pramine [13] Indoie alkaloids also decrease
survivg” of aphds feeding on aruficial diets and are
teeding deterrent [ 1o L this peper. the possible roles of
benoad aicohot ang gramine m the resistance of barley 1o
Sograminun: are dpcussed

Varieties that lack benzyl alcohol and difler in gramine
content were seiected for aphid infei.1on experiments.
Ten-day-old plants were infested wiih aphids and the
inszct population and gramine content ¢f leaves were
determined at 10 and 20 days (Fig. 1) Gramine content
decreased with plant age. The most susceptibie variety was
F. Union. & gramine-lacking plant, while varicties with a
higher granune content than average were more resistant

RESULTLS 1o the aphid. Older plants were more susceptible to
aphids (not shown). To explore further this apparent
Benzyl alcohal and gramine in bariey effect of gramine on aphid population growth rate, several

barley varicties were infested with S. graminum and the

Benzyl alcohol & previously reported plant resistance ; .
) pi Y e p population growth rate was determined over a 6-day

factor to §. graminum [6] was not detected in any of the

barley cultivars analysed (cv. Rogers, Omugi, F. Union. interval. A correlation (r = - 0.98) was observed Pclwccn
Cruzatand Austrahana). Plants analysed were 10-day-old, g”_‘m"""' content and aphid population growth rate
grown in the dark, or 20 30-day-old. grown under lightat ~ (Fig- 2)
25, The limit of detection of the method was
-—'I NMe,

* Present address. Departamento de Brologia, Universidad de :
Antofagasta. Casilla 1240, Antofagasta. Chile.

*To whom correspondence should be addressed |
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Fig. 1. Gramine content and susceptibility of barlcy leaves to
Schizaphis graminum. Filled and open cymbols indicate aphid
population and grarunc content, respectively. (A ... barley cv.
Cruzat, ®  cv. Australiana;® - ov. F. Union). Two nonalate
adults were placed on each 10-day-old plant. Values are the
average of three samples of five plants each. Verucal bars are | s €.

Growth rate tday ')

a-

o

T
Gramine immol/ng te wt

Fig. 2 Gramme content and popuiation growth rate of

Sciuzaphis gramimum on barley cultivars Nine-day-old piants

were infested with two nonalate adults Aphids were counted and

leaves anaiysed for gramine content atter 6 davs Values represent

the average of three samples of five plints cach Vertical bars are
I'se Aphid population growth rute = IntAN7 Ni) Ar,

Effects of yranune on aphids

Gramine decreased survival ¢ aphids reared on aru-
ficial diets with an L, of 0.8 mM kg 3iatter 24 hr of
teeding. Inaddition, grarmne aiso decreased diet intake by
aphids with an ED, of 2.1 mM afier 5 hr of feeding
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Fig. 3 Elect of gramine on diet mgestion and survival of

nymphs ol Schizaphis grammum Diet ingestion was the dit-

terence i wi of the diet between the beginning of the experiment

and at S @y and 7 (g hr. Survival was measured after 24 hr of

feediag Each point is the mean of three samples consisting of 10
aphids each. Veruaai bars are 1 se
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Fig. 4. Effect of gramine on reproduction of Schizaphis grami-
num reared with artificial diet. The repreductive index {number of
nymphs,average number of udults) was measured after feeding
aphid aduits for 72 hr. Each point 1s the average of three samples
consisting of five aphids each. Verucal bars are | se.

Lower gramine concentrations decreased reproduction
(Fig. 4). Thue, gramine had deleterious effects on aphids at
concentrations similar to those found in barley leaves.

DISCUSSION

Since indole alkaloids cause acute loxicity and decrease
palatibility of several grasses to mammals, it has been
proposed that alkaloid content of various Gramineac be
reduced by plant breeding [9. 17]. Also, it has been
suggested that gramine accumulation 1n barley plants
grown n hot environments may have potentially deleter;-
ous consequences, both for the producuvity of livestock
and tor the heat tolerance of the crop itsell [9].

This and previous work [16] have shown that gramine
causes toxicty, feeding deterrence and decrease in repro-
duction rate of aphids reared in aruficiat diets. Also,
gramine content correlated with resistance 10 the green-
bug S yranuinum. Moreover, gramine concentration in
barley 15 sufficiently high to causc toxicny or feeding
deterrence te aphids. Thus, it is likely that gramine plays a
role in protecting barley from aphid attack.

Eliminating or decreasing gramine content of plants by
plurt breeding may be convenient 1or feeding hvestock
butit may also increase susceptibility of the crop to insects
and otter herbivores. It would be advisabic to study
alternative resistance mechanisms of ths plant 1o insects
betore recaommending the selection of cultivars with a low
gramine content

EXPERIMENTA{

Aphu: Ind:viduals of tne greenbug Schizaphis graminum
(Rondani were reared on Hordeun: distichum o F. Union
Plants and zphids were kept at 28 under permanent light.

The diet was a pH ¢ soln of 357, sucrose, amino acids and
mincral salts [16). placed between two layers of Parafilm M [18].
All feeding experiments were performed at 28 under permanent
fluorescent Light

Intestation experiments, Seed were planted 1n pots filled with
soil and grown under continuous hight 1o a greenbouse (2328 ),
Plants were antested with nonalate adufts and covered with a
nylon net

Preparation of plani extracts for benzylalcohol analysis. Barley
leaves (3050 gy of various ages grown in the dark or under light
were macerated with a mortar and pestle. The extract was filtered
through cheesecloth, pH adjusted 1o 3 with | M HC! and
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centrifuged to 5000 ¢ for S min. The aq extract was divided 1nto
4-m!aliquots to which benzyl alcohol was added 10 reach various
concns (0, 0.2, 04, 0.6, 0.5 and 1.0 mM) These solns were
extracted into EtOAc. Benzyl alcohol recovery was 8% °,. These
samples were used for analyses in a Perkin-Elmer 900 gas
chromatograph equipped with FID and a 3°, Carbowar 20 M
glass column (2 m x 3 mm). Niutrogen (40 m), min) was used as a
carrier. Chromatograms were performed under isothermal con-
ditions {135 ) Benzvl alcohol and int. standard (3-phenyl-1-
propanol} had retention umes of 3.3 and 6.5 min, respectively.

Preparation of exteacts for gromne analysis Plant leaves
(2 3 giwere frozen und then macerated using & mortar and pestle
with 20mi McOH NH,OH (100:1) The extract was filtered
through glass-wool The filtrave was evapd and the residue was
dissolved in S m! 0.1 M HCL This soln was filtered 1n Whatman
No I peper. adjusted 1o pH 9 with conc NH,OH and extracted
into CHCI, ¢ x 21 Gramine recovery under these conditions was
97", The orgamic phase wats evapd 1o dryness. These extracts
were used for gramine analyses. Indoles form colored complexes
with Ehmann's reagent {19} Granune forms a pink compley
{7mary S50 nm. 1 42070 Each extract was abo analysed by TLC
(sihica gel GF 254 plate, MeOld NH,OH (711}, granance B, 0.55)
Granune was the only indole alkalord barley detected by this
procedure

Achnowledgements - This work was supporied by Universidad
de Chile tGrant N-1654), Internationai Foundation for Science
(Grant 4841 and Agency for nternational Development. The
authors areindebied to Ing. Agr Edmundo Beratto for providing
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DECOMPOSITION IN APROTIC SOLVENTS OF 2.4-
DlHYDROXY-?-METHOXY-!,4-BENZOXAZIN-3-ONE. A
HYDROXAMIC ACID FROM CEREALS
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Facultad de Ciencas, Universidad de Chile, Casilla 653, Santiago, Chile
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Abstract - The decomposition of the title compound (DIMBOA, 1) in aprotic solvents was analysed in terms
of linear solvation energy relationships using donor numbers. The results indicate rate-limiting cyclic
hemiucetal opening in low donor number solvents and raie-limiting isocvanate formation in high donor

numbersolvents, Theaddition of H,0 to DIMBOA dec

omposing in high donor number solvents had no effect

upon the reaction rate, allowing one of the two proposed mechanisms 1o be rejected.

Extracts of certain Gramineae such as rve. wheat and
maize contain hydroxamic acids' which inhibit growth
and development of piant pathegens®™ and are
involved in cereal resistance to various insects **
Knowledge of the reactivity of these compounds
solution is essential for the molecular interpretation of
their widespread toxicity .o~

Two mechanisms for the decomposition of these
acids in aqueous solutions have been proposed. Both
coincide in proposing the fast opening of the hemiaceta)
as the first step. Ju one mechanism.* an Isocvanate
intermediate (3) weuld be formed in the rate-limiting
stepofthe reaction by attac of the hydroxamic oxygen
atomonthealdehyde function of the z-ketoaldehvde(2y
(Scheme 1. path A ). In the other.” evelisation of 2 would
form the S-membered hemiketal 5. water would then
add in the rate-limitung step to the aldehyde function of
S converting it to a better clectrophilic leaving group
and finally formicacid and water would be formed from
this electrophilic residue and the hydroaamic hvdroayl
group, leaving @ compound which tautomerizes to the
corresponding benzoxazolinone (4). The partiapation
of water may be assessed by studying the effect of added
water on the decomposition reaction i aprots
solvents. In this paper. we describe the decompositior,
of2.4-dihydroxy - 7-methoxy - 1.4 - benzorazin - 3 - one
(DIMBOA. 1). the mun hvdroxamic acid in maize
extracts.'®inaproticsolvents. A prehminary account of
this work has been published !

EXPERIMENTAL

Isclatim of DIMBOA DIMBOA was isolated from
cthereal extracts of 7-day old seedlings of Zea mays 1. v LI
Rinconada grown under continuous light in a greenhouse 1t
2843 * ldentification was made by comparison of UV, IR
and NMR spectra with reported spectra 17 14

Solvents. Solvents were purified and dried by described
methods.'® In addition, they were feft 5 hr over 0.3 nm
molecular sieves, passed through a 0.4 m column packed with
molecular sieves and finally distilled under inert atrnosphere.

Kinvtics. Decompositions of DIMBOA {0.06 M) were
carried out in vessels fitted with 1eflon-coated silicon septa.
Kinetics were followed by treating aliguots of the reaction
mixture with FeCly reagent (50 g FeCly 6 H,0, 500 ml 95¢;,
EtOH and Sm! 10 N HCl) and measuring the absorbance at

* Author to whom correspondence should be addressed.

590 nm. Absorbances of blanks mad« with aliquots treated
with the solvent of the FeCl, reagent were sutracted from the
absurbance of cach sumple. Reactions followed first order
kinetics for the least 3 half-lives. Standard errors of the
rate constants were lower than 4°, Activation parameters
were determined from measurements at 3 or 4 different
lemperatures

Solubility of DIABOA. Solns of DIMBOA in equilibrium
with solid DIMBOA were prepared in various solvents at 1.
Ahquuts were filtered at different ume intervals and analysed
with FeCl; reagent. Saturation was assumed when the
concentration of DIMBOA in the filirate did not change with
ume. Experiments were carried out 1n triplicate. Standard
devianons from the mean were less than 10¢,..

1R specira. These were recorded in a Perkin-Elmer 621
spectrophotometer with (.5 mm hght path NaCl cells

Products studies. The man decomposition product of
DIMBOA was o-methosy-bensovazolin-2-one (MBOA. 4).
ds Judged by its melung pomt (152 153 ) and comparison of
UNCIR and NMR spectri with resported spectra 't

RESULTS
hemain decomposition product of 1.4-benzoxazin-
3-ones was the corresponding benzoaazohnone bothin
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aqueous'® and non-agueous solutions,"! suggesting
that the decomposition mechanisins prevailing in both
types of solvents are similar.

Although it is reasonable to accept that the opening
of the hemizcetal (1221 in aqueous media is fast
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 achangein reaction medium may
be obtained through a study of changes in activation
parameters with medium.’”

Rate studies

Rate constants are collected in Table 1. Solvent
eflectsan AG” were comparatively small. Hence, values
of AS™ and AH” were obtained. They were examined
using donor numbers of the solvents. a measure of their
abiluy to donate an clectron pair'* Two different
ranges of AS™ and AII”™ were obtained : one for Jow
donor number solvents (AS™ = =250 0 —-170 ]
mol 'K TIANG = 3310 598 mol ) and another
for mgh donor number solvents (AS” = - [ 7010 13 )
mol 'K ':AIT = 5010 120k) mol " ') Within cach
range. activation parameters correlated linearly with
donor number (Fig. 1. An isokinetic relationship was
obtained (Fig. 2) with a value of (298 K falling within
the range expected for solvent effects on reaction rates
and equilibria.'” The proaimity of the experimental
temperature to the isokinetic temperature presumably
accounts for the insensitivity of AG* to solvent.
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Fig 1 Achvation parameters at 320 K for the decompaosition

of DIMBOA in aprotc solvent: @iAG 7). THAN) A

i= TAS 1 Acctonitrile (1) diovane (23 acetone (30, 1etri-

hydrofuran (4 mmethyiphosphate i3, NAN-dimethyforma-

mide 6y dimethyvlsutiondge (7). pyrihne i8) hexamethyl-
phosphoranude (¢4
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Fig. 2. lsokinetic relationship for the decomposition of

DIMBOA in aprotic solvents. Acetonitrile (1), dioxane (2).

tetrahvdrofuran  (3). trimethylphosphate (41, N,N-.

dimethylformamide (51, dimethylsulfoxide (6), pyridine ()
Correlanon coeflicient : 0.996.

Water was added to dry high donor number solvents
until concentrations ranging from 0.01 10 0.4 M were
obtained. This range covered the initial concentration
ol DIMBOA {0.06 M. The decomposition rates varied
erratically withun the limits of confidence of the
measurements (Table 25,

Insight inte the  molecular  interpretation  of
activation parameters was obtained through a study of
the interaction of DIMBOA with solvent.

Interaction of DIMBOA with solvents

These interactions were assessed by measuring the
solubilities and IR spectra of DIMBGA in various
solvents.

The logarithms of solubilities correlated linearly
with the donor number of the solvents (Fig. 3). pointing
to the interaction of the solvent with clectrophilic sites
in DIMBOA . The nature of this interaction was probed
by IR studies of the OH stretching region of solutions of

Table 2. Effect of addinen of H,0 on the decomposition rates
of 0.06 M DIMBCA in aprouc solvent at 53

Solven H,0added'M 104 &, o !
Dimnethylsulfonide N0.01-0.8 106 = 0.21°
Dimethylformamide 0.09-0.24 083 £0.05*
Pyridine 0.6G.-0.36 43 0010

“Average of 305 and 3 pomis an aimethvlsulfoxide,
dimethy lformamide and pyridine respective

Tuble 1. Rates of decomposition of 0,06 M DIMBOA at different lemperatures in various solvents

Rate constants '10* min "' (temperature/K)

Solvent k(T kot Ty k3T ka(Ty)

Acetunitrile 1.29 (326) 1.76 (320 290 (346)

Dioxane 1.10 {326) 1.85 (336 3.36 (346)

Dioxane +0.23M H,0 1.61 (333) 7.25 (345 21.7 (353)
Acetone 117 (326)

Tetrahvdrofuran 1.25 (316) 2.38 (326) 4.52 (336)
Dimethviformamide 8.3 (326) 19.1 (330) 27.3  (346)
Dimethylsulfoxide 10.8 (326) 26,2 (336) 54.5 (346)  163.0 (356)
Dimethyisulfoaide 4+ 0.23 M H,0 22,6 (336) 613 (346)  150.0 (356)
Pyridine 14.3  (326) 433 (336) 1520 (346)
Hexamethylphosphoramide 260 (326)

o
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Fig. 3 Solubilties of DIMBOA 1 aprotic solvents

Nitromethane (1. nitrobenzene  (2),  benzonitrile (1.

acetonitrile (41 dioxane (51 acetone (6). terrahyvdrofuran (7).

NN-dmethyHormamide (81 Nemethy -2 pvrrolidone (9,

dimethylsulfoude (10), pyudine (111 Correlation coefticient -
0945

DIMBOA. The spectra showed absorpuons cor-
responding to unassoctted (37000 3400 cm” Yy and 1o
assockitled 3300 3200 em - ) OH groups. At concent-
rations dower than 1 mM, hydroxyl groups of
DIMBOA were essentially unassociated. Two bands
were present in the free OH region of the spectra
correspondimg 1o the two hydroas! group: of
DIMBOA Ay the donor number of the solvent
increased the bands approached one another and were
displaced towards the associated OH region The
absorption Ireguencies correlated with solvent donor
number (F1g . reflecting hydrogen bonding to solvent
with the corresponding lengthening and weahenmng of
the OH bond '

DISCUSSION

The opening of the hemiacetal in DIMBOA requires
the transier of i« proton from the hydroavl group in C,
to the ning ovyger wom: The rate of this transfer s
related moaproue soblvents 1o the interuction of the
proton with solvent through nucleophilic sites 1w the
fatter thig. ) Te s coneenvable that depending on the
strength of these imteracnons. this process may he rate-
limiung

Dounas number

Fig. 4. Hydroxy ! stretching frequencies of DIMBOA in aprotic

solvents.  Benzonitrile (1), acetonitrile (2). dioxane (3)

ethalacetate (). 1tettahvdrofuran (5). trimethylphosphate (6,

N.N-dimethylformamide (7). N.N-dimethy lacetamide (&),

hexamethylphosphoramide (91, Correlation coefticients . ¥,
0953, 0911.
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The inflection in the activation parameters (Fig. 1)
may beattributed toa changc in the rate-limiting stepof
the reaction. The range of AS* in low donor number
solvents points towards important differences in
organization between the basal and transition states in
the neighbourhood of the reaction centre. Highly
negative AS* values may be associated to the rate-
limiting opening of the cyclic hemiaceta) since a high
degree of solvation of the transition state would be
required for proton transfer from the hydroxyl afroupin
C, tothe ring oxygen atom. This difference of solvent
organization would be particularly drastic in low
donor number aprotic solvents.

In support of this proposition. AS™ and AH* values
for the decomposition of DIMBOA in dry dioxanc. &
low donor number solvent (AIl* = 543 k} mol ':
AST = 191 ) mol ' K ') were substantially
different from those vatues in dioxanc with H,0 added
(AH” =116 kI mol '; AS” =751 mol’ "K '), in
spitc of thesimilarity between free energies of activation
(AG” = 117hImol 'indrydioxancand 114 L1 mo) !
in aqueous dioxune) In the first case, hemiacetal
opening would by rate-limiting and the activation
parameters fall on the line for other low donor number
solvents. In the presence of H,0. hemiacetal opening
waould become fust and the activation parameters now
fallin the range for mgh donor number aproticsolvents,
In contrast. activation parameters in dry dimethylsull-
oside. i high denor number solvent (AH® = 88 1)
mol ' AST = 6y} mol ' K ') were not
substantially different from those in dimethylsulfoxide
with H,O added (A" = 91 kI mol ' AS® = — 601
mol ' K ' The influence of added H.O was
negligible (AG” = 110 kJ mol ' in dry dimethyl-
sulfoxide. AG* = 111 Kl mol” ! with H,0 added)

Addinonally. activation parameters in acetonitrile
deviated from the hnear correlation (Fig. 1). The extra
negative contribution to TAS” in acetonitrile may be
the reflection of the participation of this solvent not
only is nucleophile but also as electrophile due to the
higher electrophilic character of this solvent relative 1o
the others studied. Indecd. the acceptor donor number
rato s approxmmately double for acctomtriie (1.34)
than for other fow donor number solvents empioyed
tdhoxane = 073 tetrahvdrofuran = 0.4, dimethy!.
formamide (.64

Hence. the possibility of distinguishing the proposed
decomposition mechansms of DIMBOA based on the
addinon of H.O i~ Jimited 1o those solvents where
hemisceta) opemny s fust. ie. high donor number
aprotic solvents. and those where additional solute
solvent interaction mechanisms are absent. Table 2
shows that added H,O has no significant effect on the
decomposition rate of DIMBOA in high donor number
aprotic solvents. suggesting that path B (Scheme 1) is
not the predominant mechanism for the decomposition
of DIMBOA.
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Abstract—2,4-Dihydroxy-7-methoxy- 1,4-benzoxazin-3-one (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.

INTRODUCTION

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-14-benzoxazin-3-onc (DIMBOA, 1) [7]. Is
was recently shown that DIMBOA inhibits energy
transfer reactions in chloroplasts and mitochondria [8, 9].
a fact that may account for its widespread toxicity [§].
These enzymatic inhibitions were shown 1o be partly due
to the reaction of DIMBOA with sulfhydry! groups of the
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 5 and 12 through the spectral changes in the
240-310 nm 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 2_.. at 290nm. 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 2, 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. Acidfication
of this solution to pH 8 revealed the absorption at 259 nm
due to the product. The reaction was hence followed in all
cases at 290 nm, where the lactam shows negligible
absorption. Additionally, at pH around 8 the reaction
could equivalently be monitored at 259 nm.

Kinetics

DIMBOA disappeared in the piesence of an excess of
thiol with pseudo-first order kinetics. The rate law for the
reaction is given by equation (1). DH, represents

"d(DH:’:/dl = knbs (DH;), = kl (DH,),

1

+k, (DH,), (RSH), M
DIMBOA as a diprotic acid and RSH represents a thiol.
Subscripts *" indicate total concentrations (formalities);
kys are first order rate constants for the pH-dependent
decomposition of DIMBOA [12]}. k,s are apparent
second order rate constants for the reaction of DIMBOA
with thiols, and were determined from the slope of plots
k. vs. thiel concentration. Figure 1 shows such plots at
different pHs for the reaction of DIMBOA with mercap-
tocthanol. Figure 2 shows the dependence of & ;onpH 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 mercaptocthanol or cysteine methyl ester,
were calculated using pK, values from the literature
[12.13]. The products (DH;) (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,
k, true pH-independent second order rate constants for
the reaction, and ‘f” molar fractions.

K (DH,), (RSH), = k, (DH,), (RS"), or k, (DH "), (RSH), )]
k, =p1/fDH,fRS' SSY/ ¥
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Fig 2 pH dependence of the apparent second order rate
constant 4 for the reacuon of DIMBOA with mercaptocthanol
(®) or with cystaine methy! ester (L4 Values of T, were
determined from the slopes of graphs of & . aganst thiol
concentration thee Fig 1y
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In order 10 distinguish between the two situations
presented. A ; values for a series of thiols were determined
For mercaprocthano! and cystaine methyl ester. A,s were
obtained from the least-squares fit shown in Fig. 2 For
cysteine, dithiothreitol. thiolactic acid and mercaptoacetic
acid, kys were determined from one point experiments
using equation 3 for DIMBOA and thiolate amon. A
linear correlation was obtained when log k; was plotted
against the corresponding pK, of the thiol (11,13, 14]
(Fig. 3), indicating that the reactive species were un-
dissociated DIMBOA and thiolate anion.

Comparatire reactivity studies

The reactivity towards thiols of DIMBOA was com-
pared with that of DIBOA (a naturally occurring ana-
logue of DIMBOA lacking the methoxy group,. PK,
values of both hydroxamic acids were determined under
the same experimental conditions. At 44, the pK, of

DIMBOA was 6.74 + 0.05and that of DIBOA 6.79 + 0.04.
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Fig 3 Dependence of 1he logarithm of the true second order
rate constant for the reaction of DIMBOA with thiols on the pK,
of the thiol. The true second order rate constant & ; for cach thiol
was determined by lezst-squares fitting of X; to =quation
(H X +K{(H" )+ K, K, (H )+ K,
A

K,
where Ky = 1.25x 10 "and K; = 1.26 x 10" " are the dissoci-
ation constants of DIMBOA [i2). and K is the dissociation
constant of the thiol Thiols used were. cysteine methyl ester (1),
cysteine (2), dithiothreitol {3}, mercaptoethanol (4), thiolactic acid
{5) and mercaptoacetic acid (6).
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Fig 4. Vanation of the observed pseudo-first order rate corn-
stant for the reaction of DIMBOA () and DIBOA (@) with
Cysteine at pH "5 (phosphate 0.1 M) and 44 +05 .

Hence, it can be assumed that relative reactivity of both
hydroxamic acids towards thiols (relative k,) are equiy-
alent tc relative K, at any given pH. A plot of Ko VS.
cysleine concentration (Fig. 4) shows the substantial
influence of the 7T-methoxy group upon reactivity towards
thiols.

DISCUSSION

Recently it was reported that DIMBOA inhibits
AT Pase activity of chloroplast coupling factor (CF,)and
it was suggested that part of this inhibition was caused by



Reduction of DIMBOA by thiols

the reaction of DIMBOA with sulfhydry! groups on the
enzyme. Sulthydryl 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 DIMBCA 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 the
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 DINiBOZ and thiolate anion are the most
reactive couple.

Theabsence 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 has at
least three electrophilic cenires susceptible to attack by
thiols to give its lactam (Scheme 1). It should be pointed
out that all the species written may exist in agqueous
solution in open hemiacetal form [10, 12, 16-18].
CNDO/2 molecular orbutal calculations were performed
to assess the relative reactivity of these centres.
Nucleophilic superdelocalizability [19], a measure of the
tendency of an atom 1o interact with a nucleophile, was
higher for the hydroxamic nitrogen atom, indicating it as
the most likely candidate for attack by thiclate anion.
Attzck at electrophilic nitrogen by thiols is not without
precedent in the literature [20-221. Intermediates similar
10 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 may be rationalized in terms of
resonance structure 6. This is borne out by molecular
orbital caiculations which show a higher polarization of
the carbony! bond and a lower electron density at the
hydroxamic nitrogen atom in DIMBOA as compared
with DIBOA. Similar situations have been rep.orted where
introduction of a 7-methoxy group in 14-berzoxazin-3-

CH30~ 270 ~ OH
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ones enhances the reactivity of the hydroxamic nitrogen
atom towards nucleophiles [22].

EXPERIMENTAL

Isolation of compounds. DIMBOA was isolated as described
(2] from E1,0 extracts of 6-day-old seedlings of Zea mays L. cv
TI129s grown in a greenhouse at 25+ 3°. Mercaptoethanol,
dithiothreitol, thiolactic acid and mercaptoacetic acid (Sigma)
werc used without further purification. Cysteine meihyl ester was
obtained as described [13].

The reduction product of DIMBOA was isolated from Et,0-
extracts of the reaction of DIMBOA with dithiothreito! in
KH,PO, (0.1 M, pH 8)and was characterized as the correspond-
ing lactam § by comparison of its UV, IR (K Br) and mass spectra
with those reported previously [10].

Synthesis of 2-bromo-4-hydroxy-1 4-benzoxazin-3-one. A mix-
ture of 1g (0006 moles) of 3.4-dihydro-4-hydroxy-14-
benzoxazin-3-one (previously synthesized as described [23]) and
1.2 ml (0.012 moles) trichlorobromomethane in 10 ml CCl, was
refluxed and stirred cvernight. The reaction mixture was cooled
1o room temp. filtered and the filtrate concd to dryness.
The residue was recrystallized from petrol 1o give (25°, yield) the
desired compound. The 60 MHz NMR spectrum (CCl,, TMS) of
the bromo compound was similar 10 that of the starting material
except for the signal of the proton at C-2: in the initial compound
it appeared at 84.6 (s, 2H) whereas in the product it was shifted to
64.8 (s, 1H).

Synthesis of 24-dihydroxy-1.4-benzoxazin-d-one (DIBOA). A
mixture of 100mg (0.55 mmoles) 2-bromo-4-hydroxy-} 4-
benzoxazin-3-one and 42 mg (0.5 mmole) AgCO, in 20 ml wel
Et,0O was stirred for 3hr at room temp.. acidified 1o pH 5, filtered
and the filtrate concd to dryness. The residue was recrystallized
from ‘petrol to yield DIBOA, which was characterized by
comparison of its mp, R, in TLC and UV spectrum with the
lit. [24].

Kinetic measurements. To 10 ml of 0.1 M bufler soln of the
destred pH, thiol was added 1o obtain an & mM reference soln.
Five ml of this soln were pipetted 1nto a tube containing enough
solid DIMBOA to obtain a 0.0s mM soln (sample soln). The
reactions were monitored in the 240- 310 nm region using quartz
cells thermostatted at 31 £0.2 . pH was measured before and
after cach reaction.

pK, measurements. The pK, valves of DIMBOA and DIBOA
were determined  spectrophotometrically at 444 0.5 using
ouffers with I =0.1. Spectra were recorded in the region
220-350 nm for each pH value. Isosbestic points were obtained
uptopH 9 (at 272.5 nm for DIMBOA and 267.5 nm for DIBOA)
indicating the presence in equilibrium of two absorbing species
[25]. The analytical wavelengths employed were 260 nm for
DIMBOA and 250 nm for DIBOA.

Electron spin resonance studies. ESR spectra were recorded
with a Varian V4502 specirometer. Measurements were per-
formed at room temp. with H, = 3340 Gauss and + = 9.5
x 10% Hertz. Under these conditions no signal was detected from
a mixture of 0.02 M DIMBOA and | M mercaptocthanol in
borate buffer pH 8 cven 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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methoxy group of DIMBOA was described with average crystal-
lographic parameters [29]. the rest of the molecule was identica)
to DIBOA.
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since it involves the formation of a G-membered ring and i4 further stabr1lired
by intramolecular hydrogen bonding.

The fact that cyclic hydroxamic acids 1 and 3 do not ehow interaction with
borate may be rationalized on the basis of interatomic distances. The distance
between the hydroxamic hydroxyl o©xygen and the carbunyl oxygen has been
determined crystallographically as 2.B4 A in the analogue of DIMBOA lacking the
7-methoxy group.13 This distance is 0.49 A longer than the 0-C distance in
boric acid. Thus, the formation of a complex of type 6 is less likely on this

basis, and also becausec it would necessarily lead to a 5
The following scheme is hence postulated for

presence of borate pH Q:

the cecomposition of DIMBOA

~membered ring.,

in the

CH30 AN o} OH K, CH30 OH k,
— 0 — Products
. ~N 0 N/“\ro
! i
09 7 oe H
K, ” Borate
CH10 OH,
| D k2
N Hh’ Products
Y
5 0\8""'0
S
HO OH
Under steady-state conditions, equation 1 is obtained.14 This may be reduced to
i 2 i ich ° s >
equation 2, in whic kobs and k obs are the observed rate constants in the
K1 -
= ) k_K
v {DIMBOA} [k1 1 kpk,(Borate) | (1)
1 4 K,
v ¢
= = k 3
kobs k obs * cat(Borate) (2)
(CIvpnz:
presence and absence of horate. This mode] fits the experimental results shown
. : . . . -1 -
in Fig. 1, witn a catalytic constant, k., egu2l to 0.103 min v 1.
The formaticr ¢f procucte fron intermed-ate 2 {or 8Y involve the nucleophilic
attack of +re ryagroxamic Oryger atom or. the aldehyoic carbony) group.m'11 The
catalytic effect of borate may arise from both thermodynamic and kinetic
factors. Since an open-chain intermediate is necessary for reaction, the
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INHIBITION OF MITOCHONDRIAL ENERGY-LINKED
REACTIONS BY 2,4-DIHYDROXY-7-METHOXY-1,4-
BENZOXAZIN-3-ONE (DIMBOA), A HYDROXAMIC ACID
FROM GRAMINEAE

HERMANN M. MiEMEYER,” NORA B. CALCATERRA and OsCAR A. ROVERI

Centro de Estudios Fotosintéticos y Bioqufmicos (Consejo Nacional de Investigaciones Cientfficas y
Técnicas, Fundacién M. Lillo and Universidad Nacional de Rosario), Suipacha 531. 2000 Rosario,
Argentina

(Received 25 Sepiember 1985; accepred 24 March 1686)

Abstract—DIMBOA (2.4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one) is the main hydroxamic acid
isolated from maize extracts. It inhibited reversibly ATP synthesis, P-ATF exchange reaction and
ATPasc activity in submitochondrial particies from bovine heart. Half-maximal effects were obtained
with 4. 2, and 6 mM DIMBOA respectively. At higher concentrations it also inhibited mitochondrial
electron transport (1, = 11 mM). Irreversible inactivation of mitochondrial electron transport, P-ATP
exchange reaction and 8-anilino-1-paphthalene sulfonate encrgy-dependent fluorescence enhiancement
was also observed. These effects of DIMBOA on energy-linked mitochondrial reactions may explain
the inhibitory action of DIMBOA on several aerobic organisms,

0006-2952/86 $3.00 + 0.00
Pergamon Journals Lid.

DIMBOA (2.4-dihydroxy-7-methoxy-1.4-benzoxa-
zin-3-one) is the main hydroxamic acid 1solated from
wheat extracts {1]. This and other hydroxamic acids.
isolated from various Gramineae [2], have been sug-
gested to play an important role in the defense of
the plant against insects [3-6]). It has also been shown
ihat they inhibit bacterial |7} and fungal [8] growth.

CH3O\©:O OH
N i\'JIO
OH
DIMBOA

Recently. it was reported that DIMBOA inhibits
photosynthetic ATP synthesis in spinach chloro-
plasts, thus behaving as an energy transfer inhibitor
[9]). Couphing factor CF, from the same origin is
affected by DIMBOA in two different manners: (i)
a reversible one that accounts for an uncompetitive
inhibition of the ATPase activity. and (i) an irre-
versible onc that results in a progressive inactivation
of the enzyme [10]. This last effect was suggested to
be due to an irreversible modification of sulfhvdryl
groups in the enzyvme molecule since DIMBOA s
able to participate in reactions with sulfhydryl com-
pounds forming addition and/or reduction products
[11-13].

The abeve-described effects of DIMBOA on dif-
ferent organisms are indicative that hydroxamic acids
can act, similarly to other products of secondary
plant metabolism, as allelochemical agents, playing

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

animportant role in the interaction between different
species or in the mechanism of defense against plant
pathogens or predators [14, 15]. Only in a few cases
is the molecular mechanism of this allejochemical
action well known. One of the enzymic systems that
must be considered as potential targets for the action
of such allelochemical agents are the systems
involved in mitochondrial energy metabolism
[16,17].

In this paper we discuss the effect of DIMBOA
on electron transport and other energy-linked reac-
tions in phosphorylating submitochondrial particles
from bovine heart, as an attempt to contribute to the
knowledge of the biochemical basis of its action on
plant predators.

MATERIALS AND METHODS

Heavy bovine heart mitochondria were prepared
as described [18]. Phosphorvlating submitochondrial
Mg?*-ATP particles (SMP) were prepared from bov-
ine heart mitochondria essentially as described [19).

Electron transporr. Electron transport in SMP was
determined following oxvgen consumption with a
Clark electrode connected to a Gilson oxygraph in a
reaction medium containing 250 mM sucrose and
50mM Tris-HC! (pH 7.5) using either 10 mM suc-
cinate. an NADH-regenerating system composed of
50mM ethanol, 0.2mM NADH and 125 L.U./m]
of yeast alcohol dehydrogenase (EC1.1.1.27) or
5mM ascorbate plus 0.1 mM N,N,N' ,N'-tetra-
methyl-p-phenylenediamine (TMPD) as oxidizable
substrate. Rate values reported correspond to the
slopes of lincar traces drawn by the oxygraph.

Spectral studies. The redox state of the cyto-
chromes of the respiratory chain under different
conditions was studied spectrophotometrically in an
Aminco DW-2a provided with a magnetic stirrer
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attachment and connected to a MIDAN-T micro-
processor data analyzer.

ATPuse activiry,. SMP (60 ug protein) werc added
to a reaction medium (1 ml) containing 180 mM
sucrose. 2 uM carbonylcyanide p-trifluoro-methoxy-
phenyl hydrazone (F¢ ‘CP) and 50mM Tris-H(C)
(pH 7.5). After 5 min of preincubation, the reaction
was started by adding ATP (4 mM final concn). The
reaction was stopped Smin later with 0.05m| of
100% trichloroacetic acid (TCA). After centrifu-
gation (10 min, 3000 rpm). aliquots were withdrawn
from the supernatant fraction and analyzed for inor-
ganic phosphate according to Sumner [20).

ATP synihesis. The reaction was measured in a
medium containing (final concr) 180 mM sucrose,
I'mM MgpCi., 101nM succinate, 0.5mM EDTA.
3 uM rotenone. 50 mM glucose. 2 mM ADP, S1.U.
of veast hexokinase (EC 2.7.1.1) and 50 mM Tris-
HCIL. pH 7.4. SMP (0.4 mg protein) were added to
this medium and incubated for = nun. ATP svnthesis
was started by adding S umoles F.. 2 x 10 cpm car-
rier free P, and 3 ymoles MgCl.. The final volume
was I'ml. The preincubation and the reaction were
carried cut under acrobiosis obtained with a gyratory
waterbath shaker. After Smin the reaction was
stopped and inorganic phosphate was quantitatively
precipitated essentially as described by Sugino and
Mivoshi[21]. After separating the ppt by centrifuging
for 10 min at 3000 rpm. aliquots were withdrawn and
analyzed for I33P]gluc05c-ﬁ-phosphate by Cerenkov
counting 1n a Beckman 8100 liquid scintillation
counter.

P-ATP exchange reaction. SMPp (I mg protein)
were added to 1 ml of a reaction medium containing
180 mM sucrose. 10mM ATP. 10 mM MgCl,. 50 mM
Tris-HQ) (pH7.5). 10mM P, and > » 10%cpm of
carrier free “*P.. After S min the reaction was stopped
by adding Sugino and Mivoshi's reagent [21] and.
after centrifuging ar 3000 rpm for 10 min. the super-
natant fraction was anahvzed for [»*“P]JATP by Cer-
enkov counting.

H. M. NiemeyER, N. B. CALCATERRA and O. A, ROVERI

Energyv-linked B-anilino-naphthalene sulphonate
{ANS) Auorescence enhancement. Measurements
were carried out in a Perkin-Elmer 650-40 fluor-
escence spectrophotometer. ANS was, excited at
380nm and flucrescence was measured at 480 nm
essentially as described by Ferguson eral. [22).

Irreversible inactivation of SMP by DIMBOA.
SMP (10mg/m!) were incubated in a reaction
medicm containing 180 mM sucrose and 50 mM
Tris-H(l. pH 7.5, After Smin of preineubation,
DIMBOA was added and aliguots were withdrawn
at different time intervals and diluted (at least 100
times) in the appropriate reaction media in order to
measure succinate oxidation, NADH oxidation, P,
ATP exchange reaction, ATPase activity, or energy-
linked ANS fluorescence enhancement,

Protein determinations were carried out using a
modified biuret procedure [23].

DIMBOA waq isolated as previoushy described
[10]. and dissolved in dimethy] sulfoxide (DMSO)
prior toits addition to SMP. Controls with the solvent
(less than 20y were performed for all the big-
chemical reactions studied. Measurements were
carried out at 25°. Rates are the average of deter-
minations in duplicate which agreed within 10¢¢

RESULTS

DIMBOA inhibited electron transport from suc-
cinate to oxygen in submitochondril particles (SMP)
froni bovine heart. The dependence of the inhibition
on DIMBOA concentration followed a sigmoidal
curve (Fig 1A). Hardlv any effect was observed
at concentrations below 4 mM. Similar results are
obtained for NADH and ascorbate ~ TMPD oxi-
dations (dats not shown). In all case SO7 mbnbition
was obtained with about 11 mM DIMBOA

Inhibition by DIMBOA of ATP synthesis and P-
ATP exchange reaction catalvzed by SMP was more
eftective and attained completeness. In both cases
hvperbolic titration curves were ohtained (Fig. 1B)

T T T LA T T t N
100 b > b
A B
H
z
(=3
: |
(d
S5l ]
c
L2
3
£
£
o} {1
. 1 n 1 L i 1 1
o] 10 20 30 0 10 20 30
DIMBOA (mM)

Fig. 1. Effect of DIMBOA on mitochondrial electron transport

and other enerpy-linked reactions. (A)

Mitochondrial electron transpoit () was measured as indicated in Materials and Mecthods using
succinate as oxidizable substrate. (B) ATP synthesis (D), P-ATP exchange reaction (£) und ATPase

activity (J) were measured
292

as indicated under Materials
natoms ‘mir-mg protein. and 315, 102, and 521 nroles/min - mg protein respectively.

and Mcthods, Activities for controls were
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Fig. 2. Irreversible inactivation of mitochondrial electron
transport by DIMBOA. SMP werce incubated with 0 (H).
4(2C).9 A and 12.5mM (/) DIMBOA a« described 1n
Matcrials and Methods. Ar the indicated ume intervals.
aliquots were withdrawn and diluted in the media for deter-
mining electron transport from succinate to oxvgen. The
pseudo-first-order rate constants (A*) calculated from the
slopes of the semilogurithmic plots are shown in the inset
(@}. Open circles (2) correspond 10 similarly determined
values obtained from inactivation plots of electron trans-
port from NADH to oxygen. Activitics for controls were
278 (succinate) and 161 (NADH) natoms min - mg protein.

that allowed the determination of 1y, values (4 and
2mM DIMBOA respectively) from double-recipro-
cal plots of percent inhibition versus DINBOA con-
centration. DIMBOA also inhibited ATPase activity
but the maximal inhibition that could be obtained
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Fig. 3. Protection by succinate of mitochondrial electron
transport against inactivation by DIMBOA. SMP were
treated with 1S mM DIMBOA in the absenge (B and &)
or in the presence of 10 mM succinate (@ and %) and then
assayed for succinate oxidation (A and @) or NADH
oxidation (M and > ) essentiallv as described in Materials
and Methods. When NADH oxidation was measured,
I mM malonate was added in arder to specifically inhibit
succinate oxidation. Activities for controls were 284 (suc-
cinate) and 172 (NADH) natoms/nun-myg protein.
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was about 70% (Fig. 1B). Half-maximal effect was
exerted by 6 mM DIMBOA.

The above-mentioned effects were produced
almost instantaneously. When succinate oxidation
was measured after incubating SMP with DIMBOA,,
a progressive inactivation was observed (Fig. 2). This
must be attributed to an irreversible reaction because
it persisted after 100-fold dilution and the activity of
diluted samples did not change after standing for
30 min. This inactivation followed pszudo-first-order
kinetics with a rate constant (X') that depended
linearly on DIMBOA concentration (Fig. 2, inset).
Similar resuiis were obtained when NADH oxidation
was measured with DIMBOA-treated SMP (see
open circles in Fig. 2, inset). The inactivation of
succinate and NADH oxidations by DIMBOA was
protected completely by 10 mM succinate (Fig. 3).
Spectral studies showed that the reduction of cvto-
chromes b, ¢ 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 ¢ and a were reduced by
ascorbate + TMPD (Fig. 4, spectra F and C).

1 ] 1

550
Waveléngth (nm)

600

Fig. 4. Difference spectra (reduced minus oxidized) of SMP
under various conditions. Traces shown correspond to the
difference between spectra of SMP (1.9 mg protein/mi)
treated as explained below and untreated oxidized SMP.
The reaction medium (1.5 mly wau S0 mM potassium phos-
phate (pH 7.5). Treatments were as follows: (A) Na.S.0,,
(B) 10mM succinate, (C) 5mM ascorbate + 0.1 mM
TMPD. (D) incubation of SMP with 20mM DIMBOA
for 15min and further addition of 10 mM succinate. (E)
incubation of SMP with 20 mM DIMBOA for 15 min, with-
out aadition of reducing agents, and (F) incubation of SMP
with 20 mM DIMBOA for 15 min and further additior, of
5mM ascorbate + 0.1 mM TMPD.
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Fig. 5. Irreversible inactivation of P-ATP exchange reaction. Experimental conditions were similar to
those explained in the legend to Fig. 2 except that in this case P-ATP exchange reaction was measured
(see Materials and Methods). DIMBOA concentrations were: O0(m).3(0),7(4A)and 18mM (4). (x)

corresponds to SMP treated with 20 mM

DIMBOA and afterwards assaved for ATPase activity as

indicated under Materials and Methods. In the inset are plotted the pseudo-first-order rate constants
(k') determined from the slopes of the semilogarithmic plots shown. Activity for control was 9§ nmoles/
min-mg protein.

Preincubation of SMP with DIMBOA also pro-
voked an exponential inactivation of the P-ATP
exchange reaction (Fig. 5A). The pseudo-first-order
rate constants, in this case, were dependent in a
hyperbolic manner on DIMBOA concentration (Fig.
SA., inset) since the double-reciprocal plot of &
versus DIMBOA concentration vielded a straight
line that intersected the v-axis at a value significantly
different from zero (Fig. 5B). Converselv. when
ATPase activitv was measured with DIMBOA.-
treated SMP, no inactivation could be observed (se¢
Fig. 5A).

DISCUSSION

DIMBOA exerted several actions on mitachon.
drial energy metabolism. At concentrations above
5mM it inhibited electroa transport from NADH.
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 site
of action of the inhibitor can be tentatively located
in the cytochrome chain after the site of entry of
electrons from ascorbate + TMPD. Since it wus 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 80% (data not shown). it can
be suggested that the reversible inhibition of electron
transport is produced between cytochrome a and 0..

At lower concentrations. DIMBOA inhibited
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 ATPase
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 =ffects are compared to the reversible
effects described on ATP synthesis in chloroplasts
[9]. several differences can be peinted out: (i) in
chloroplasts DIMBOA behaved exclusively as an
energy transfer inhibitor whercas in SMP it also
behaved as an electron transpor! inhibitor. and (ii)
chloroplasts were twice as sensitive tc 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 mactivation of some
mitochondrial functions. Electron transport either
from succinate or from NADH to oxygen were simi-
larly inacttvated upon incubation of SMP  with
DIMBOA. The inactivation followcd pseudo-first-
order Kinetics, suggesting that the activity is sup-
pressed after reaction of one group in the enzymatic
complex with DIMBOA. From the kinetic data it
cin be postulated that DIMBOA reacted with some
component in the respiratory chain following a
simple sccond-order reaction and resulting in an
irreversible inactivation of mitochondrial electron
transport (see reaction scheme | in Fig. 6). From the
inset in Fig. 2 the second-order rate constant (k)
can be estimated to be equal to 4.4 M~"min-'. The
electron transport chain component modified by
DIMBOA is probably located at the level of the
cytochrome chain since: (i) NADH and succinate
oxidation were equally inactivated, and (i) succinate
was able to completely protect both reactions against
inactivation by DIMBOA (see Fig. 3). The pro-
tection by succinate cannot be explained by binding
of 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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1
K
E + DIMBOA Ej
11
K Kq
E + DIMBOA E - DIMBOA Ej

-t
Fig. 6. Irreversible inactivation of mitochondrial reactions
by DIMBOA. E represents the unmodified fully active
enzyme form. E, represencs an inactive form, either an
adduct of the enzyme and DIMBOA or an irreversibly
modifica enzyme form. E-DIMBOA represents a revers-
ible intermediate whose dissociation constant (K,) equals
ko /k,.

transport chain component affected by DIMBOA.
Therefore, succinate 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 dehvdrogenase.
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 SMP for 30 min
with 20 mM DIMBOA and (it) cytochromes b. ¢ and
a cannot be reduced by succinate in DIMBOA-
treated SMP (Fig. 4. spectrum D). whereas cyto-
chromes ¢ and a can be reduced by
ascorbate + TMPD (Fig. 4, spectrum F). Therefore.
the site of inactivation by DIMBOA 1nust be located
before cytochrome ¢ and after succinate dehvdro-
genase (see above). Whether the appearance of &
chromophore upon incubation of SMP with DIM-
BOA (Fig. 4. spectrum E} is related to the inac-
tivation of electron transport by DIMBOA s still «
matter of study.

The inactivation of the P,-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 easily-revers-
ible covalent intermediate is formed prior to the
irreversible modification (s¢e reaction scheme I 1o
Fig. 6). From the minus reciprocal of the x-intercept
in Fig. 5B the dissociation constant (K,) for the
reversible intermediate can be estimated to be equal
to 7.5mM 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
asequal to (1.1 min~!. The site modified by DIMBOA
that is responsible for the P-ATP exchange inuc-
tivation must necessarily be different from the one
responsible for electron transport inactivation. since
both inactivations followed kinetically different reac-
tion schemes.

An interesting point is that the ATPase activity
of SMP was not inactivated at all by DIMBOA.
indicating that the mitochondrial ATPase complex
was not modified or that it was modified in such a way

9

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 P-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 ATPasce 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 B-subunit of chloroplast
coupling factor CF ), there are essential cysteine resi-
dues (sec Refs. 10. 11 and 13). Conversely, it has
been recently confirmed that S-subunit from mito-
chondrial ATPase does not contain cysteine residues
[24].

In summary. the actions of DIMBOA on SMP,
described in this paper, suggest that mitochondrial
metabolism is a good candidate for 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
mitechondrial 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
toincreased ineffectiveness of the energy metabolism
of aerobic organisms.
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A NEW PRODUCT FROM THE DECOMPOSITION OF 2,4-DIHYDROXY-7-METHOXY—1,4—

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

Héctor R. Bravo and Hermann M. Niemeyerx

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

Abstract- A new product, identified as 3,4-dihydroxy—?—methoxy-1,4-benz-
oxazin-2-one (5) was isolated in 10% yield from the decomposition of
the title compound in dioxane. A mechanism for its formation is

discussed,

Hydroxamic acids from cereal extracte, such as the title compound, DIMBOA, play
an important defensive role in the plant.1'2 In internreting the mode of act:ion
of DIMBOA at a molecular level, its chemistry in solution, in particular its
decomposition reaction, has beern of paramount Jmnortance.3 The reaction has
been shown to give, as main product, 6-methoxy-benzoxazolin-2-one (MBOA ),

4,5

through the formation of the isocyanate 2 (Scheme 1). The yield of MBOA is

not quantitative.6 We report herein the structure of a secondary product of the

CH30 OH CH30 OH CH30
QL3 — - >=o
PN
o CHO N
e

reaction, 5,

Scheme 1

N /
|
1 2
CHa0 (0] OH OoH
3 \Fiiy/ N J] MBOA
Jk,f&o |
OoH CH30%\ O . OH CH3O / O CHSO\@
A0 X.
DIMBOA { M CHC
Qsie oo™ O ,
I
3 5H 4 On

The yield of MBOA from the decomrosition of DIMBOA wac dependent upon the
basicity of the solvent system employed. In aprotic solvents, the logarithm of
the yield correlated linearly (r= 0.040) with solvent donor number, a measure
of the ability of the solvent to donate an electron pair.7 In aqueous solutions,

the logarithm of the yield correlated linearly (r= 0.996) with pH (Fig. 1),

- 435 -



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 f{ts

attack on the aldehyde group of 1 with formation of intermediate 2.

T T T

194 ! r Jies
~—
g
P
@]
@
=
o 182 1 F 41.80
@
> ®
[ S—
o
o

‘701"_..& 1 1 L 1 i l‘ll?q

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~
tion of DIMBOA 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,

Attempte to isolate secondary products were carrijed out in dioxane, the solvent
producing the lowest yiela of MBOA. DIMBOA was decomposed in dioxane at 63°C

for 2 weeks. The residue was subjected to dry column flagh chromatography and

ther toc thin Jayer Chromatoaraphy. A product with Rf.: 0.43 (silica gel GF.,M
with chloroform:me*thanol 101 as developing solvent), isolated in 10% viela,
hac the : B tiea: g " Tsh; Y, N )
ac he following propert;e [ >\max (EtOH) nm 257, 287sh; >\max (H2O ph 7]
am: FRC (€= 15,400), 28&ah; )n?, (H 0. pH 131 nm: 2553h, 300 (€= 10,9001 ; DK, =
11,30 iR :/rr?) (Kpr: C'T_1: 3207, 2asg0, 16€ES, 1610, 1500, 1460, 1280, 1140, 1080,

1620, 8207 THoRME (60 Mus . co.om®: a.e {3H,5,CH.0), 5.5 (1h,s,CHOMY, 6.4-7.0

(3=, m,aramaticts EIMS iprone, 70 eud m/z (rel. int.): 211 (723[M]7, 187 (1000
[Menrew T 18e (aa) Tapreow™™ ) qs3 (a7 [M-co-cHOM]®, 137 (4g) [153-0]", 122
Cac TiasoNoH T 106 (21: £122-07"; negative Fecl test; positive Tollens' test,

3
This data is consistent with structure 5, an isomer of DIMBOA. This product

could be detected by thin layer chromatography in the decomposition mixture of

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 compounas.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 % 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 te yield the corresponding 2~hydroxy-pheny1hydroxylamine.10
Hydrolysis of ester 4 accounts for this product,

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

. . . . . . . . 11
which likeiy arise from oxidation and condensation of these intermediates.
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Effect of gramine in the resistance of barley

padi
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Abstract

Gramine (N.N—Dimcthyl-3~aminomcthylindole) content in various barley cultivars varied from 0 to
2.6 mmoles/kg fresh weight. Those cultivars which were lacking gramine were the most susceptible to the

aphid Rhopalosiphum padi (L.). The population grow
content in leaves of barley seedlings. In addition, gram

th reze of R. padi negatively correlated with gramine
ine incorporate

d ia artificial diets decreased survival,

amount of diet ingested and reproduction ot aphids at concentrations similar 1o 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

Secondary compounds may protect  plants
against herbivores, For example, acvanogenic
morphs of Lotus corniculatus L. and Trifolium
repens L. are preferred over the cvanogenic morphs
by a variety of invertebrate and vertebrate herbi-
vores (Rhoades, 1979), Sheep avoid grazing on vari-
eties of lupine that contain high concentrations ot
atkaloids but readily graze on ‘sweet’ varicties (Ar-
nold & Hill, 1972). The resistance of some varieties
of barley to aphids can be atiributed to the pres-
ence of several phenolic and flavonoid compounds
(Todd er al, 1971). Gramine and related indole
alkaloids present in Gramineae, Leguminosae and
other families (Saxton, 1965) are responsible for
their toxicity to ruminants (Galiagher er al., 1964).
Indole alkaloids were also reported as toxic 1o
aphids (Corcuera, 1984). In addition. Zuniga er al.
(1985) have reported the role of indole alkaloids as
a factor in the resistance of several barlev (Horde-
um) cultivars to the greenbug Schizaphis graminim
(Rondani). In this paper we examined the effect of
gramine contained in barley to the aphid
Rhopalosiphum padi.

Entomol. exp. appl. 40, 259262 (1986).

© Dr W. Junk Publishers, Dordrecht. Printed in The Netherlands,

Materials and methods

Aphids. Individuals of R, padi used for the experi-
ments were collected from naturally infested barley
near Santiago. Aphid colonies were maintained on
Hordeum distichum cv ‘F. Union’ grown under
continuous light in the laboratory.

Infestation experiments. Seeds of five dif ferent bar-
ley cultivars, namely cv F. Union, Abyssinian, co-
mun, CM67-Gali and Brea ‘S’ Celaya, were planted
in pots filled with soil and grown under continuous
light in a greenhouse at 23-28°C. Ten-day-old
plants were infested with two aphids, apterous gy-
noparae, and the increase in the insect population
was determined after 6 days. Gramine content of
leaves v.as also determined in 10- and 16-day-old
seedlings. Three samples of five seedlings each were
used for each treatment.

Preparation of extracts jor gramine analyses. The
samples (210 3 g of leaves) for the alkaloid analyses
were frozen and macerated using mortar and pestle
with 20 ml MeOH-NH,OH (100:1 v/v). The extract
was filtered through glasswool. The solvent and en-
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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,OH and washed twice
with chloroform (1:2 v/v). The organic phase was
evaporated to dryness. Gramine was quantified in
these extracts as described previously (Zuniga er al.,
1985).

Feeding assays. Aphid feeding assays were made
by using holidic diets placed between two layers of
Parafilm M (Argandofia ¢t al., 1982). The diet con-
sisted 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-
ment.

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 variety 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 graminum (Zuiiga et al., 1985). Howev-
er, the seediings with more gramine were more resis-
tant to R. pudi than 10 S, graminum.

Effect of gramine on aphids. Incorporation of gra-
mine into artifizial diets decreased survival of R.
padi at all concentrations tested (Fig. 2). To deter-
mine if gramine acted as a feeding deterrent aphid
nymphs were fed on diets containing 0 to 6 mM
gramine for 7 h. 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 gramine. 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. 3B).
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Fig. 1. Gramine content of leaves and population growth rate of
R. padi on barley seedlings. Numbers of Barley cultivars: 1="F,
Union', 2='CM67-Galt’, 3='BREA “S"-Celaya', 4="‘comun’,
5="Abyssinian’ Vertical bars: =1 s.. Aphid population growth
rate = Lu (Nf/Ni)/At.
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Fig. 2. Effect of gramine on the survival of adults after 48 h
feeding of R. padi on diets containing various gramine
cencentrations. Vertical bars: +1 s.e.

As indicated in Fig. 3A, the highest survival of
aphids exposed 1o 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 gramins plays a role in the resis-
tance of barley against aphid attack. Although, the
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Fig. 3. Feeding deterrency and toxicity of gramine. After the nyinphs were exposed for 7 h to the diets, ingestion was determined by
weighing the sachets (A). Then they were transferred 1o control diets, and survival was determined after 48 h (B). Vertical bars: 1 se.
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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:
t1 se

exact location of gramine in the ieaves 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. Development of gramine-free barley cultivars
has been suggested as desirable because of the use
of this crop for animal feeding (Hanson er al.,
1981). However. this paper and our previous work
(Corcuera, 1984; Zaniga ef 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 by means of plant
breeding would be advisable only for those cilti-
vars that have alternative insect resistance mechan-
ismis,
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Résumé

Effet de la gramine sur la résistance de plantules de
seigle des puceron Rhopalosiphum padi

La teneur de gramine (N,N-dimethyl-3-amino-
methyl-indole) dans différentes cultures de seigle
présente des variations comprises entre 0 et
2,8 mmoles/Kg (poids frois). Les varietés dépour-
vues de gramine sont plus sensibles a 'attaque des
pucerons. Le taux de croissance de la population
des Rhopalosiphum padi a une correlation neégative
avec la teneur en gramine des feuilles de plantules
de seigle. D ailleurs, la gramine diminue les tauyx de
nourrissement, de survie et de réproduction des
pucerons alimentés avec des dietes artificiclles
contenant des concentrations du produit teste,
similaire a celles trouvées pour les feuilles des plan-
tes. Donc, on suggérent que la gramine peut étre un
des facteurs responsables de la résistance des plan-
tules de seigle contre I'attaque de Rhopalosiphum
padi.
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SUMMARY

Resistance to the aphid Sitobion avenae F. was assessed on six wheat cultivars of
known concentrations of total hydroxamic acids. A range of values for intrinsic
rate of increase (r,,) were obtained, 96% of the variation in which was explained by
acid concentrations. Of the components of r'm, 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). Wheat
extracts contain hydroxamic acids (Hx) (Willard & Penner, 1976) which have been shown to
be important in resistance against insects in several Gramineae (Klun, Tipton & Brindley,
1967: Klun, Guthrie, Hallauer & Russell, 1970; Long, Dunn, Bowman & Routley, 1977; Beck,
Dunn, Routley & Bowman, 1983). The most abundant of these acids in wheat is 2.4-
dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA). This compound has also been
shown to be involved in the resistance of several wheat cultivars to the aphid species
Metopolophium dirhodum (WIk.), Schizaphis graminum (Rond.) and Rhopalosiphum maidis
(Fitch) (Corcuera, Argandofa & Niemeyer. 1982), but S. avenae has not been investigated in
this context.

The main objective of this investigation was 10 assess a range of wheat cultivars, previously
assessed for hydroxamic acid levels. in order to measure 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 grown
under permanent light at ¢. 26 °C witha 10 °C range in a glasshouse at the University of Chile,
and harvested at the two-leaf stage (G.S. 12; Zadoks, Chang & Kou. 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. The
extract was adjusted to pH 3 with 1 M HCI and centrifuged at 10000g for 10 min. The
supernatant was extracted three times into equal volumes of cthyl ether and the organic phases
were evaporated to dryness. Hx form a blue complex (4., = 590 nm) upon the addition of
ferric chloride reagent (50 g FeFl;.6H,0, 500 ml 95%; ethanol and Sml 15 M HCl). The
concentration of Hx in e tissues was determined by comparing the absorbance of extracts

* Present address: C-6, Vani Vihar, Utkal University, Bhubaneswar-751004, Orissa, India.
© 1986 Association of Applied Biologists
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Fig. 1. Eflect of assessment period on the estimate of intrinsic rate of natural increase (r,,) of Sitobion
avenae on six wheat cultivars.

with & 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). Recovery of DIMBOA was 100°, DIMBOA had previously been isolated
from 7-day old seedlings of maize (cv. 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. 2 seed compost and
were germinated in a glass-house at a temperature of 20 °C with an 8 °C range and a minimum
16 h photoperiod. They were transferred after ¢. 5 days to a culture room basec on the design
of Scopes. Randal! & Biggerstaff (1973). They were kept at 20 °C with a 2 °C range, 60-70%
r.h. and 16 h photoperiod. Light intensity was 75 yE m~*s-1.

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 loft 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 cuitivar) 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 (r,,; Birch, 1948) was calculated for the aphids on each
cultivar using a program incorporating the ‘Jack-knife’ technique to calculate the standard
error (Miller, 1974 Bisscll, 1977; Birch & Wratten, 1984), Age-specific survival (/,), and age-
specific fecundity (m,) 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 o those found for other aphid species (c.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,, valuc 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 967%,. depending on whether the
variables were arithmetic (Fig. 2a), or one. or both (Fig. 2b) variables, were logarithmically
transformed. The confidence limits for r,, were very low; however, the parallel inter-plant
chemical variation could not be calculated because of the bulking of samples needed to
provide 1-5 g of plant tissue (see Methods).

Of the components of r,,, martality 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
Jaba L. cultivars. In other work, where a wider taxonomic range of plant material has been
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Fig. 2. Relation:hips between intrinsic rate of natural increase of Sitobion avenae and levels of total
hydroxamic acids in wheat seedlings at the two-three-leaf stage. a. arithmetical (with 95% confidence
limits); . logarithmic; logy = -1:22 - 037 logb. S.E, = 0033, P < 0001, r = ~098, P < 0-00].
Symbois 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 age-
specific fecundity was positively related to acid levels (logy =217 + 017 logx; P <005;r=
0-86).

This preliminary investigation has revealed that hydroxamic acids appear to play a major
role in seedling resistance to Sitobion avenae. Future work must include a wider taxonomic
range of Triticum material, which should be screened for aphid resistance and hydroxanic
acid levels, ideally in the same plant cohorts at a range of growth stages. Although Argandofia
et al. (1980, 1981) demonstrated declines in acid levels with increasing plant age, the rate of
this change needs to be compared within a wider range of taxa, with a view to selecting those
with the lowest rates. Even for those Triticum cultivars and species with high acid levels only
at the seedling stage, useful resistance potential remains; dipterous pests of the genera
Oscinella and Opomyza attack seedlings in the field in Europe and the aphids Rhopalosiphum
padi (L.) and S. avenae colonise seedling cereals in the autumn in the UK, when plant
pathogenic viruses may also be transmitted.

K.B. thanks the Association of Commonwealth Universities for the award of an Academic
Staff Fellowship at Southampton. Financial support by the Universidad de Chile and the
Agency for International Development is gratefully acknowledged.
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Quantitation of
N-(2-Hydroxy-4-methoxyphenyl)glyoxylohydrox-
amic Acid, a Reactive Intermediate in Reactions
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Extracts of various Gramineae contain hydroxamic acids
such 2,4-dihydroxy-’?-methoxy-1,4-benzoxazin-3-one
(DIMBOA), which are involved in the resistance of the
plants to pests and pathogens.!? It was suggested that
the toxicity of DIMBOA is partly due to reactions of its
open-chain isomer, N-(‘Z-hydroxy-4-methoxypheny])g]y-
oxylohydroxamic acid (1).34 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. L; Penner, D, Residue Reu. 1976, 64, 67.

(2) Argandona, V. H.; Corcuera, L. J.; Niemeyer, H. M.; Campbell, K.
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9, 2287.
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solutions of DIMBOA. We describe herein the quantita-
tion of 1 in aprotic solvents and discuss its reactivity and
the 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 2 5 °C. Phenylglyvoxal monohydrate (Aldrich) was used
without 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 thermostated at 28 °C. The cell, designed
for measurements 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 solutions
for 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 for
more than 5 h. The supporting electrolyte was 0.1 M tetra-
ethylammonium perchlorate.

Synthesis of N-Phenyl-a,a-dichloroacetohydroxamic Acid.
To a solution of 0.035 mol of freshly prepared phenylhydroxyl-
amine in 45 mL of anhydrous diisopropy! ether was added an
excess of sodium bicarbonate. T this suspension was added,
under constant stirring, 0.018 mol of dichloroacetyl chloride
dissolved in 5 mL of diisopropyl ether, with the temperature kept
between 0 and - °C. After 30 min the mixture was filtered and
the filtrate concentrated 1o turbidity. Petroleum ether was added
to complete precipitation. The residue was filtered and recrys-
tallized from benzene-petroleum ether (vield. 93%): mp (un-
corrected) 91 °C: UV A, BOH 963 nm: IR 1, K (cm™) 3200, 1635;
EIMS (probe. 70 e\'), m; 2 (relative intensityv) 220 (5, [M1*), 136
(32, [M - CHCI]*1. 108 (100, [136 - CO)*); 'NMR (60 MHz.
CD,COCD4 4 7.1 (1 H, s, CHCIy). 7.2-7.9 (5 H, m. Ar); positive
FeCl; test. Anal. Caled for CsH;NO,Cl;: C, 43.67: H, 3.21; CI,
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-a,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
HCL. The acidified aqueous solution was extracted with diethyl
ether. The organic phase was dried with Na,S0, and evaporated
under vacuum. The orange oil left was treated with benzene, upon
which white crystals were obtained. These crystals were further
washed with benzene. The vield was less than 10%.: mp (un-
corrected) 155-157 °C; UV A, B*OH 253 nm, A, H1© 244 nm (e
14800); IR rp,, 8B" (cm™) 3360, 1665; EIMS (probe, 70 eV), m/z
(relative intensity) 183 (31, [M]*), 165 (100, [M - H.0]*), 136 (50,

(8) Argandoha, V. H.; Niemeyer, H. M.; Corcuera, L. J. Phytochem-
istry 1981, 20, 673.

(9) Riddick, J.; Bunger, W. B. In Techniques of Chemistry, Weiss-
berger, A., Ed.; Wiley-Interscience: New York, 1970; Vol. 2.

J. Org. Chem., Vol. 51, No. 18, 1986 3541

T T T
90 | Jos

2 o}
<« o
1 b q
~ 2
% a

[
] 8
3 z
R 5
= 95f 8  loasT
o &
= E
3 3
£ 4
£ £
3 3

(] 8 40
1 1
0 105 210
DIMBOA (mM)

Figure 1. Variation of the limiting current with the concentration
of DIMBOA for the reduction waves A (a) and B (b) in di-
methylformamide.

Table 1. Half-Wave Potentials for the Polarographic
Reduction of DIMBOA and Model Compounds

~E,;3/V vs. SCE

compd® solvent wave A wave B
DIMBOA din.ethylformamide 0.63 1.72
dimethyl sulfoxide 0.62 1.95
pyridine 0.65 1.73
PG dimethylformamide 0.62 0.95
PGH dimethylformamide 0.66 2.06

®Concentrations emploved were: DIMBOA = 1.1 x 10-? M; PG
= 11X 10" M; PGH = 1.4 x 107 M.

{165 - CHOJ*), 108 (32, [136 - CO)*); '"H NMR (60 MHz,
CD;COCDy) 6 6.9-7.9 (m, CH(OH), and Ar); positive FeCl, test.
Anal. Caled for CgHgNOQ,: 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 dimethyvlformamide.
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 those used to
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 1a).

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

The reduction of two model compounds was also stud-
ied: phenylglyoxal monohvdrate (PG) and N-phenylgly-
oxylohydroxamic acid monohydrate (PGH). These com-
pounds share with DIMBOA the structural feature de-
picted in 4. The polarograms of soluticns of these com-

H
/O\t.OH
X0
4

pounds were similar to those of DIMBOA, showing a
diffusion-controlled wave of type B and a wave with kinetic
character of type A. These similarities suggest that elec-
troactive groups are present in or are produced from the
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Table II. Thermodynamic and Kinetic Constants for the
Decomposition of DIMBOA at 28 °(Ce

solvent 10% 4. min™! 10°K k;, min™
dimethylformamide 1.72 2.1 0.082
dimethyl sulfoxide 0.81 0.73 G.111
pyridine 0.52 0.27 0.194

*See eq 1 in the text. ®Extrapoled to 28 °C from Arrhenius
plots with data from ref 7.

partial structure 4. Half-wave potentials for the polaro-
graphic waves described are collected in Table 1.

Discussion

Identification of Species Being Reduced. The po-
larographic reduction of DIMBOA solutions showed a
kinetic wave A and a diffusional wave B. The half-wave
potential of wave B was similar to that for the corre-
sponding wave in PGH and fell within the range observed
for the reduction of the hydroxamic acid moiety.!® Hence,
wave B may be attributed to the hvdroxamic function in
DIMBOA.

Waves showing kinetic control, such as wave A, have
been reported in the polarographic reduction of sugays!i-14
and aldose oximes! and have been attributed to hemi-
acetal opening prior to electron transfer. On the other
hand, similar waves have been reported in the polaro-
graphic reduction of PG und of other aldehydes,"” in
agueous 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 polarographic
reduction of solutions of DIMBOA., PG, and PGH in non-
aqueous solvents may thus be ideniified with compounds
1,2, and 3, respectively.

Determination of Equilibrium Constant DIMBOA
= 1. At sufficiently high concentrations of DIMBOA,
small amcunts of 1 could be detected directly. If the
diffusion coefficients of cyclic and open-chain species,
DIMBOA, and ! are assumed to be equal, the equilibrium
constants for hemiacetal opening can be determined as the
ratio of the slopes of lines such as those shown in Figure
I for dimethylformamide as solvent. Table 11 collects the
values of such equilibrium constants in various solvents.

Studies of the hydroxyl stretching frequencies of DIM-
BOA in aprotic solvents have shown that the solvents
interact with DIMBOA by sharing electron pairs with the
hydroxy! groups at positions 2 and 4. One of these in-
teractions is expected to be absent in compound 1 since
in it a strong intramolecular hvdrogen bond would be
formed (5). Hence, these solvents are expected to pref-
erentially stabilize DIMBOA over compound 1. This

CH30 OH
[o}
Uﬁr "

5 0.,.0

(10} Eisner, V.; Kirowa-Eisner, E. In Encyclopedia of Electrachem.
istry of the Elcments: Bard, A, J., Ed.; Marcel Dekker: New York, 1979;
Vol. 13, p 219.

(11) lkeda, T.: Sendn, M. Bull Chem. Soc. Jpn. 1973, 46, 2107.

(12} Bhanduri, M. Chowdhury, F. H.; Fouzder, N. B. J. Indian Chem.
Soc. 1975, 52, 1141.

(13) Chowdhury, F. H.; Foudzer, N. B,; Tarafdar, S. A. J. Indian
Chem. Soc. 1975, 52,1139,

(14} Delahay, P.; Strassner, J. E. J. Am. Chem. Soc. 1952, 74, 893,

(15) Haas, J. W.; Storey, J. D.; Lynch, C. C. Anal, Chem. 1962, 34, 145,

(16} Rodriguez-Mellada, J. M.: Camacho, L..; Ruiz, J. J. J. Electroanal,
Chem. Interfacial Electrochem. 1984, 177, 39, 51.

(17) Heyrovsky, J.; Kuta, J. Principles of Polarography; Czechoslovak
Academy of Seiences: Prague, 1965.
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Figure 2. Effect of solvent donor number on the equilibrium
constant for the process DIMBOA — | (O) and on the rate
constant of formation of isocyanate 6 (Scheme I) (@). Solvents
employed were dimethylformamide (1), dimethy) sulfoxide (2),
and pyridine (3).
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consideration is indeed reflected in the linear solvent en-
ergy relationship obtained with log K by using the donor
number of the solvent, a measure of its ability to donate
an electron pair (Figure 2).18

Mechanism of Decomposition of DIMBOA. DIM-
BOA decomposes to give 6-methoxybenzoxazolin-2-one
(MBOA) as the main product both in protic®69 gnd
aprotic’ solvents. The comparable effects of basicity of
aqueous solutions and donor ability of aprotic solvents on
decomposition rate®® and yield of MBOA' guggest that
simiiar mechanisms are operating in both types of solvents,
Evidence presented for the decomposition of DIMBOA in
aprotic solvents gave support to the mechanism depicted
in Scheme L7 In solvents of low donor number (lower than
ca. 23). the opening of the hemiacetal is the rate-limiting
step.” In solvents of higher donor number, such as di.
methylformamide, dimethyl sulfoxide, and pyridine, the
rate-limiting step is the formation of isocvanate 6. Under
these conditions, the experimental rate constant for de-
composition is equal to the product of the equilibrium
constant for hemiacetal opening times the first-order rate
constant for the formation of ¢ (eq 1). The values for K

kobad = Kk2 (1)

determined in high donor number solvents allow the cal-
culation of k, (Table II). The logarithms of these values
correlated linearly with solvent donor number (Figure 2),
Since the proposed formation of isocyanate 6 requires the
nucleophilic attack of the hydroxamic hydroxyl group on
the aldehyde function in 1, the rate enhancement observed
in solvents of high donor number may be taken as further
evidence for the mechanism of Scheme I.

(18) Gutmann, V. The Donaor-Acceptor Approach to Molecular In-
teractions; Plenum: New York, 1978.

(19) Bravo, H. R.: Niemeyer, H. M. Heteroeyeles 1986, 24, 335,

(20) Niemeyer, H. M.; Bravo, H. R.; Pena, G. F.; Corcuera, L. J. In
Chemistry and Biology of Hydroxamic Acids; Kehl, H., Ed.; Karger AG:
Basel, 1982; 22.
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INTERACTION OF 2,4-DIHYDROXY~7-METHOXY~1,4-BENZOXAZIN~3-ONE {DIMBOA)

WITH ALCOHOLIC SOLVENTS

Héctor R. Bravo and Hermann M. Niemeyer*

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

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 an 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 ir the resistance of the plants to pests and

pathogens.1’2

The study of the chemistry of DIMBOA has provided a basis for
rationalizing its biological properties at the molecular level.3 The stability
of DIMBOA has been described in aqueousa=5 and aprotic solvents.6 We herein
describe the behavior of DIMBOA in alcoholic solvents,

Solubilities of DIMBOA were determined by adding FeCl reagent to the super-

3
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 FeCl3 reagent.

Solubilities of DIMBOA in different alconols generated a linear solvation
energy relationship (Fia. 1) using acceptor number (AN) as solvent parameter, a
measure of the ability of the solvent 1t¢  accept an electron pajr‘.7'B
Additionally, a 2-parameter correlation using AN and DN (donor number), a
measure of the atility cf the solvent to domate an electron pair.7'8 produced a
ratio of coefficients for AN ana DN equal to 25, further supporting that

electron pair accepting properties of the solvent are of overwhelming importance

in its interaction with DIMBOA.g

- 2809--
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Fig. 1, Effect of the acceptor number of alcohelic solvent on the s0lubility of
DIMBOA at 284 k. Solvents employed were: methanol (1), ethanol (2), 1-propanc]

(3), 2-propanol (4} and 1-butanol (5}, Correlation coefficient = 0.986.

These results point to the interaction of electrophilic sites in the solvernt
with nucleophilic sites in DIMBOA. The former can be assumed to be the hydroxyl
protor in the solvent; the latter may be identified with the carbonyl group of
DIMBOL, Confirmation of this proposition was obtained from the erfect of
solvent on the carbonyl stretching frequency of 0JMBOA. Table 1 shows that as
AN increased, the carbonyl band broadened and shifted towards the region of
increaseg single bond character, indicating hydrogen bonding of the carbonyl

grour tc the solvent,

Table 1, Stretching freauencies and band widths of the cirbony)

group in DIMBOA dissolved in alcchols

Solvent UC=O(cm-1) O otem™ ) And
Methano: 1€72 very broad 41,3
Ethanol 1664 57 37.1
1-Propanol 1689 a8 35.3
2-Propanol 1687 48 33.5
1-Butanol 1687 47 32.2
t-Butanol 1689 40 27.7

asee note B8,

- 2810 -



HETEROCYCLES, Vol 24, No 10,

The kinetics of decompousition were first order with respect to DIMBOA, Frece
energies of activation produced a linear solvation energy relationship w'th AN
(Fig. 2). In addition, an isokinetic relationship (correlation coefficient =
G.998) was generated with a value of [ (363 K) falling within the range

. 10
expected for solvent effects on reaction rates.

120 } 4

AG! (KJ/mol)
E3

1z

1 iy i

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 were the same as in

Fig. 1 and t.--butanol (6). Correlation coefficient = -0.880.

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

formic acic. The following mechanism incorporates the features described:

CH3O. .o~ 0L L OH K CH4C o . OH Ky CH30 _OH CH3O._ . 0,
I ] AN \1 4] - B ——
- A “fos \(\, L b - 3 »») o C'//o - ) °

< ) © KT y7T HCOOH SN SLUOSN

slow |

o= Tl H
DIMBOIL 1 2 MBOA

The c¢!serves rate  constant ic the product of the equilibrium constant for

\

hemiacetal crering (F) timec the rate constant for isocyanate formation (k_).
<

Intermediate 1 has a carbonyl group 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 interaction with soclvent

2811
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Table 1. Cramine and Hydroxamic Acid Content and Susceptibility of
Various Cereals to Aphids

Compounds
(mmoles/kg fr wt) Population frowth Rate
Gramine Hydroxamic (day™ )
Acid Sg Rp Md
Hordeur distichur®
cv F. Union ND ND 0.38 0.32 0.43
Brea "S" Celaya 1.2 ND 0.35 0.24 0.40
79 AN M 1.7 ND 0.33 0.15 0.38
Abvssiniar 5 2.9 ND 0.30 0.12 0. 34
Tt cur acstovun’
cv Sonka ND 0.6 0.4¢4 - -
Likay ND 0.9 0.43 - -
Cajeme ND 1.5 0.2¢4 - -
Nacfen ND 1.5 0.24 -
T. durun’
cv SNA-1 ND 1.8 0.2] - -
. ++
T, aerzivun
¢v Huenufer NL 0.5 - - 0.35
Nacier ND 1.2 - - 0.3]
T. dusur>
cv Shi-2 ND 3.] - - 0.25
Tradecate™ NL .k - - 0.1<
2ec mae ™
ev T1l, LIl NI 7.3 - - all deac
Toe anfestatior wae zarriefd our o Mr-dav-cld (4, or Sediv-ple (-
SEelLINEY I FTesuiuse-pTow plaveg fter sin dave peoulatior
Browir réte Wio celermines lgrowir vatre = In (NE/KiV/Lr: . Sg.

Suzarcr aramonur: Ky, Rreoii.. cpee pade; Mc, Mctep fepriur
disnodun.  NL, not detcitec.
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Table I1. Distribution of Cramine and Hydroxsmic Acids in Barley
and Wheat Tissues

Compound
(mmoles/kg f1 wt)
Leaf Part Cramine Hydroxamic Acids
Complete leaf 0.28 4.2
Veins ND 7.0
Guttation drops ND ND
Xylez exudate ND NI
Epidermis 0.72 ND

Cramine wa: determined in barleyv (cv XB1-T-1031) and hydroxamic acid
in wheat (cv 5NA-3) tissues. Plants were grown for 10 dave in a
greenhouse  with a day-time temperature of 25°C and a night-time
temperature of 16°C. Tissues were mechanically separated under @
microscope.

Table 111, Effects of Gramine, DIMBOZ and DIMBOA-Glucoside on
Schazaphit gramunur feeding on artificial diers

Compowund Survival Aphids feeding Reproductive
(%) (2 Indeo.
None 10 6 . C
Crac:ne 1C 25 1.t
DM O 13 G 3.G
DIM:Us-Cluzoe.de 1€ - 3.6
Survavel after e h oanc the numnes of aprids feelingp wvere dilermined
8T « m* lomroue 1t the dier. Rerrocultive inder (QUmBET O TAVEDLE
averap. LumieT oI acuits wat deterniter o0 (L1 awM ocomroo. o ar tne
i€ Veluil Ere tne aveTagpe € thrvey samilies of ter airlc e
For reprocuctior studies five samile: wert usec. Stancito oerrovs
WETe aiwav: Lest than 10L. DIM o4 I ,e=Dinvaronv-7-metncon-i,4-

bencoxesit- >-one .
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Table IV. Effect of Water Stress in Barley Plants on Proline and
Clycine-Betaine Content and Susceptibility of Barley to
Schizaphis graminum

Water Potential Proline Betaine Populn:ion_?rovth Rate
(~bars) (mmoles/kg dry weight) (day °)
6.3 5 57 0.3
10.6 11 79 0.39
15.5 25 126 0.43

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

Tatle V. Effects of Proline, Choline and Glycine-Betaine on
Schizaphis graminur Feeding on Artificial Diets

Compound Survival Aphide Feeding Reproductive
) (» Indes
Nome 93 = 3 9C - 2.45 = 0,10
Prcline 9¢ = 6 57 : 3 2.13 7 0.13
Cheine 7225 9: = 3 2.00 = .29
Glyiine-bezaine 9 = 3 Tu 20 b 3.6 - 0.1)

Bicoopiziel arcave were performe: witi t mY compound in the cdie:. The

Terricuiiove ingey of aprnics fec witr 1l m¥ of glviine-beteire  was
Do.ooetier T.oonoof reeding. \alug: showm are the averape ' standard
€rrer Cl lrvee samples ol ter apn.d:  each. Reprodu: s:cr studies

wert pericrme: with five sanple:.

Corre.at.on: between corten: of varlous compounds irn cerezls anc
prpulaiior growth rate of aphids on the plante were found. In
add:ition, these compounds cause deleterious ofects on aphids on
artificial diets at concentrazions similar to those founc ir plants,
Tnue, 1t ir possible that gramine anc hydroxamic acide play a rcle
in pretecting barley and wheat, respectively, apainst aphide.

S gramonur feeds preferentially fror phloem (17). Hvydroxamic
acids are more concentrated in the vascular bundles of wheat leaves
than in ocher tissues, Moreover, these compounds are not present in
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GLYCINE-BETAINE ACCUMULATION INFLUENCES SUSCEPTIBILITY OF
WATER-STRESSED BARLEY TO THE APHID SCHIZAPHIS GRAMINUM

GuUsTAVO E. ZUNIGA and LUiS ). CORCUERA®

Departamente de Biologia, Facuhad de Ciencias. Universidad de Chile, Casilla 653, Santiago, Chile

(Revised received 6 June 1986)
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stress: betaine, proline

Abstract - Water deficit increased susceptibility of barley to the aphid Schizaphis graminum. Proline and
glycine betaince accumulated in the stressed plants These compounds were incorporated into artificial diets to test their
effects on aphids. Survival of S_ graminum was not aflected by proline and glycine- betasne. In addition, glycine-betaine
increased reproduction of the greenbug at concentrations similar to those found in stressed barley plants. When
ghycine betaine was added to detached shoots of barley. population growth rate of S. graminum increased in that plant
matenial hept i the betaine solutions 1t s suggested that glycine-betaine accumulation may be responsible for the
increased susceptibility of water-stressed barley to the greenbug

INTRODLUCTION

Barley le»ves accumulate proline and glycine betaine
under water stress [ 1]. The grain yields of barley cultivars
that accumulate prolinc as a response 10 water stress are
not decreased over a wide range of environments [2)
However, prohne accumulation does not serve as an indes
of drought resistance { 3], Although a precise role has vei
to be assigned to ghyaine-betaine, this compound may
function as an organic cvtoplasmic osmoticum [4] The
finding that glicine betaine 18 located 1n the cvtoplasm
supports this hypothesis [§] Moreover, proline and
ghamne hetammn protect several enzymes against an rire
heat macination, [67 1t has also been reported thay
proline conceniration ncreases in virus anfested ieaves
[7) Hagiund [», suggested that plants winth o highe:
content of prohing are more susceptible te insect predators
but it wis lewer shown that proline content does not
influence suscepiibihits of barley [9] Betaine and choiime
concentrigtior imdtcesed toliowing rust infectior: i sus
ceptible but not o resstant wheat vanenes [10]
However. o direc correlation beiween the susceptibiin
and the concentiation ol these compounds has not beers
demonstrated We repori here that accumulation of
glycine- betaine in waicr-stressed barley may influence the
susceptibility of seedlings to the aphid Schizaphis grami-
num (Rondani).

RESULTS AND DISCUSSION

Water stress and susceptibiliny of barley

Barley seedlings subjected to water stress were infested
with adult apterous aphids Aphid population growth rate
increased in the stressed plants (Fig 1a). These plants also

*To whom correspondence should be addressed.
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accumulated glycine-betaine and proline (Fig. 1b). 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
Afier two davs each group was infested with adult aphids
and the population growth rate was determined six days
later (Fig 21 Populanion growth rate increased in plants
kep! ‘5 the glycine-betaine solutions. Proline and choline
produce a small decrease in the population growth rate

Aphd feeding experimenis

Prohne. choline and glycine- betaine were incorporated
o artificrs! diets te test thew effects on the greenbug
Choline decreased survival of aphids. while proline and
ghane betaine did net (Table It Moreover. ghyeine
betine increased reproauction of the greenbug at concen-
tratons simifar to those tound in plants (Table | and
Fig 3

Our results have shown correlations between natural
accumulation of ghyaine betame and plant susceptibiliny
Also. a similar correlation was found when glveine
betaine concentranions of the leaves were artificially
increased by putting the plants in glycine-betaine sol-
utions. Morcover this compound increased the reproduc-
tion of aphids reared with artificial diets. Thus. it is
suggested that glvcine-betaine accumulation may be a
factor responsible for increasing the susceptibility of
water stressed barley to the aphid §. graminum. Whether
other compounds invohved 1n water stress responses also
increase susceptibility to aphids remains to be determined.
Since proline and choline did not show benceficial effects
on aphids reared on artificial diets, it 1s possible that
cultivars which preferentially accumulate these com-
pounds arc more resisiant to aphids than those that
accumulate glycine-betaine.
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Fig 1 Effect of water stress on the suscepubility of barley plants and proline and glveine betaine content Barley
seeds v F Union, were grown in soil a 16 hr photoperiod in a growth chamber at 24 * 2. Four-day-old seedhings
were kept without irngation lor 48 hr Five groups of plants were theu irrigatea daily with different amounts of water
for six days Leaf water potentials were measured 1n ten-day-old seedlings using a pressure chambet Repheate
groups were anfesied with adubt apterous aphids Insect population growth rate was determined si days afier (Fip
lay Each value is the mean of three samples of ten plants each Verniea! bars are | s.e. Population growth rate
= IntAf Ny Ar Proline (@) and betaine () (Fig 1b) were quantfied as described 1n the experimental section
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Fig 2 Efleer of prohine. choline and givamne betaine incorpo-
ratec n. deta hed choots of barles or, the suseeptibiny 1o aphids
Detachee shooe of eight-day-oid barle secdinps v B Uinon,
were pa e wolotiens Contoming proline cnoline and ghemne
betame Arer vl aive eat, group wisantesied witk two adult
apreros apmas Populaton growth rate wye aecternnned s danve
ates a e bag b Factovalue s the mean of thre samples of fine
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Plant

st Verta! bars are D ae Soluton: contamed 10T M
MBS L G senescence of lcaves A thisconlentration binetur
dic et getectabie efiects on the greenbug Glacin: betaine

(Z:). prohine (@), chohine (7,

EXPERIMENTAL

Analyses of compounds. Proline was quanufied by the method
of Bates e1 al [11] Piamt matenal (0.5 8! was homogemzed 1n
10mi of 3, aqueous sulphosalicyelic acid and then filtered
through Whatman No | filter paper. Two ml of this filtrate were
incubated with 2 m) scid-minhydrin and 2 m) HOAc at 100 for
30 mun and the reaction terminated an ice hath. The reaction
mixture was extracted with 4 m! toluene and the absorbance was
measured at 520 nm using toluene for a blank (Ee20 = 11511),
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Fig 3 Eftectofghane betane onreproduction of § grammum
reared onanificisi diets Adultaphids were fed with artitivia) diets
with ghaine petune added  The reproducting apde
measurec after "2 hr Eack vaiwe 1s the mearn of tnree sempies of
teraphie-

L

Vercal narsate oe The TEProductinve inac wa the
amount 2l myvmpns born divided by the arverage numitwr of ggults
All vatue were sigmibieantiv different ot f - (HOs by 1 test

Ghyeme petsine was quantified by & method previoushy de-
scribed [12) Dned plant material (0.5 g was shahen with 2o m)
of deionized H,O tor 24 hr a1 25 The extracts were dijuted | |
with 2 N H;S0,. Aliguots of 0.5 ml were cooled in ice water for
1 hr and then 0.2 m of cold KI-1; reagent was added. The 1ubes
were stored at 04 for 16 hr and then centrifuged at 5,000 g for
30minatG The supernant was discarded. The periodide erystals
were dissohved in Sml 1,2-dichloroethunc After 2S5hr the
absorbance was measured ar 365 nm ltyee = 2244,

Waier stress trearment. Five groups of four-day-old seedhings
were watered daily with difierent amounts of wates for six days
Water potential of leaves was measured ag this stage [13] Then,
each group of plants was infested with adult apterousaphidsof §
grammnum The number of aphids on the leaves wi medsured sy



Glycine betaine accumulation in planis

Table | Effects of prolinc. chohine and glycine betaine on Schizaphis
graminum feeding on artificial dieis

Amount of diet Reproductive

Survival ingested index
Compound ("sb  (mg 10 aphids)  (nymphs adult)
None 931412 09 25403
Prohne 96+ 6 09 23401
Choline chloride 72+ 5 0.7¢ 22+0.2
Glycine-betaine 941 13 09 33402

Biological assays were performed with holidic diets placed beiween
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
aflter 48 hr of feeding The amounts of dict sngested ~ere measured by
weighing the parafilm sachets after 7hr The reproduci've index was
measurcd after 72 hr Al assavs were performed with adult apterous
aphids Values shown are the mean of three samples of ten aphids each
* 1s ¢ Reproductive indev ic the amount of nymphs born divided by the
average number of aaults (*i = significant differences from control

values at P < 0.05 by 1 1est

days after and population growth rate was calculated {population
growth rate = In(\Nf Ni) A1)

Feeding assavs  Assays were performed with deets placed
between two layers of Parafilm M[14] The diet was a solution
contasning X5 sucrose. amino acids and mineral salts adjusted
to pH 6.0 Three samples of ten aphids each were used for each
treatment
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Abstract—1. The effects of the title compound (BOA) on energy-linked reactions 1o mitochondria were

studied

2. BOA inhibited electron transfer between the flavin and ubiguinone in Comp)cx/und ATP synthesis

at the F, mosety of the ATPase complex

3. These results are discussed in relation 1o the toxiony of BOA towards a wide range of aerobic

organisms

INTRODUCTION

Benzoxazolin-2-ones such as compounds 1 (Scheme
1) are decomposition products of hydroxamic acid
glucosides naturally occurring in Gramineac such as
maize. wheat and rye. their production starting when
the plant tissue is injured (Hofman and Hofmanova,
1971).

R _0
T >~
SN
.

The possiblc role of benzoxazolin-2-ones as host
plant resistance factors towards various pests and
pathogens has been tnvestigated. Benzoxazolin-2-one
(BOA" and its 6-methoxy derivative {(MBOA) pro-
duce deletereous effects on vanous organisms

MBOA 15 toxic to the cereal aphif Meropolophium
dirhodum W5 =7mM) (Argandona er al. 19%0).
Benzoxazolin-2-ones inhibit growth of larvac of the
Evropecan  corn  borer.  Osirinia  nubilali«
(& =2.5mM) (Beck and Smissman. 1961) and of
other msects such as Bomhyx mori (Kubo and Kam-
kawa. 1983) and Blarcllu germanica and Prodenia
eridana (Becl. and Staufler. 1957).

The growth of Fusarium nivale. a fungus patho-
genic to rye. is compietely inhibited by 3 mM BOA or
MBOA (Wahlroos and Virtanen, 1958). Other plant
pathogenic fungi such as Fusarium moniliforme, Gib-
berella zeac. Pyrenochacia terrestris, Diplodia zeae
(Whitney and Mortimore, 1959), Sclerotinia tri-
Joliorum (Viranen er al., 1957) and Penicillum
chrysogenum (Beck and Smissman, 1961) arc also
inhibited at concentrations ranging from | to 6 mM.

Plant pathogenic bacteria such as Xanthomonas
stewardii are inhibited by MBOA at 4 mM (Whitney
and Mortimore, 1961). In addition. both BOA and
MBOA inhibit growth of Staphylococcus aureus.

BOA - R:H
MBOA R = CHyO

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

Pseudomonas fluorescens and Escherichia coli at con-
centrations higher than 5 mM (Virtancn et al.. 1957).

The toxicity of benzoxazolin-2-ones towards such
a wide range of acrobic organisms suggests that the
energy metabolism might be a possible warget for their
action. We report herein the effects of BOA on
mitochondrial electron transport and ATP synthesis.

MATERIALS AND METHODS

Phosphorylating submitochondrial Mg**-ATP particles
(SMP) were prepared from heavs bovine heant mito-
chondria (Smith. 19671 as described (Low and Vallin. 1963,
Beef-heart F, was prepared according 10 Knowles and
Penefsky (1972) It was stored at hquid mitrogen tem-
perature and processed before used as described (Roveri and
Calcaterra. 1985)

Eieciror. 1ransport

Electron transpon in SMP (0 3mg protein) was deter-
mined foliowing oxygen consumption with a Clark electrode
connected to a Gilson oxygraph n a reaction medium
containing 250 mM sucrose. 50 mM Tris-HQl (pH 7.5).
50 mM cthanol. 1251.U.'ml of veast alcohol dehvdrogenase
(EC 1.1.1.1yand NADH Rates reported correspond to the
slopes of hneur traces drawr, by the oxygraph

Reducuion of flaroproiemns and cviorhrome b in SMP

The reduction kinctics were followed by determining the
absorbance changes in an  Aminco DW-2a spec-
trophotometer (Dual wavelength mode) ~at 475 minus
510 am (flavoproieins) or 563 minus 575 nm (cytochrome
b). The reaction was carned out at 2-C in 8 medium
containing 50 mM potassium phosphate (pH 7.5) and SMP
(2.5mg protein/m))

ATP synihesis

The reaction was measured in a medium containing (final
conc.) 180 mM sucrose. 1 mM MgCl,. 10mM succinate,
0.5mM EDTA. 3uM rotenone. SOmM olucose, 2mM
ADP, 151U of yeast hexokinase (EC 2.7.1.1) and 50 mM
Tris-HCl pH 7.4. SMP {0.25 mg protein) were added 1o this
medium and incubated for Smin. ATP synthesis was started
by adding 5umoles P, 2 x 10°cpm carrier froe P, and
3 pmoles MgCl,. The final vol. was | ml. The preincubation
and the reaction were carried out under acrobiosis obtained
with a giratory waterbath shaker. After $ min the reaction
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Was stopped and inorganic phosphate was quantitatively
precipitated essentially as described by Sugino and Miyoshi
(1964). Afier separating the ppt. by centrifuging for 10 3nin.
. aliquots were withdrawn and analyzed for
(®P)glucose-6-phosphate by Cerenkov counting in & Beck-
man 8100 bquid scintillation counter,

P~ATP exchange reaction

SMP (1 mg protein) were &dded 10 1'm! of a reaction
medium containing 180 mM sucrose, 10mM ATP, 10 mM
MgCl,, S0mM Trs-HCl ®H 75). 10mM P, and
2 x 10* cpm of carrier free P, After Smin the reaction was
stopped by adding Sugino and Miyoshi's reagent (1964) and
after centrifuging at 3000 rpm for 10 min the supernatani
was analyzed fork- Bp)ATP by Cerenkov counting

ATPase aciniy cf SMP and of F,

ATPase activity was determined spectrophotometrically
as described (Pullman ¢ af. 1960) in 2 reaction medium
(2ml) contziming 100 mM sucrose, | mM MgCl,. 4mM
phosphoenolpyruvate. 0,125 mM NADH. 60].U. pyTuvate
kinase (EC2 7140, SOLU. lactate dehydrogenase
(EC 1.1.1.27). 40 mM Tris-HQ) {(pH 8.0) and Mg-ATP. The
reaction was staried by adding F, (3 HE protein) or SMP
(0.1 mg protein) 10 the reaction medium. In the latier case,
the medium also contzined 3 uM rotenone

General

Protein determinations were carned oul according to
Lowry e al (1951)

BOA (Aldnch Chem. Co.) was recrystallized twice before
use and dissolved 1n dimethyisulfoxide prior to its addition
The solvent (less than 2%} had no
effect on any of the biochemical reactions studied

Measurements were carried out at 30 C. except when
indicated

Rates informed are the sverage of duplicate experiments
which agreed within 0%,

RESULTS AND DISCuUsSION

BOA completely inhibited clectron transport from
NADH to oxyger in SMP (Fig 1). This effect can be
located at the level of the mitochondrial respiratory
chain since similar results were obtained ir the pres.
ence of uncouplers (data not shown). In addition.
since succinate oxidation was not inhibited it can be
suggested that BOA inhibits electron transport from
NADH 10 ubiquinone (complex)’of the respiratory
chain).

A morc precise location was accomplished by
following the absorbance changes produced by add-
tion of NADH or NADH plus succinate. in the
flavoprotein spectral region (475 minus 510 nm)
) NADH-dcpcndcm absorbance decrease in SMP
was partially inhibited by BOA. Maximal inhibition
(about 50%) was obtained with 10 mM BOA (Fug.
2B). 2 concentration which almost completely in-
hibited  eytochrome b reduction (Fig.  2A);
(ii) subsequent addition of succinate to NADH-
reduced BOA-inhibited SMP (Fig. 2B) increased the
absorbance change 1o a level similar to that observed
in the absence of BOA:; (iii) similar results were
obtained with rotenone (Fig. 2B). a known inhibitor
that blocks electron transport from FMN 1o ubiqui-
none in complex ¥ and (iv) the addition of rotenone
16 NADH-reduced BOA-inhibited SMP did not pro-
duce any extra inhibition (Fig. 2B).

Half of the absorbance change at 475 minus
510 nm can be attributed 1o reduction of the FMN

T T

100 -
b
§s s
o
H 4
£ x
0 i I A
[} 10 20
BOA (mM)

Fig_ 1. Inhibition by BOA of severa) mitochondria} energy-
linked reactions The Teactions measured (particular cond;.
tions in parenthesis) were. P-ATP exchange reaction (0).
ATP synthesis driver, by succinate oxidation (8. NADH
oxidation (A. 0.3 mM NADH). ATP hydrolysis catalyzed
by SMP (®. ImM Mg-ATP} or by F, (x: 0.07mM
Mg-ATP)  Activities  for controls  were 102,
315 nmol'min mg protein. 450 nat/min mg protein, .28
and 25 ymol/min. Tog protein. respectively.

moiety of NADH dehydrogenase (Hatefi, 1935),
which is the first acceptor of electrons from NADH.
Therefore, it can be concluded that FMN is in the
substrate side of the BOA-sensitive site. The nature
of the electron lransport chain components re-
sponsible for the other half of the absorbance change
and their relative contribution has not been clearly
established yet Nevertheless. it has been reported
(Bovenis and Stoppani. 1970) thai the major con-
tribution to the signal corresponds 1o flavoprotein
reduction (FMN of NADH dehydrogenase and FAD
of succinate dehvdrogenase). In addition. under our
experimental condiions. NADH was able to com-
pletely reduce succinate. since the same extent of
absorbance decrease was obtained in the presence of
cither NADH or NADH plus succinate (data not
shown). Therefore. most of the BOA-sensitive
NADH-dependznt absorbance decrease could be at-
tributed 1o FAD and ubiquinone reduction. Hence,
FAD and ubiquinone woulg be located on the oxy-
gen side of the BOA-sensitive site. Since BOA and
rotenonc exerted similar effects and the addition of
rotenone to BOA-inhibited SMP did not produce any
extra inhibition. it can finally be concluded that BOA
exerts ils action at or very near to the rotenone-
sensitive site,

ATP synthesis driven by succinate oxidation was
also inhibited by BOA (50% inhibition was obtained
with 2mM BOA, Fig. 1). This effect cannot be
attributed 10 inhibition of clectron transport since, as
stated above, succinate oxidation was insensitjve 1o
BOA. This resul together with the inhibi&?Fof
P~ATP exchange reaction and ATPase activity 18.
1) in SMP indicated tha; a second probable site of
action of BOA is the ATPase complex. Furthermore,
since ATPase activity of the soluble mitochondrial
ATPase (F,) was also inhibited by BOA (Fig. 1), the
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Fig. 2. Kinetics of reduction by NADH of flavin and cylo&x'rdmc b in SMP. The time course of

cytochrome b (A) and flavin (B) reduction and reoxi

and Mcthods. Additions were NADH (0.45 mM).

dation was determinzd as described under Materials
ROT (3 uM rotenone). BOA (10 mM) and succinate

(10 mM).

likely site of action of BOA is at the F, moiety of the
ATPase complex. BOA bekaved as an uncompetitive
inhibitor with respect to ATP for the ATPase activity
of isolated F, (K,=3mM. Fig. 3) and as a non-
competitive inhibitor with respect to ATP in SMP
(K,=8mM. Fig. 4). Hence it can be concluded that
the binding of BOA does not occur at the active site
.of the ATPase complex. The differences between the
inhibitions by BOA of the ATPase activities of

isolated F, and of SMP, could refiect different con-
formational states or different mecharisms of soluble
and membrane bound F,. viz. in isolated F, only the
kinetically competent F,~ATP complex would bind
BOA. whereas in membrane-bound F,, both F, and
the F.~ATP complex would be equally able to bind
BOA.

The above discussed effects of BOA resembie
somehiow the effects described for hormonal steroids
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Fig. 3. Uncompetitive inhibition by BOA of ATPasc activity
of soluble mitochondna! ATPase Experimental conditions
were as described under Materials and Methods Mg-ATP
concentrations were 0.065 (@), 0.130 (A ). 0.260 () and 1
(O)mM In the figure. 1,4, values are plotted against BOA
concentrations. with 1 equal to the velocity n the absence
of inhibior and r, equa! to the velocity in the presence of
the corresponding concentration of inhibitor In the inset,
the reciprocal of the slopes of the t,/t, vs (BOA) lines are
plotted against the reciprocal of Mg-ATP concentration.
according to the procedure described by Roven (1985) for
linear uncompetitive inhibitors The value for A was
determined from the intercept on the y-axis as 3mM

and related substances (Vallejos and Stoppani. 1967;
Bovenis and Stoppani. 1970). However, a differes.ce
must be pointed out BOA inhibited ATP synthesis
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Fig. 4. Non-competitive inhibition of ATPase activity in
SMP. ATPase activits was measured as described under
Materials and Methods a1 0.05 (D). 0.150 (@), 0.50¢0O) and
1 (A) mM MgATP. The figure shows the line correlating al}
the points simultancously since the slopes of lines corre-
sponding 1o different substrate concentrations did not differ
significantly (see inset). The plot shown in the inset identifies
@ non-competitive inhibitor, as described by Roveri (1985).
The points correspond 1o the slopes and the bars 1o the
standard deviation of the slopes. obtained by linear
regression analysis of t/t, 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 mitochondria) elec-
trot: transport from FMN 1o ubiquinone end on
ATPase complex would result in an impairment of
AT synthesis in organisms largely dependent on
oxidative phosphorylation for their energy require-
ments, thus providing a possible explanation for
reported deletereous effects caused by BOA. .
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GLYCINE-BETAINE ALCUMULATION IN WATER STRESSED BAKLEY REDUCED THE
EFFECTS OF  GRAMINE ON THE AFHIDS SCHIZAFHIS GRAMINUM  AND

RHOEALQSIFHUM PADI

-

Gustavo E. Zufiga ana Lute J. (orcuera.x

P

Departamento de Bluloqfa. Facultad de Ciencios. Univeresadad de

Chile, Casilla &653, Santiago. Chiie.

Key Word Index -Water stress. apnhide. betaine. proline, barley,
aramine., nordeum. Stnizanhis qraminum,
areenoua. fhopalosionum padi.

Abstract- Gramine content 1n different parlev cuttivars was not

chanoed under water strecss. Froline and alvcine-betaine 1ncreased

as plant water potentia: decreaseo . Tre popuiation growth rate

araminum and Rnopelosiphum pad:y  were

of The aphids Scnizapna

itn
in

1NCreasec  1n plants wWlthn nilaner alvcine-petaine/aramine ratio.
When the aprmios were feoc with artificra: diete with dift+erent
ratios of alycine-peteine/aramine. the SUr vl val o1 aphilae
1tncreasec 10 proportior to the Qlveine—-peralne content In the

diets. Froline mad not @f1ect on tne =urviIval of apmide. Tne UL

e
of  aramine was O o 4,1 WM when o armc 1. mh cjvczne-bera;;;
were agcec to tne  diets . ‘nese results susuest  tnat Ol vyvcine-
betaine accumuiation oue to water strecse mav reouce the
deleterecus effects of qramine on tne aphids S.araminum and
K.pada.



INTRODUCT 10N

The 1dentification of factors that mav regulate plant-
insect 1i1nteractions may be i1important for breedina pest-resistant
cultivars. For example. aramine and re,ateo 1ndole alkaloids are
responsible +tor touicity of Fhalaris sp to ruminants (1.2, In

agdition 1t nas been reported the role of gramine ac a factor in

the resistance of several barlev cultivars to the aphids

imn

2apnis  graminum  and Rhopalosiphum padi  (3,4). Gramine

Scha

i
1.1

concentration 1n bariey shoots declines with age 1n well-~watered
pPlants arown at mooerates temperatures (S, On trne other hand.
aramine content 1n  barlev plante under water strees does not
charige (&), However . barley leaves mav accumul ate proiine  and
glvcine-betaine 1n  response to water stress (7). we have
previously reportec that accumulation o+ g:vocine~-betaine 1 water
stressed barlev mav i1ncreased ite suscentibillity to trne aphaid
S.aram:num, (8) . Im this worlk we report trat in bariev cultivare
that contain aramine. the accumulazion of glvcine-pezaine 1in

resconee to water SIiress may reduce The geletercous siserte of

Qramine, increasing  tne apnid population on the nlants,

%



Froline,glycine-betaine and aqramine in plants under water stress.

fet

Measurements of leat water potentials showed that
aramine content remained nearly unchangea 1n water stressed and
unstressed leaves( Table I). However .proline and alvcine-betaine
content were higher in stressed leaves o4 barlev. Accumul at on
of proline,alycine-betaine and gramine 1n leaves depended also
on the cuitivars useaq.

> 0D barley susceptibility

Effects of water stres

h

we nave previously snhnown Correlationse among natural
accumulatrorn of aglvcine - betaine anc Diant Seusceptibility  to
S.araminum 1n & aramine free Darley cuwltivar (). 1 determine tne
etftects on apnids produced by aramine and  alyeoine-betaine 10
sStressec plants. seeadlings of a1 fter ent barjev cu:tivars were
infested with adult apterous nvmohs of S.aramynunm R.
population growth rate of aphios orn the more ctrecsea plante wac
lower 1n  tnose cultivars with hioher aramine content (Fig 1.
However , in stresced bariev seedlings. 1t was observer that the
population arowth rate of both species of aunhlde 1ncreasec with
respect to the normal LSesal L1 nas, Since projine ora pot show
substancial ettecte on S.graminum (&) 1t 1¢ Iively thnat the

opserved eftects are due to alvcine-peraline accumulatlon. Salunle

sugars 1n both treatments did not chanae signmificantly ( not shown).

io

5.

Effects of gramine and alycine-betaine an aphi

o

Gramine decreased survival of S.araminum and  R,pagl

with a saimilar LD (.8 mM) (Z,4), When the aphide were fed 1n

e 1¥]

diets with a one aramine concentration and different glvcine-betaine



concentrations, thne survival ot both species of aphids 1ncreased
(Fig 22). These results suaaested that Qiycine-betalne reduced the
deletereous effects of aramine on the Insects.Proline wasg not
effective 1n reducina aramine effects on aphide ¢ not shown). The

LD of aramine {or S.araminum  fed witn artificial diets

SO -
increased 1in proportion to the alvcine-nhetalne content 1n  the
diets(Fig 2Z), This effect was observedg On aphids with gr amine

and glvcine-betaine at concentrationg normally found 1n plants.

D1Y

Y

US510N

i

The resuits Snown here anc the ones Previously reporteo

(B), sugaested tnat alvcine-petalne accumulation may lncrease the

susceptibiiity of barley seediinags to aphioe, In gererai.it has

been assumed that alvcine-petalne 1% a solute i1nvolved 1n osmotic

acjustemente (2).Th1g compound has beer shown 1o be g meJor

cgsmoticum 1n nalophilic organisms (10), Moreover, glvcine-netaine

prevents the inhibition of several enzvme activities by hiagr
Concentration of salte (11,

Barlev  may oe an Tmoortant croo 1n same dry aregac

(12, in periooe of weter agedic:t bar!ey SLCUMLL At eE prollne ang

alvcine-netaine (7). It heas Deen nronoeens tear tress-induced

n

alvcine-neraine accumulation 1e anm SOANTAT: VE Mmet Ao e responece
(12.14) yand that 1ts accumulation could be & vaiuaple metanolic
criterion 1n breeding for arought resistance (15, . However . 1N
splte of the possible beneficial effecte of alveine-netal ne on
plant metabolism unger water stress, the resutte shown here

indicated that a hiaher sgccumulation of thie compound may alsqo



increase the susceptibilitv of barlev to aphids 1n cultivars with
or without aramine. Proline, another metabolite 1nvolved 1n
responses of plants to stress.did not chanoe the effects of
gramine. Siace gramine content coes not chanae with water stress
ang high glyvcine-petaine content increases the susceptibility of
pilants to aphids.i1t coulo be possible that plants that accumulate
none or small amounts of aglyvcine-betaine are more resistant to
aphids that those plants without or reouced concentration of
aramine and high alycine-betaine content.

The mechanism 1nvoived 1n 1nsect protection against
Qramine DYy alycine betaine 1s unkPown. Howewver , gramirne  nas
1nh1b1toq;e++ect% on mammalian mitochonaria amo  submitochondr al

particles (1¢6). Respiration of the bacterium rseudomona

i

> EYringa

RN

D

was also 1nhibilteo by aramimne. Glycime-beta:lne totally released
this 1nhibition (17). Thus, 1t could pe possivie tnat qglycine-

betaine mav somehow atfect cellular respiration of aphias,

er1al  and  intestation witn  anhide. Three bparley

Hal
i

Flant ma

cultivars were anaelired. fF.UR10ON.Cruzatr and ™MoU-45 Seeus were
sown 1n pote fi1lled with sci1l,. Fiants were Or own under conti nuoues
liant at 2L°1n a aqrowtn chamber. Si1x dev-old piante of each
cultivar were watered cairiv with different amount of water for

siy davs. Flant water potentials were measured at this stage of

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

plants was infested witn adult apterocus aphids of S. graminum
and K. padi. The increase 1n the insect  poputation  was
determined after s1x days and population growth rate was

()]



calculated (Fopulation arowth rate= in(Nf/N1)/at).

Analyses of caompounds. For proline analvsees, leai samples were
homogenized in 10 ml of & % aqueous  sultosalicylic acid and
quantified by the method described by Hates et al (19). Glvecine-
betaine was quantified by a method described by brieve et al (20) .
Dried plant material ( 0.5 Q). was shalen with 20 ml of deronized
water for 24 hr at Eﬁoand then filtered. The extract was diluted
1:1 with 2 N H 30 . Aligquots of 0.5 mi were cooled 1n 1ce water

24
for 1 hr and then 0.2 ml o4 cold v I1-7 was added. The tubes were

o

0 - : .
stored at 4 over niaht and then centrifuaes at 10000 g {for 15

G -
min. at . fThe supernant wac discarted and tnhne brecipitate was

disolved 1n 5 m) 1.2 dichloroethane. Rtter 2.5 hr the absorbance
was measured at L2665 nm.

bramine measurements were perfomed as described previously
(4). Sugars were extractea i1n 10 ml of BO % (v/v) ethanol at 25°
with constant shaking. Total soluble SUQars were quantified ag
describeog by Riazi et al (21) ., 0.1 m! of alcoholic extract ore
reactecd with 7 mi of fresnly Prepared anthrone 10 o bho1ling water
bath 1o 10 min. The reactior was STOLDDEC 10 1ce ar:o the

ne

b1
*
8]

ansorbance of the samples was measured

Feeding assayve. Ascave 1vere cer<omea with Creve praced Detween
two  lavere of Farafilm M LA ine oL et WeE & solution
containing 25 % FUCrosSe.amInNoacids ano minera. wal te adjusten to

PH 6.0, Three samples of ten aphids were used for eacn treatment.
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TABLE 1. Effects of water stress on gramine. proline and glycine-

betaine content in barley seedlings.

CULTIVAR Water potential COMFQUND
(-bars) (mmoles /kg drv wt)
arami ne proline alveine-betar ne
F.Union 5.2 N.D. BT 152
12,0 N.D. 200 90 g
Cruzat 5.6 202 04z 94t 4
12.0 19 2 312 T 94 1 g
MCU~7.4 5.6 7t 72 1t 2
1Z.0 ol oz 7T S0t g
EBarlev seedlinas., were Qrown 1m so1l under  continuous
light in & qgrowth chamber at 25+ 2% Twe aroups of si1x cav- olid

seedlings were 1rrigated daily with citierent amounte of water
for siy days. Leat water potentials were measured in twelve dav-
old plants usina a pressure chamber. Each value is the mean of

two samples + 1 S,E. The compounds were analvrced as described 1n



Fig. ! Water stress and susceptibility of parley to aphids

Barley seed cv F.Union,Cruzat and MCU-734 were grown in

. - L)
so01l  under continuous light 1n & arowth chamber at 289 42,

Six dav-old seedlinas were subrected 1O water stress ag
described 1N Experimental.Each of these plants were
infested with 72 nonal ate adults.Aphids were counted

atter 6 davs. Each value 15 the mean ot three samplies of

ten plante each. Vertical bare are 1 S.e. Fopul ation
“]
growth rate = ln (Nf/Ni)/at. {(day )

Fig. 2 Effects cf Qg
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Aphids were feoc withn artificial diets with = mM aramine
and glvcine—-betaine a+ various concentration. Survivai WaE
measured after 48 hr, Each value is the mean of  three

samples of ten aphids . Vertica: bare are | 5. 6.

Fia. 7 5u

C
3
[+
13
a.
[+
I
et

Adult  aphids were fed with artiticial diets Contalning
various amount of grarine and g}yc1ne—beta1ne. Survival
was measured after 48 hr (3-4). The numbers over the
curves 1ndicate alvcine-betaine concentration (mM). The
lethal dose of aramine as affected by glvcine-betaine was

then calculated (Z~-R).
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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 ir all
accessions analyzec. Extreme values were found in w:ld
diplcic species: higrnest in T. speltoides (18.C mmos kg
fr. wi and lowest in T. tauschii ($.Z. . Modern pcivr.z:ic

wheats sharing the sam= pgenome did nc+t show substarn--z)
variations 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)



which are claimed to be involved in resistance of wheat

to stem rust, Puccinia graminis (ELNAGHY & LINKO, 1962),

and to the aphids Metopolophium dirhodum (ARGANDORNA et

al., 1980, 1981), Schizaphis graminum (ARGANDONA et al.,

1983) and Sitobion avenae (BOHIDAR et al., 1986) and to
contribute to resistance c¢f maize to fungal disease
(BEMILLER & 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 et al., 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-ZALS ANL METHODS

Plant material. Seed samples were obtained from USDA~

-Beltsville and from INIA-Chile. Plants were grown in a
greenhouse under permanent light at ca. 26° with an 8°
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



tissue (0.2 to 1.5 g) was macerated with mortar and
pestlé in water (3 x 2 ml), Tiltered through cheesecloth
and left 15 min at room temperature. The extract was
adjusted to pH 3 with 1 M HCl and centrifuged at 10,000 g
for 10 min. The supernatant was extracted with Etzo (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 curve made with DIMBOSZ. Values
reported are averages of at least 3 replicate
determinations which agreed within 10 per cent.

Hx levels determined by this method have beer shown
to closely correspond to the sum of individual hydroxamic
acids determined by specific methods (WOODWARD et al.,

ZUNIGA et al., 1983).

RESULT

m

Table 1 shows H» content data for the accessions an

1\
P
<
N
(1]
Q.

Typical detern:rations of Hx levels are showrnn in Tz:le 2
for T. compaczur.

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 comparatble in all the

accessions studied, with the exception of T. monococcum.



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 taan in Younger seedlings, but
still reasonable amounts of tissue for analysis may be

readily obtained.

DISCUSSION

Development of maize varieties with increased host plant
resistance based on breeding for higher Hx 1levels has
been suggested (KLUN et al., 1970; CABULEA et al., 1977;
GAHUY AR, 1979; KOSTAND: et al., 1981). Similar suggestions
may be put forward Tfor uwheat resistance. In this case,
availability of suitable germplasm must first be 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

deriv

a1
4]

a from T. speltoides (TYLEEK et al., 198%),

Furthermore, persistance of Hx in olcer plants of T.

monococcum (Table 1) may be related to the  Thigher

resistance to the aphids M. QiEEEQEE and S. avenae

Modern wheats are amphipolyploids containing

different combinations of genomes G, A, B, and D, as



shown in Fig. 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 se: of wheats
sharing the same genomes. Furthermore, they show that
largest diff rences in Hx levels occur upon changes of
ploidy. It wouléd 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
crganisms through wide hybridization ({SELEMA & GILL,
1983}). Hence, it would be desirable toc searct for sources

-

of highr Hx levels in species of re sut-ribe Triticinae,
in which intergencric hybricdizatior with wneas- is readily
achievec ({(DEWEY, 1984). This approach na:z &aliready shown
promise: a screening of several wild Gramineae showed
that Elymus gayanus contains relatively high Hx levels

Hydroxamic acids are involved in the detoxification
of atrazine-derived herbicides (HAMILTON, 1964). Hence,

in addition to increasing host plant resistance to fungal



and insect attack, an increase in Hx 1levels could bring
increased differential tolerance to these herbicides.
Finally, it should be pointed out that an increase
in the level of <toxic hydrorxamic acids in wheat pose no
threat to human consumption, since Hx are not present in

the grain (ARGANDONA et ai., 1981).
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IT. aestivum 4 0.69 - 2.0 1.4
T. araraticum 2 2.1 - 3.5 2.8
T. boeoticunm 1 0.52 0.52
I. carthlicum 3 3.5 - 4.5 3.8
T. compactunm 5 1.2 -~ 2.8 1.9
IT. dicoccum 4 4.1 - 6.1 5.1
T. durum 2 3.6 - 4.9 4.2
T. macha 2 1.6 - 2.5 2.0
T. monoceccum 4 0.26 1.7 0.62
T. polonicum 3 3.8 - 6.2 5.3
T. spelts 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 .37
T. timopheev? 4 1.3 - 2.9 2.5
T. turgidum 4 2.6 - 6.4 4,7
T. zhukovskyi 1 1.8 1.8

Ten-day old seedlings were analyzed.

Number of accessions studied.:



Table 2. Hx levels in 10-day-o0ld seedlings of 5 accessions of T. compactum

Hydroxamic acidsb

. .. a
Accession Origin n
(mmol/kg fr. wt)
B 237 Turkey 4 1.72 +£ 0.13
K192Q x AL Kenya 4 2.77 £ 0.13
Montsec Spain 3 1.21 £ 0,12
Compactoide 5§ Switzerland 3 2.17 £ 0.11
Vardenin 9 USSR 4 1.44 *+ 0.08

a Number of replicates.

Mean #+ standard deviation.



Table 3. Variation of Hx content

with plant age in Triticum species

Species

PI number

I. carthlicum

T. compactum

13
3
v
0
g
o

13

monococcum

I3

. polonicum

]

spelta

-3

sphaerococcum

I3

. turgidum

a . .
Numbers dc not differ

94754

352288

428179

168804

290512

348474

4531-0

91673

Hydroxamic acids

(mmol/kg

—— ——— o =

5.77

5.54

0.72

7.87

6.74

significantliy

(P= 0.05).

fr. wt)

Decrease
age in Hx (%)
10-day
3.24 50
2.23 61
1.95 65
0.58% 19
4.80 39
3.77 44
2.26 52
2.35 56




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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1. INTRODUCTION

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 involved in allelopathy, plant-insect
interactions, plant toxicity to herbivores and pathogens, and in
adaptations to the environment. Alkaloids are one of the most
interesting Qroup 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

Gramineae.

i L kRS S S A IR AR

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 Gramineae (Figure 1) and

are present in a& variety of plant species (Table 1). In addition,

2



these or other alkylamines derived $rom tryptophane have been

described in other plant families and animals(3,4,5%5,6,7,8,9).

Gramine [13, the simplest indole protoalkaloid, has

reised considerable interest because of i§ts chemical and

biological properties. Gramine, & Mannich base has been used
extensively in synthesis of indolez anrf as an alkylating agent (6).
Gramine has been chemically synthesized by a Mannich reaction
among indole, formaldehyde and diethylamir '10). Radiolabelling of
gramine and related alkylamines has been accomplished by chemical
synthesise(11) (Figure 2). The importance of gramine and tryptamine

derivatives in organic synthesis has been reviewed(6).

111. BIDSYNTHESIS AND DEGRADATIDN

e - ——— I . e = st - G = et . e o -

Gramine and related tryptamine derivativec

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(1?2). Feeding studies
i4

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).



Yryptophane is the fnmediate precursor of
tryptamine(13,14,15). A pyridoxal phosbhatc-dependent tryptophane
decarboxylase has been purified ¢rom Phaleris tuberppa(14),. The
activity of the enzyme is inhibited by N,N-dimethyltryptamine,
one of the major alkaloids produced by €. tuberpsa, suggesting a
control smechanism for this biosynthetic route. Then, tryptamine
derived alkaloids are synthesized by several N-methyltransferases
using S-methyl-adenosyl-methionine ac 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 intermed:ates for the biosynthesis of gramine are
3-aminomethylindole (AMI) and S-methyl aminomethylindole (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 &AMl 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 AM! remains unclear.

Gramine is rapidly degraded by barley tissues. When



14
(X - Clgramine was fed into excised barley shoots, O0.4% of the

radioactivity was found in tryptophan, 10% in 1ndél¢-3-carbinol
and 67 into 'indole-s-carboxylic ncid(26.27.29.29). A nearly

14 14
quantitative degradation of [« - Clgramine to co has been

found to occur in intact barley plents with no esidence for
alternate patnways(30). Since in these experiments gramine §is
introduced in plant compartments where the compound 1is not
naturally <found, it would be of interest to determine whether
these degradation products also occur in those tissues where
gramine 11& found in the plant. While gramine is found in
epidermal tissues and mesophyll parenquima of barley leaves, it

is not found in the vasculsar bundles(31). Thus, the physiolegical

meanings of these degradations remain unclear.

Effects on amimals. Phalaris species are important components of
pastures around the world. However, intake of these plants
sometimes produces sudden collapse and death, and Phalaric

suggests the presence of degenerative lessions in the central
breeds and sexes of sheep appear to be susceptible, while death
of cattle is not 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

]



abdominal visceral congestion, hemorrhages in the epicardiunm and

the heart stopped in systole or diastole (32,34).

It has been proposec that Egglgcig Peoi30oning
syndromes are caused by indole protoalcaloids present in tissues
of this plant. Since jin Yitre digestibility is not affected by
the alkaleids present in Englgglg, poor animal Performance with
the plant is probably due to fuctors other than alkaloidg
interference with rumen microflora(35). It has been suggested that
is likely that some Pharmacologicel properties of serotcnin may
be interfered by indole Protoalkaloids because of their
structural similarities (32), Gramine, methyltryptamine and
S—methoxydimethyltryptamine taused tachytardia. ventricul ar
extrasystoles, and fibrilation. Parenteral administration of the
alkaloide caused profound disturbances of the central nervouc
system in sheep: hyperexcitabi]ity, urination, pupilary
dilatation, licking of the lipz, head nodding, high rectal
temperature, etc. Thus, these compounds appear to be responsible

for at least some of the observed symptoms,

Meadow wvoles (¢ Microtus BeNnsylyanicus) have been |
used to evaluate forage Quality(36,37). Palatability of leaves of
tall fescue and reed canarygrass was negatively correlated with thq
total alkaloid level (38). In short term experiments gramine

S—MeD-N,N—dimethyltryptamine, S-HeD-tryptamine, N,N-dimethyl -

tryptamine and N-methyl tryptamine made the diets unpalatable ¢or



asadow vRlaes et concentretions -iuflar to those found in plant
tissues (38,39). When the animals were fed 0.25 or 0.%% gramine {n
the diet for 21 days about one thira of the voles died. Thése
that survived had kidney lesions, Qlycosuria, higher intakes and
lower weight gains than control animals(40). Also, voles ¢ed
Qramine had increased reticulocyie 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 animals and ultimately included in
Plant breeding programs(39). Palatabilty to sheep end cattle of
cultivars containing various concentrations of alkaloids is
consistent with palatability data with the nure 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 canarygrass,lt 'has
been <found that lamb performance improves when the animals are
fed wWith those cultivars low in alkaloide(44). 1§ the alkaloid
concentration is 0.2% of the dry weight or above, the lambs will
show reduced weight gains. This study has also shown thsat a
tryptamine-carboline free cultivar does not incite diarrhea,
al though 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 proposzd to
reduce or eliminate alkaloids in these plants by plant breeding

or by cultural practices (19).



Etfocts o plants. Barley 1leachates caused tnhibition of
germination and growth of Bielleris eedie. Cepsells’
urpa-ppstoris and tobacco and had no significant effect on

wheat (A5). BGramine, which is present in barley, produced 77%
inhibition of growth of §. ppdip when added to the nutrient
solution at 0.05 mM. However at much lower concentration there
Wi an stimulation of growth. Germinatior was not affected by
0.05 oM gramine. 1§ these allelopathic properties of barley are

relevant under field conditions heeds further testing.

Gramine causes phytoxicity on barley itsels
dependino on environmental conditions(19). Growth of barley
pPlantlets was not affected by gramine at 25 C. Monetheless, when
Plantlets were kept at higher temperatures growth was decreased
significantly by 10 mM gramine provoking chlorosis and necrosis.
In contrast, achlorophyllus callus tiscsue was not affected by
endogenous o©or exogenous gramine. The differential activity of
gt'amine on these tissuec could be explained by the effects of
oramine on chloroplaste. Gramine inhibited photophoslorxlat:on,
Fi-ATF exchange reaction and proton agradient and entanced
electron transport i1n spinach thylakoids with an 1 around 0.2

S0
mM(46). The ATFase activity of soluble coupling fgztor was not
affected. Thus gramine appears to behave as an. uncoupler. The
apparent behavior of gramine as an uncoupler was alsec observed in

rat and bovine mitochondria, although the effect was much

smaller (47). At higher concentrations (I = 2-6 mM) gramine
S0



inhibited electron transport at the level of complex ] of the
respiratory chain. Alsc, an 1inhibition of coupled succinate
oxydation was observed (I «10 mM). The same effects .uere
observed in the phytoggthooenic bacterium Pseudomonas

gyringae(48). 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 wsame
or other processes at higher concentrations. Among these cases

are stimulation and inhibition of growth of Stellaria,

Fseudomonas syr

1

ngae. and Tetrahymenai{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 ie that gramine is
catabolized in plants and there appears to be some recycling of

the 1indole nucleus to tryptophan(27,28), but this has not been

clearly demonstrated(21). Stamulatory 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 arnimals of economic importance that feed on
these plants. If this is the case, selection of low qramine

cultivars may be worthwhile. However, ogramine and related



protoalkaloids may have ecological gmportance that should be’

considered before selecting agairnst these compounds.

V-BOLE IN RESISTANCE JD PATHDGENS AND BESTS

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 Schizaphis Qraminum, and

Rhopalosiphum maidie reared on a synthetic diet (50). The LD of
20

methyl—tryptamine, methoxy-N,N—dimethyltryptamine. gremine and

methoxy-tryptamine on K. maidis were 3.8, 3.5, 2.9 and 2.3 mM,

respectively. Concentration of gramine in barley renges from 0-5
mmoles/kqg fresh weight (S1). Therefore, the effects of gramine on
aphids occurr within the concentration range in which gramine ,¢
found in plants. When artificial infestation experiments of barley
Wwith Schizaphis Qraminum were performed, gramine content of the

leaves correlated with resistance to the greenbug S§. graminum.

Similar results were found 1n infestation erperiments performed

with barley and K. padi(52). Although 8. graminum and K. padi

were similarly affected by gramine in artificial diets, cultivars
high in gramine were more resistant to R. padi than to 8. graminum.

This apparent contradiction could be explained by distribution of

gramine in barley leaves and feeding sites of aphids. Gramine is nof



homogenecusly distributed among tissues in barley leaves(31). About
one third of total gramine is found in upper and ilower epidermis,
two thirds in the mesophyl]l parenchyma and none in the wvascular
bundles. Thus, studying the ferding 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
atfects feeding are Prolytus @multistriatus(53), Melanpplus
and lower epidermis and parenchymsa cells of the mesophyll, could
be of importance for protection of the plant against chewing

insect: and plant pathogens. Nonetheless, this remains ¢to be

shown.

Indole alkaloids from Gramineae are apparently
important in barley. Fhalaris and other plants. Concentration of
these compounds 1in 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 bz important in

11



resistance to these crganisms and thus for the survival of the

Plant.It would be advisable not to implement & selection program

to eliminate indole alkaloids <¢rom barley and Bhelaris before

alternative resistance mechanisms to Pathogens and pests are

described and incorporated by plant breeding in the desired

cultivars. To do otherwise hay produce susceptible cultivars to

Pathogens and insecte with )lower biomass or grain vields. Thus,

the description of other natural resistance mechanisms to these

organisms is eargerly awaited.
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Table 1. Indole protcalkaloids and ﬁFtnrbollncs in several

oraminesae
Flant Compound Referance:
frundo gonax Gramine [1) (3,18,62,563)
N;N-dimethyl~tryptamine [7) (3)
S-Metoxy-N-methyl -
tryptamine [8) {3)
Bufotenine [9) (3)
Hordeum vulgare Gramine [1] (44)
3-Aminomethyl-indole [3) (24)
3-Methyl-aminomethyl-
indole [2) (24)
Hordeum spontaneum Gramine [1) (65)
Hordeum sativum Gramine [1) (3
N-methyl —gramine [4) (3)
Phalaris arundinaces Gramine [i3) (66)
N-methyl-tryptamine [6&) (66)
N,N~dimethyl-tryptamine [7) (66)
S-methoxy-N-monomethyl —
tryptamine [8) (67)
5-methoxy-N,N-dimethy1-
tryptamine [10) (66)
2—methyl—tetrahydro-/3—
carboline [14) (68)
2—methy1-6—methoxy-tetrahydro-
ﬁ3~carboline [15] (68B)
2,9-dimethyl —é-methoxy-
tetrahydro—/3—carboline (161 (68)

Gramine [}1) (16)

N,N~-dimethyl-tryptamine [7) (16,69,70,71)
S—methoxy-N,N-dimethyl—

tryptemine [10) (16,69,70,71)
Bufotenine [93] (70,71)
S5-hydroxy—-N-methy)l -

tryptamine [12) (70)
S-hydroxy—-tryptamine {13] (70)
S-methyl-aminomethyl-indole [23 (70)
3-amino-methyl-indole [3) (70)
S—methoxy-N—methyl-tryptamine {8l (70)
N-methyl-tryptamine [&) (70)
o-methoxy—-tryptamine [11) (70)
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Figure

Figure

Figure

Figure

EIGURE LEGENDS

Main indole protoalksloids and carbolines $rom
Qramineae.

Chemical synthesis of double labelled gramine (11).
() '>c or M5 (a) Pc or M.

Proposed biosynthetic pathway ¢or tryptamine

used: TF, tryptophany T, E;;Ezgaine; MMT, N-methyl-
tryptamine; DMT, N,N-dimethyltryptamine. Enzymes

involved: 1, tryptophan decarboxylase; 2 anc 3,
N-methyl-transferases.

Biosynthesis of gramine in barley leaves.
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