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Abstract—Hydroxamic acids of the type 4-hydroxy-1,4-benzoxazin-3-ones constitute one of the most extensively
studied secondary metabolites in relation to host plant resistance to pests and diseases They play a major role in the
defence of cereals against insects, fungi and bacteria, 1n the detoxification of herbicides and in allelopathic effects of the
crop Although other mechamsms have also a bearing on these effects, more intensive explotation of hydroxamic acids

in cereal crops 1s indicated.

INTRODUCTION

The rising costs of pesticides, the increasing resistance of
isects to them and their undesirable effects on the
environment, has lead to renewed efforts to describe and
to exploit host plant resistance to pests and diseases
Cereals, while constituting the mamn food crops 1n the
world, have imperfectly described chemical defences
Three decades ago, a sertes of 1,4-benzoxazin-3-ones were
discovered 1n rye plants in relation to resistance of the
plants to fungal infection. The compounds were later
found in maize and wheat, and relationships were estab-
lished between their levels in plants and degree of re-
sistance of the plant to insects, fungt and bactera, detoxi-
fication of herbicides and allelopathic effects. These prop-
erties have had a considerable economic impact in agri-
cultural systems.

More than a decade has elapsed since a review on these
compounds was published [1]. Since then, the range of
known activities of these compounds has substantially
widened and the understanding of these activities increas-
ed It thus seemed worthwhile to attempt to summarize
the currently available information.

Structural diversity

1,4-Benzoxazin-3-ones are naturally present in the
plants as 2-B-O-D-glucosides [2, 3], which may be isola-
ted 1if care is taken to inactivate the enzymes 1n the tissues
before extraction [4-6] Aqueous extracts made at room
temperature provide the aglucones. Heating of these
extracts causes the decomposition of the aglucones to
give benzoxazolin-2-ones as main products The reaction
is discussed 1n a later section.

The structures of 1,4-benzoxazin-3-ones and related
compounds are collected in Fig 1 Some entries deserve
additional comments Although DIM,BOA has not been
isolated in a pure state, 1ts presence in corn extracts was

inferred from the mass spectrum of a mixture of aglucones
[7] and from the mass spectrum of its trimethylsilyl
derivative (8] This is consistent with the increase in
decomposition rate expected from methoxylation of hy-
droxamic acids [9].

The aglucone of HDMBOA-Glc has also eluded efforts
to obtain it 1n pure form, due to its ease of decomposition
[10]. The evidence for the presence of TRIBOA in maize
extracts comes only from the mass spectrum of its tris-
trimethyisilyl derivative [8]. Recently, S5-chioro-
HMBOA-GIc was isolated as a peracetate from young
corn roots, and claimed to be a natural product. Detailed
experimental procedures were unfortunately not reported
[11]. The crystalline structures of DIBOA [12] and
HMBOA-Glc [13] have been determined. In the latter
case, the data was used to ascertain that the absolute
configuration of the epimeric carbon atom was R.

The term hydroxamic acids (Hx), as used 1n this review,
refers to 4-hydroxy-1,4-benzoxazin-3-ones (Fig. 1).

Distribution

Hydroxamic acids have been found in members of the
following genera in the Gramineae: Aegilops [14], Arundo
[15), Chusquea [15], Coix [13, 16], Elymus [15], Secale
[17], Sorghum [18; see however refs 19 and 20],
Tripsacum [21], Triticale [22], Triticum, including an-
cient wheats [14] and Zea, including Z. mexicana (teos-
mte) [21]. Hydroxamic acids have not been found in
Avena [19, 20], Hordeum [19, 20, 23] or Oriza [20].

There has been a single report of benzoxazinones
outside the Gramineae: DIBOA-Glc was found in the
seeds of Acanthus mollis (Acanthaceae) [24]. Additional-
ly, MBOA was found in the dried roots of Scoparia dulcis
(Scrophularaceae) [25] However, the treatments suffered
by the extracts in this case makes it highly probable that
the compound originally in the plant was the correspond-
ing hydroxamic acid.
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Fig 1 1,4-Benzoxazin-3-ones and benzoxazolin-2-ones from Gramineae

Within the cereals, DIBOA is the mamn hydroxamic
acid occurring in rye, whereas DIMBOA 1s the main one
in wheat and maize DIM,BOA has only been found n
maize

Analysis of hydroxamic acids

Several methods have been utilized to quantitate hy-
droxamic acids i cereal extracts. In a first group of
methods, hydroxamic acids are decomposed to benzoxazo-
linones by heating Quantitation of these derivatives 1s
carried out by chromatographic separation followed by
UV spectroscopy [26, 27], spectrofluorimetry [287 or
inttared spectrometry [Z97], by 1sotopic difution [307], by
gas chromatography [20, 31], by high performance iquid
chromatography [32, 33], or by visual rating after thin
layer chromatographic separation [34] The basic as-
sumption of these methods is that stoichiometric quanti-
ties of benzoxazohnones are obtained from decomposi-
tron of hydroxamic actds. This assumption 1s based on the
comparison of the final UV spectrum of decomposed

DIMBOA with that of MBOA [35] and the appearance
of 1sosbestic points m the UV spectrum of a decomposing
solution of DIBOA [36, but see however ref 37] Both
assumpttons may not be valid if products with spectral
characteristics similar to benzoxazolinones or starting
hydroxamic acids are formed, as has been found to be the
case 1n some mstances [ 38, 39] In fact, 1t 1s clear that the
decomposition of DIMBOA to MBOA 1s not quantita-
tive, the yield of MBOA being a function of pH, tempera-
ture, and composition of the reaction medum [40, 41].
Another group of methods s based on the quantitation
of Fe (III) complexes of hydroxamic acids [19, 42, 43]
These methods produce rehable values for total hydrox-
amic acids within a sertes of related cereals [44]
Lastly, methods have been developed which allow the
quantitation of indrvidual hydroxamic acids, following
separation by gas chromatography {8. 447, thin layer
chromatography [15], or high performance hquid chro-
matography [45-47]. The latter method [47] utihzes
crude aqueous extracts and 1ts speed., sensitivity. reli-
ability and use of small quantities of tissue makes 1t verv
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attractive for extensive screening in plant breeding pro-
grams.

Hydroxamic acid levels in a plant

Hydroxamic acids, while not present mn the seeds of
cereals [23, 31], appear upon germination in maize [48],
wheat [23] and rye [23]. Hx levels increase with age
reaching a maximum a few days after germination in
maize {27, 48, 49] and 1n wheat [23] The maximum level
attained and the subsequent rate of decrease are depen-
dent upon the cultivar studied [48].

Hx are found 1n all plant parts. The relative levels in
aerial parts and in roots varied within species and cultivar
analysed [18, 48, 50, 517. Hx levels are higher in stem than
1 leaf tissue [52] Hx were not found 1n xylem exudates
or in guttation drops of maize [53] or wheat [54] plants

Younger leaves contamn higher Hx levels than older
ones [27, 50, 51, 55]. Within a leaf, the distal section
contains higher Hx levels than the basal one [47] Hx
levels are higher in the vascular bundles than in the
complete leaf of maize [53] and wheat [54] plants, and
higher in the lateral veins than in the central vein of maize
leaves [53]. Hx were not detected 1n the lower eprdermis
of wheat leaves [54] In maize seedlings, Hx levels are
higher 1n the stele than 1n the cortex [53].

Hx levels depend also on extrinsic factors. Iron defi-
ciency in the growth medium provokes an increase in Hx
levels 1n maize [ 56]. Lower growth temperature decreases
Hx levels 1n maize roots [57], but increases Hx levels in
aerial parts of wheat seedlings [31] In this latter case, the
effect 1s obscured by the fact that plants grown under low
temperature regime were shorter and the sample analysed
contained a higher proportion of younger (higher Hx)
tissue This effect may also be operating in the finding that
a low intensity light regime produced maize plants with
higher Hx levels [58], and that rye seedlings grown 1n the
dark showed lower Hx levels than green seedlings [50].
Longer photophase, between 8 and 16 hr, lead to lower
Hx levels [31], without systematic variation in the height
of a wheat seedling. In maize, the effect was different:
longer photoperiod, although increasing plant fresh
weight, did not influence the concentration of erther
DIMBOA or its glucoside [59].

Finally, while 1n some maize cultivars the effect of
nitrogen application on Hx levels was not significant [56,
60], mm others Hx levels increased upon addition of
nitrogen [56, 61, 62]

Biosynthesis of benzoxazin-3-ones

Benzoxazinones share with tryptophan a substantial
part of their biosynthetic pathway. Thus, label from the
shikimate precursors quinic acid (63, 64] and anthranilic
acid [65] were incorporated into the aromatic ring of
benzoxazinones The carbon atoms of the heterocyclic
ring stem from ribose, C-2 from C-2 of rnibose and C-3
from C-1. The methoxyl group mn DIMBOA-related
compounds is derived from various C1 sources such as
methionine, glycine and glycerate [64]. An intermediate
of the type 1-(a-carboxy-phenylamino)-1’-deoxyribose-5'-
phosphate may participate in the biosynthesis of benz-
oxazinones [63, 64]

The interconversion of lactams and hydroxamic acids
could not be detected 1n cell-free extracts. However, in
experiments with seedlings, label from HBOA was in-
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corporated rapidly into DIBOA, less rapidly into
HMBOA and least rapidly into DIMBOA. These results
suggest that the substrates for interconversion are the
glucosides, with the lactams being alternatively oxidized
at nitrogen or oxidized at the aromatic carbon atém and
further methylated [65]. The mmtial and final steps 1n the
biosynthesis of benzoxazinones seem to be clear and are
shown 1 Fig. 2.

Inheritance of hydroxamic acids

The level of hydroxamic acids in maize line BxBx 1s
conditioned primanly by a major, partially dominant
gene [66, 67]. Monosomic and B-A translocational anal-
ysis, coupled with conventional linkage analysis, showed
that the benzoxazinless (bx) locus 1s in the short arm of
chromosome 4, near Rp4 (map position 27) [68]. Inher-
1itance of DIMBOA was also quantitative 1n inbred lines
of maize [69]. Among these, mbreds B49 and B37 did not
possess any gene or genes with dominance effects com-
parable to BxBx [67]. Five loct were estimated to condi-
tion hydroxamic acid levels in B49, and two loci in B37

[671.

Chenustry of hydroxamic acids

Hydroxamic acids decompose to benzoxazolinones
with liberation of formic acid. The mechamsm of the
reaction appears to involve the fast formation of aldol 1,
and the rate limiting formatton of isocyanate 2, as shown
n Fig. 3 [36] This mechanism is supported by studies in
aprotic solvents, where the aldol has been quantified [70]
and the participation of the hydroxamic oxygen atom as a
nucleophile has been confirmed {71], and m alcoholic
solvents, where the participation of the hydroxamic car-
bonyl group in the rate limiting step has been demon-
strated [41]. Additionally, higher pH values of the de-
composing media [36, 39] as well as solvents of higher
electron donating properties [39] increase the reaction
rates and yields of benzoxazolinone, as expected from the
mechanism proposed.

Alternative mechanisms have been proposed on the
basts of the higher reactivity of the analogues 3 [72] and 4
[10] methylated at the hydroxamic oxygen, with respect
to their corresponding parent compounds, and the lack of
reactivity of compound 5 [72] with an alkylated phenolic
hydroxyl group, with respect to DIBOA. These facts may
however be rationalized by the proposed mechanism by
taking into account the higher nucleophulicity of a meth-
oxyl oxygen atom as compared to a hydroxyl oxygen
atom, and the possibility of aldol 1 adopting a conform-
ation with an intramolecular hydrogen bond between the
phenolic hydroxy! and the hydroxamic carbonyl groups,
which exposes the aldehyde carbonyl group to attack by
the hydroxamic hydroxyl group (structure 6), thus lead-
g to a lower energy transition state.

The reaction of benzoxazinones with nucleophiles re-
sembling fragments of biological macromolecules has
been studied, 1n an attempt to provide a chemical ration-
ale to their biological activities. In one group of studies,
N-acetylated denivatives of benzoxazinones were studied
under the assumption that hydroxamic acids would first
be derivatized 1n the recipient organism. Compound 7
underwent nucleophilic substitution to give products of
the type 8 and 9 with phenols, indoles and thiols [73], as
well as with aminoacid derivatives [74] as models for
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Fig 2 Biosynthesis of 1,4-benzoxazin-3-ones

proteins, and with nucleotides [ 757 as models for nucleic
acids

It was later shown that derivatization of hydroxamic
acids was not necessary to account for their biological
activity [76-78] and 1 fact, that N-denivatization was
nerther necessary for their reaction with nucleophiles [9,
79] The reactive sites of DIMBOA were shown to be the
nitrogen atom [9] as well as the aldehyde group of the

aldol form 1 [79]
OH
N” “cHo
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Fig 3 Mechanism of decomposition of hydroxamic acids (2,4-
dihydroxy-1.4-benzoxazin-3-ones)

Biological activity of hydroxanuc acids

Hydroxamic acids have been assoctated with resistance
of cereals to insects, fungt and bacterta, with triggering the
reproduction of grass-feeding mammals, and with allelo-
pathic effects of cereals The presence of hydroxamic acids
has also been related to the detoxification of herbicides
and pesticides, and to the mineral nutrition of the plant
Additionally, they have been shown to be mutagenic
agents and to bind to auxin binding sites

Resistance of maize to the European corn borer, Ostrinia
nubilalis Much research has been carried out on this
devastating maize pest Initial reports on plant chemical
resistance factors [80] focused attention on benzoxazol-
mones (27, 30, 81-85] It was then suggested that the
hydroxamic acid precursors may be the actual resistance
factors [30, 86] This hypothesis was later confirmed The
correlations between resistance and
benzoxazolione levels were complemented by bioassays
m artificial diets which showed hydroxamic acids to be
the most active plant components [87]

Maize tissue contamning different Hx levels, when ad-
ded to mendic diets where borer larvae feed. showed
antibiotic effects, as reflected 1n larval mortality, slower
development, smaller individuals, poorer matings,
and fewer offspring [88] Additionally, diets to which
DIMBOA was added showed feedmng deterrent effects
[89, 907 This non-preference component to borer re-
sistance was also present mn field [917] and laboratory
[91,92] tests.

In a study with a set of maize inbred varieties, correla-
ttons were found between hydroxamic acid levels and leaf”
feeding resistance by first generation {brood) larvae,
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which fed on young maize plants. As the plants aged and
the hydroxamic acid levels decreased, resistance levels
decreased, except m varieties in which the Hx [evels
remained high [48] Resistance levels to leaf feeding
decreased under greenhouse conditions, with respect to
field conditions [93]. When a diallel set of 11 maize
mmbreds was examined for Hx levels and resistance level to
first brood larvae, highly significant correlations were
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found between these variables both in the inbreds and 1n
the single crosses [69]. It was suggested that breeding for
first brood resistant maize be carried out by selecting for
high hydroxamic acid levels 1n the plant [69, 89, 94-98].
This leads in fact to inbred lines highly resistant to leaf
feeding by first brood borers [99]. Additionally, recurrent
selection breeding leads to improved first brood re-
sistance and DIMBOA levels, each method of selection
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accumulating about the same level of resistance [100]

In studies using a wider range of maize lines, resistance
both to first and second brood borers could not be solely
attributed to hydroxamic acd levels [43, 92, 101, 102]
Silica content was found to make a significant contribu-
tion to resistance to second brood borers [103]. Re-
ststance of maize to a related borer, Sesamia nonagrioides,
was also attributed to hydroxamic acids [104]

Resistance to aphids Aphids are among the most
important pests of cereals on account of direct feeding
damage and transmisston of viral diseases Inverse rela-
tionships were obtamed between Hx levels in a maize
plant and infestation numbers of the corn leaf aphid
Rhopalosiphum maidis [105], under both field and green-
house conditions [106] Similar relationships were ob-
tained for Hx levels in a wheat plant and mfestation
numbers of the rose-gramn aphid Metopolophium
dirhodum [23], the greenbug Schizaphis graminum [51]
and the English grain aphid Sitobron avenae [107] under
greenhouse condittons

When severed barley leaves lacking Hx were immersed
m DIMBOA containing solutions, the levels of DIM-
BOA ncorporated also correlated with infestation num-
bers of M dirhodum [23] Aphid infestatton numbers
were lower 1n those tissues with lower Hx levels resulting
from older plant [23] or older plant parts [51] being
studied

DIMBOA exhibited both antibiotic [ 15, 22, 23. 51, 105,
108-110] and antifeedant [109, 110] effects on cereal
aphids when incorporated into holidic diets The aphid
most sensitive to DIMBOA levels was S. graminum, the
least sensittve R mawdis [111] The glucoside of
DIMBOA was less active than DIMBOA 1tself against S
grammmum [110]

Inverse relationships were obtamed between DIM-
BOA levels i wheat plants and DIMBOA levels mn
aphids feeding on them [112]. This result, coupled with a
tendency towards decreased honeydew production and
weight gain, indicated feeding deterrency by DIMBOA
also under natural conditions [112]

Resistance to fungi. Infection ratings of a series of maize
mbreds to Northern corn leaf bhght-producing fungus
Helmunthosporium turcicum, mversily correlated with Hx
levels mn the plants [27, 49, 52, 113, 114]. The presence of
the Bx allele conferred additional resistance with respect
to hnes containing the Hx-deficiency allele bx, both
monogenic resistant Ht and susceptible ht maize lines
[115]

Germinatton of spores of H turcicum was inhibited in
DIMBOA solutions [115]. Additionally, diffusates from
young maize tissue were more inhibitory to spore germin-
ation and to germ tube lengthening than diffusates from
older ussue [116]

Linear relationships were described between resistance
levels to H turcicum and to leaf feeding by the European
corn borer, using a imited number of maize lines 1n the
field [85] It was suggested that breeding for high Hx
levels may increase resistance to European corn borer,
Northern corn leaf blight and maize stalk rot (see below)
(991

When a broader array of maize genotypes was
screened, a correlation between resistance ratings to
borer leaf feeding and to H turcicum was not apparent
[117] Additionally, recurrent selection for resistance to
leaf feeding by the European corn borer affected negative-
ly resistance to H turcicum and had no effect on Diplodia
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maydis stalk rot ratings [118] This points again to the
complex and diverse nature of resistance phenomena (see
section on resistance to the borer).

Histological observations of the mfection of multigenic
[119] and monogenic [120] resistant and susceptible
maize lines by H turcicum showed that differences m
mycehal growth between resistant and susceptible lines
occurred when the mycelium reached the vascular bun-
dles This 1s consistent with higher levels of hydroxamic
acids being found n the vascular bundles [53, 54].

Correlations have also been reported between Hx
levels 1n the plant and resistance of maize to stalk rot D
maydis [121, 122], of wheat to stem rust Puccinia graminis
[123-125], of maize to stalk rot caused by Fusarium
montliforme [126], Gibberella zeae [126] and Cephalos-
portum maydis [98], of rye to snow mold Fusarium mivale
[127, 128], of maize to stem and ear mfections caused by
Fusarium graminearum [129]

Weed competition resulted 1in higher DIMBOA con-
tent of maize plants. presumably through lower water
availability, and a concomitant decrease m infestation by
common smut Ustilago maydis [130] Application of
simazine (see section on detoxification of herbicides)
mcreased the levels of DIMBOA and of 1ts glucoside
wheat plants and concomittantly reduced attack by Ervys-
iphe granums and Cercosporella herpotrichoides [59]

In the case of the obhgate parastte P granumns, 1t was
noted that mfectton provoked a breakdown of the gluco-
side of DIMBOA. The phytotoxic properties of DIM-
BOA [76] were suggested to cause the death of the host
cells and hence that of the parasites Conversely no
correlations were observed between Hx levels in wheat
and resistance to various strains of the root rot agent
Helmunthosporwun sativum [131] Additionally, although
Hx levels in wheat seedlings were capable of totally
mhibiting Septoria nodorum, 1n the adult plants they were
suggested to be unimportant 1n the resistance to the
fungus [132]. Fmally, the correlatton between Hx levels
and resistance to P graminis was criticized on the basis
that the correlation coefficient substantially decreased
when cultivars of extreme resistance ratings were with-
drawn [125, 133]

Resstance to bacteria. The mabulity of certain species of
soft rotting bacteria Erwinia spp to attack maze was
attributed to the presence of DIMBOA 1n the plant [134]
Thus, DIMBOA accounted for most of the capacity of
maize extracts to mhibit soft rot bacteria non-pathogenic
to maize It did so by prolonging the lag phase of bacterial
growth, while the log phase was not altered [134] It was
noted however, that after DIMBOA had decomposed 1n
the bacterial medium to non-inhibitory levels, inhibition
persisted [135]. The effect could be due to products from
the decomposttion of DIMBOA. other than MBOA, m
the bacterial medium

When the range of strains studied was broadened, 1t
was found that strains pathogenic to maize were more
resistant to Hx levels than strains pathogenic to other
hosts [136] However, 1t was also found that several
DIMBOA-susceptible stramns pathogenic to other hosts
produced stalk rot symptoms m DIMBOA-
containing maize plants, It was suggested that DIMBOA
was not the primary means of resistance of maize to
Erwinia spp

Allelopathic effects. Both germination and seedling
growth of velvetleaf Abutilon theophrast: were affected by
DIBOA-Glc, DIBOA and BOA, the most acttve com-
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pound being DIBOA [24]. DIBOA and BOA were found
to be involved in the well described allelopathic effects of
rye [137, 138] Compounds were tested i germination
and root and stem elongation of monocots and dicots.
DIBOA was the most active compound against mono-
cots [138, 139] while BOA was most active against dicots
[138].

The symptoms of DIBOA injury on cress Lepidium
satiwum resembled that of the photosynthetic inhibitor
herbicides [138]. This result agrees with the known
inhibitory effects of hydroxamic acids on energy meta-
bolism of chloroplasts [76, 77]. Similar symptoms by
BOA may be related to the presence of a —-N-C=0 group
{140]. Hydroxamic acids may also be responsible for the
allelopathic effects of wheat [141].

Triggering of reproduction of the montane vole. The
onset of reproductive activity of the montane vole Micro-
tus montanus is correlated with beginning of vegetative
growth of the grasses and sedges that constitute their
main food source [142]. Plant extracts containing the
DIMBOA derived compound MBOA stimulated repro-
ductive activity of M montanus [143, 144]. Stimulatory
effects by MBOA on the breeding performance of M
montanus [143-145] and on reproductive responses of
rats [146] and other vertebrates [143, 147] were demon-
strated

Hx levels n perennial wild Gramineae increased at the
onset of the vegetative growth season [15], in agreement
with the finding of higher Hx levels in younger tissue.
Hence, Hx levels may be the naturally occurring environ-
mental cue triggering the reproductive efforts of M.
montanus The occurrence of the compounds m the
principal food source of the vole, saltgrass Distichlis
stricta, was demonstrated [147].

Mineral nutrition. The mvolvement of Hx in mineral
nutrition has been considered on account of their gen-
erally high complexation constants The formation con-
stants of complexes of DIMBOA and DIMBOA-Glc
with ferric ton [148], and those of DIMBOA with several
bivalent cations [149, 150] have been measured. The
constants, while several orders of magnitude smaller than
those of hydroxamic acids which function 1 microbial
iron metabohsm, are higher than those of other anions
mvolved in mineral nutrition, such as citric and malic
acids. Calculations based on concentrations of chelating
agents 1n the whole plant indicated that a substantial
proportion of metal ions would be bound to Hx [148,
149]. Knowledge of concentrations of Hx at relevant
plant compartments 1s necessary before a role in mineral
nutrition is adscribed to them.

Modification of auxin-receptor interaction. Maize col-
eoptiles contain substances capable of mhibiting the
binding of 1-naphthylacetic acid (NAA) to auxm re-
ceptors [151]. The compounds were initially identified as
MBOA and BOA [152]. It was later shown that the
parent hydroxamic acid DIBOA was more active than
the corresponding decomposition product BOA [153,
154] The compounds inhibited not only saturable bind-
ing of NAA to auxin receptors, but also auxin-mduced
coleptile growth [153], providing evidence that the bind-
ing sites represent physiological receptor sites for auxin
action. Additionally, BOA nhibited radicle elongation of
several plant species [155].

The binding affinity of the auxin analogue 2,4-dichlor-
ophenoxyacetic acid (2,4-D) was increased by Hx-con-
taining extracts [156], a result that has been associated
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with greater capacity for detoxification of 2,4-D of plants
with higher Hx levels [157].

Detoxification of herbicides and pesticides The 2-chloro-
s-triazine derived herbicides atrazine and simazine are
of paramount importance in maize production due to
the tolerance exhibited by this crop. Detoxification of
these herbicides occur by hydroxylation [158], dealkyl-
ation [159-161] or glutathione conjugation [162] The
mechanism prevailing in maize 1s hydroxylation [20,
163-165]. This reaction has been associated with the
presence of Hx 1n the plant. Thus, the Hx-rich Bx line of
maize is tolerant while the Hx-lacking bx line 1s suscep-
tible [66], cereals with lower Hx levels are more suscep-
tible than those with higher levels [158, 166, 167] or less
able to detoxify the herbicides by hydroxylation [19];
higher Hx levels in a plant attained through added
fertilizer are associated with higher hydroxylation capac-
ity [61]; lower Hx levels attributed to cold growing
conditions increased susceptibility to the herbicides [57],
and higher Hx levels were associated with lower activity
of the herbicides as plant hormones [168]. Finally, a
relationship was described between resistance to stalk rot
and corn borer, and tolerance to atrazine and simazine 1n
maize plants [169].

Hydroxylation of these herbicides is catalysed by hy-
droxamic acids [170-172]. It was suggested that a mo-
lecular aggregate of DIMBOA was the reactive species
[172]. It was later shown, with the use of stable anal-
ogues, that the reaction occurred by direct nucleophilic
attack of the hydroxamic oxygen atom on the carbonyl
bearing the chlorine atom 1n the herbicide with formation
of an intermediate, from which the hydroxamic acid
moiety was later displaced by water [173], confirming an
earhier mechanistic hypothesis [158]. In agreement with
this mechanism, only s-triazine derivatives containing a
good leaving group are selective for weed control in maize
[174]. A similar mechanism may prevail in the detoxifi-
cation of the organophosphorous insecticide diazinon, by
hydroxylation catalysed by DIMBOA [175, 176].

Mutagenicity. Both DIBOA and DIMBOA were
shown to be mutagenic in a test with Salmonella typhimur-
wm TA 100 and TA 98 [177, 178]. Studies with analogues
of these compounds showed that the 2-hydroxyl and 7-
methoxyl groups greatly increased mutagenic activity
These groups are known to enhance the electrophilic
reactivity of the parent molecules [9, 70, 73, 79] Mutage-
nicity was also associated with the ability of the 4-acetoxy
compounds to react with DNA and with model nu-
cleotides [75]. It 1s worthwhile reiterating that hydrox-
amic acids have not been found in the grains of cereals

Conclusions

Host plant resistance to pests and diseases 1s a complex
phenomenon in which multiple factors are mvolved.
Factors which may be of major importance in relation to
one pest or disease, may only be secondary or not
relevant 1n relation to another. Hydroxamic acids, while
of paramount importance i numerous cases of pest and
disease resistance of cereals, have been shown to be of
lesser importance in others, in which there is a breakdown
in the resistance—-Hx level correlations, the mheritance of
resistance and of Hx are different, or recurrent selection
for resistance to one pest does not lead to the desired
effects in the resistance to another pest The present
knowledge of the biological activity of hydroxamic acids
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suggests that their further exploitation as a source of

H M NIEMEYER

resistance 1s desirable However, the search for additional
sources of resistance should be continued
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