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Abstract—Hydroxamic acids (Hx) are natural products of Gramineae that are

associated with cereal resistance to pests. We aimed at characterizing the

induction of Hx accumulation in seedlings of wheat, Triticum aestivum, by

short-term infestation of the cereal aphid, Rhopalosiphum padi. A load of 25

aphids increased significantly the Hx levels in the infested primary leaf in

comparison with control levels. Lower loads did not increase Hx concentra-

tion. Aphid infestation lasting 16 hr did not elicit induction of Hx, even after

a time-lag of 32 hr to allow the expression of any induced response. Forty-

eight hours was the minimum duration of aphid infestation required to trigger

Hx induction. The age of the infested tissue (the primary leaf) did not affect

induction. Similar increases of Hx were found in unfolding, expanding, and

totally expanded primary leaves. It was determined that the regime of nutrient

supply (N-intensive nutritive solutions at low and high concentration) to wheat

seedlings had no effect on the magnitude of the aphid-induced Hx (N-based

secondary metabolites). Results obtained are discussed in the framework of

general theories of plant defense allocation.

Key Words—Defense, herbivory, aphids, wheat, Gramineae, hydroxamic

acids, Defense theory, Carbon/Nutrient theory.

INTRODUCTION

The last decade has seen a considerable increase in the number of reports on

herbivory-induced phytochemical responses. However, seldom have these

induced responses (IR) been subjected to a comprehensive characterization in

*To whom correspondence should be addressed.
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terms of mechanisms, spatial and temporal dynamics, biotic and abiotic con-

straints to their expression, and associated costs imposed to the plant. Outstand-

ing exceptions to this generalization come from the works on IR of wild tobacco

alkaloids (Baldwin, 1989; Baldwin et al., 1990) and wild parsnip furanocou-

marins (Zangerl, 1990; Zangerl and Berenbaum, 1995). Although work on IR

has mainly addressed questions regarding theoretical issues such as optimal

patterns of defense allocation (Ohnmeiss and Baldwin, 1994), patterns of insect

grazing (Gibberd et al., 1988), and plant competition (Edwards et al., 1992),

it recently has included applied approaches stressing the usefulness of induced

resistance as a tool in pest management programs (English-Loeb et al., 1993).

In order to achieve their goals, both major foci of IR studies require a thorough

knowledge of the already mentioned characteristics of IR.

This paper aims at characterizing the phenomenon of induced phytochem-

ical responses in wheat, Triticum aestivum L., by examining the induction of

its main natural products, the hydroxamic acids (4-hydroxy-l,4-benzoxazin-3-

ones, Figure 1) (Niemeyer, 1988), following a short-term infestation by the bird

cherry-oat aphid, Rhopalosiphum padi (L.). Hydroxamic acids (Hx) are defen-

sive metabolites typical of Gramineae (Niemeyer and Perez, 1995). Hx are

induced in wheat by aphid feeding, and this induction is affected by plant ge-

notype (Niemeyer et al., 1989), aphid genotype (Gianoli et al., 1997), and

environmental conditions (Gianoli and Niemeyer, 1996). In addition, constitu-

tive accumulation of Hx reduced aphid infestation in the field but did not impose

a cost in grain yield to wheat cultivars (Gianoli et al., 1996). In a similar vein,

IR of Hx by aphid infestation on the wild wheat, T. uniaristatum, were shown

to be not costly to the plant in terms of growth and survival (Gianoli and

Niemeyer, 1997) and were characterized as localized, short-term IR (Gianoli

and Niemeyer, 1998). In the present work, we attempt to determine the threshold

of aphid load and the minimum time of aphid infestation required to elicit the
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FIG. 1. Chemical structures of DIMBOA (2,4-

dihydroxy-7-methoxy-l ,4-benzoxazin-3-one) and

DIBOA (2,4-dihydroxy-l,4-benzoxazin-3-one),
the main hydroxamic acid aglucones present in

wheat extracts.



induction of Hx in wheat seedlings. In addition, we gain insights into the mod-

ulation of such IR by biotic and abiotic factors by examining the effect of leaf

age and nutrient supply on Hx induction. Results are discussed in the framework

of the optimal defense theory (McKey, 1974; Rhoades 1979) and, in the exper-
iment on the effect of nutrients, they are also tested against predictions of the
carbon/nutrient theory (Bryant et al., 1983).

METHODS AND MATERIALS

Basic Experiment on Induction of Hx. Seeds of T. aestivum cv. Paleta were

obtained from INIA, Chile, and germinated in a growth chamber in individual

plastic pots (25 ml) filled with soil, and then grown in a growth chamber at

15°C and a photoperiod of 12L: 12D. When seedlings attained growth stage

(gs) 11 (primary leaf fully unfolded, secondary leaf visible, Zadoks et al. 1974),

each one was infested with 20 apterae of the bird cherry-oat aphid, Rhopalosi-

phumpadi (L.) (second or third instar), confined in a clip cage attached to the
primary leaf. Aphids came from a laboratory colony reared on oat seedlings at

20°C and a photoperiod of 12L: 12D. Empty clip cages were placed on control
plants. After 48 hr of infestation, aphids were removed from the infested seed-
lings and primary leaves of both control and treated plants were analyzed for

Hx. No difference in fresh weight between control and infested leaves was found

by the time of analysis of Hx in all the experiments performed (data not shown),

thus allowing comparisons of concentrations of Hx.

Threshold of Aphid Load. This experiment assessed the minimum load of

aphids required to elicit the induction of Hx in the infested leaf (primary leaf).

Densities of 2, 10, and 25 aphids per clip cage were used in replicated basic

experiments of induction. A LSD test following a one-way ANOVA was per-

formed to examine differences of means among treatments (N = 8). This exper-
iment was performed with late gs 12 seedlings (see below).

Duration of Infestation. Given that previous work showed 48 hr of contin-
uous aphid infestation as sufficient to generate IR of Hx in wheat (Niemeyer et
al., 1989; Gianoli and Niemeyer, 1996), we evaluated whether 16 hr of infes-

tation could trigger IR as well. In order to determine whether a hypothetical
lack of IR at the end of the 16-hr infestation could be due to either an insufficient

stimulus or to a temporal constraint to the expression of the response, a treatment

was included consisting of 16 hr of infestation and Hx analysis 32 hr later (to

complete 48 hr from the onset of infestation until chemical analysis). Compar-

isons of control and infested seedlings were performed for each treatment by

one-way ANOVAs. Treatments were defined as 48-48, 16-16, and 16-48,
where the first number refers to duration (hours) of aphid infestation and the
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second to the time elapsed from the onset of infestation to the analysis of Hx

(N = 8).

Leaf Age. The basic experiment of induction was replicated at three dif-

ferent ontogenetic stages of the primary leaf related to three phenological stages

of the seedling (Zadoks et al., 1974): gs 10 (primary leaf through coleoptile,

seedling height 8-10 cm), gs 11 (primary leaf unfolded and secondary leaf

visible, 12-14 cm) and gs 12 (primary leaf totally expanded, secondary leaf

unfolded and tertiary leaf visible, 16-18 cm). A two-way ANOVA for Hx

concentration was performed, with leaf age and aphid infestation as fixed effects

(N = 8 for each treatment).

Nutrient Supply. The basic experiment of induction was replicated under

two regimes of nutrient supply (high and low). Seeds were sown (October 15,

1996) in individual pots (25 ml) filled with vermiculite and watered exclusively

with H2O for five days; thereafter seedlings were subjected to either regimen of

nutrient supply. Nutrient solutions were obtained from a master N: P: K aqueous

solution (30, 20, and 15 g/liter, respectively) diluted 1/100 and 1/1000 for the

high and low nutrient treatment, respectively. Seedlings received 10 ml of

nutrient solution on October 21, 24, 28, and 30. On October 30, the protocol

of infestation was implemented, and 48 hr later primary leaves were analyzed

for Hx content. A two-way ANOVA for Hx concentration was performed, with

nutrient regime and aphids as fixed effects (N = 8 for each treatment).

Chemical Analysis. Plant material was macerated with 1 ml H2O, using a

mortar and pestle. The aqueous extract was left at room temperature for 15 min

and then taken to pH 3 with 0.1 N H3PO4. The extract was centrifuged at

13,000g for 15 min, and a 50-ul aliquot of the supernatant was directly injected

into a high-performance liquid chromatograph. An RP-100 Lichrospher-C18

column was used with a constant solvent flow of 1.5 ml/min and the following

linear gradients between solvents A (MeOH) and B (0.5 ml H3PO4 in 1 liter

H2O): 0-7 min, 30% A; 7-9 min, 100% A; 7-13 min, 30% A. Detection of

DIMBOA, the main Hx aglucone present, was performed at 263 nm.

RESULTS

Twenty five was the minimum number of aphids per clip cage able to trigger

an Hx accumulation in the infested leaf that was significantly different (P <

0.05, LSD-test following a one-way ANOVA) from the control treatment (Fig-

ure 2). The lower levels of Hx observed in control seedlings in comparison with

those of other experiments (Figure 3) are due to the use of late gs 12 seedlings,

which are in the decreasing phase of Hx accumulation (see Discussion).

It was found that 16 hr of aphid infestation did not elicit an induction of

Hx (P < 0.05, one-way ANOVA) even after a time-lag of 32 hr prior to Hx
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HYDROXAMIC ACID IN WHEAT

FIG. 2. Hydroxamic acid (Hx) content (mean ± SE, eight replicates) of the primary leaf

of wheat seedlings after 48 hr of infestation by different levels of aphid infestation.

Means in columns sharing lowercase letters are not significantly different (LSD test

following one-way ANOVA).

FIG. 3. Hydroxamic acid (Hx) content (mean ± SE, eight replicates) of the primary leaf

of aphid-infested (20 individuals) (INF) and noninfested control (CON) seedlings of

wheat after different duration of infestation and time elapsed to Hx analysis since the

onset of infestation. *Significant differences between control and infested plants at P <

0.05 (one-way ANOVA).
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TABLE 1 . EFFECTS OF APHID INFESTATION (20 APHIDS FOR 48 HR) AND LEAF AGE (AS

RELATED TO SEEDLING GROWTH STAGE, gs) ON ACCUMULATION OF HYDROXAMIC

ACIDS IN PRIMARY LEAF OF WHEAT SEEDLINGS

Mean

Leaf age

gs 10

gs 11
gs 12

Source

Aphid infestation (A)

Leaf age (L)
A x L
Error

± SE hydroxamic acids content (mmol/kg fresh weight)

Control

0.629 ± 0.092

0.772 ± 0.084
0.588 ± 0.025

Analysis of variance

df Mean square F ratio

1 0.126 4.875

2 0.153 5.942
2 0.013 <1.0

42 0.026

Infested

0.843 ± 0.048

1.050 ± 0.059
0.694 ± 0,045

P

0.034
0.006

NSa

aNS = not significant.

analysis. As expected, 48 hr of infestation was needed to produce IR (Figure

3).
There was no effect of leaf age on Hx induction (P > 0.61 for the inter-

action of effects: aphid X leaf age, two-way ANOVA) (Table 1). However,

both aphid infestation and leaf age had significant effects on Hx levels of the

primary leaf (P < 0.04 and P < 0.01, respectively; Table 1). Higher Hx levels

were found on infested plants, and an increase followed by a decrease of Hx

was the pattern with leaf age (Table 1).

Nutrient supply regime did not affect Hx induction since the interaction of

effects (aphid X nutrients) was not significant (P > 0.85, two-way ANOVA)

(Table 2). Aphid infestation did affect Hx accumulation on the primary leaf (P

< 0.025), infested tissues containing higher Hx levels (Table 2). Higher nutrient

input produced no increase in Hx levels, the effect being marginally nonsignifi-

cant (P = 0.061) (Table 2).

DISCUSSION

The intensity of herbivory has been considered to affect the magnitude of

IR (Karban, 1991). In the present system, significant induction of Hx in wheat



TABLE 2. EFFECTS OF APHID INFESTATION (20 APHIDS FOR 48 HR) AND NUTRIENT

SUPPLY REGIME ON ACCUMULATION OF HYDROXAMIC ACIDS IN PRIMARY LEAF OF

WHEAT SEEDLINGS

Mean ± SE hydroxamic acids content (mmol/kg fresh weight)

Nutrients Control

Low 0.499 ± 0.043

High 0.574 ± 0.052

Analysis of variance

Source df Mean square F ratio

Aphid infestation (A) 1 0.090 5.922

Nutrients (N) 1 0.058 3.800

A x N 1 0.001 <1.0

Error 28 0.015

Infested

0.595 ± 0.020

0.686 ± 0.042

f

0.021

0.061

NSa

aNS = not significant.

seedlings was restricted to the higher aphid load tested (25 individuals per clip

cage) and did not appear following 16-hr infestations. Lower aphid densities

did not increase Hx levels in infested tissues. Thus, an infestation of 25 aphids

(or 20, as this and previous work reported) for 48 hr seems to be the threshold

for eliciting IR of Hx in wheat seedlings. Interestingly, a similar work on aphid-

induced Hx in a wild wheat showed that a load of 10 aphids (for 48 hr) was

enough to obtain IR and, furthermore, induced Hx levels remained constant

following greater densities of infestation (Gianoli and Niemeyer, 1998). It may

be that cultivated wheat, subjected to artificial selection oriented towards agro-

nomic features, has suffered a loss in its capacity to react readily to cues of

herbivore attack by increasing the concentration of secondary metabolites. Alter-

natively, different “sensitivities” to aphid infestation may be a consequence of

differences in tolerance, i.e., the capacity to recover after herbivory. Thus,

plants with greater tolerance levels could delay the allocation of defenses to

attacked tissues until the degree of damage threatened its fitness, hence saving

resources to devote to growth or reproduction (see Zangerl and Bazzaz, 1992).

Leaf age is a factor usually overlooked in IR studies (Coleman and Jones,

1991). Contrary to previous reports on indole alkaloids (Frischknecht et al.,

1987) and phenols (Hartley and Firn, 1989), and in accordance with recent work

on furanocoumarins (Zangerl and Berenbaum, 1995), we found that age of the
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infested leaf did not affect induction of Hx. Both aphid infestation and leaf age,

however, had singly a significant effect on Hx levels of the primary leaf. The

aphid effect was expected as Hx are inducible; likewise, an effect of leaf age

was also expected since the dynamics of Hx accumulation in wheat seedlings

is highly sensitive to age (Argandona et al., 1981). Thus, the pattern of Hx

accumulation for the whole plant as well as for any single leaf consists of an

initial increase until reaching an early peak and a steady decrease thereafter. As

can be seen (Table 1), the seedling growth stages (gs) utilized in this experiment

fall in the upward-maximum-downward part of the curve of Hx accumulation.

The optimal defense (OD) theory (McKey, 1974; Rhoades, 1979) would

predict that younger—and hence more valuable—plant parts receive better pro-

tection by enhanced defense allocation (see Bryant and Julkunen-Tiitto, 1995).

To some extent this was the case for the primary leaf of wheat seedlings if

constitutive Hx levels are considered (Table 1). However, as shown by the

statistical analysis performed, this leaf showed comparable degrees of Hx induc-

tion for the three growth stages evaluated. This lack of effect of leaf age may

be an artifact of the limited range of seedling phenological stages studied. Older

phenological stages and hence lower Hx constitutive levels (in accordance with

the dynamics of accumulation) could constitute a scenario in which greater levels

of induced Hx could be produced in order to achieve a better protection.

Results obtained showed that nutrient availability did not affect induction

of Hx by aphid infestation. Similar results were obtained with lupine alkaloids

(Johnson et al., 1989), tobacco alkaloids (Ohnmeiss and Baldwin, 1994), and

furanocoumarins (Zangerl and Berenbaum, 1995). As expected, aphid infesta-

tion affected Hx accumulation. As was reported for corn seedlings (Manuwoto

and Scriber, 1985), nutrient supply regime affected overall Hx accumulation in

wheat seedlings, but its effect was not significant. Regarding the close relation-

ship between available nitrogen in the substrate and concentration of N-based

compounds in wheat (Kowalski and Visser, 1987) and given that Hx may be

classified as N-based secondary metabolites (Figure 1) and that nutrient solution

was predominantly nitrogen (55%), this effect was not surprising. Nonetheless,

in view of this fact, it is reasonable to expect a higher induction in the high-

nutrient regime due to the greater availability of nitrogen; however, this did not

occur. A rationalization for these results may be produced by examining general
theories of plant defense allocation.

OD theory predicts enhanced allocation of (induced) defenses to tissues

with high fitness value, costly to replace, and/or with high probability of attack.

This allocation should reflect the costs and benefits of investing those resources

in defense instead of in growth or reproduction. On the other hand, carbon/

nutrient (C/N) theory (Bryant et al., 1983) would consider production of induced

defenses limited by plant requirements of either C-based or N-based compounds
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for growth and in relation to environmental conditions. Thus, occurrence of IR

(according to whether the defenses are C-based or N-based) would be condi-

tioned to internal imbalances in either type of compound and to the effect of

herbivory on the C/N ratio in the tissue concerned. Given that both theories

address the relationship of defense to growth, it is important to point out that

growth of the infested primary leaf did not differ from that of the control in

either nutrient treatment (data not shown).

Our system consisted of: (1) plants treated with different levels of N in the

substrate; (2) a phloem-feeder that depletes proportionally more C-based com-

pounds than N-based ones (see Hayashi and Chino, 1986), i.e., relatively

increases available N; and (3) a N-based natural product. Therefore, C/N theory

would predict a higher level of induction of Hx in the high-nutrient treatment.

This prediction was not supported by the results obtained. Alternatively, from

the standpoint of OD theory, a more complex scenario may be conceived. On

the one hand, a greater N budget would allow an enhanced allocation to

N-based induced defenses without major penalties in growth for such resource

investment. Then a higher level of induction of Hx in the high-nutrient treatment

may be predicted. On the other hand, tissue of plants in richer habitats is of

lesser value since its replacement is less costly to the plant and hence should

receive less chemical protection than a comparable tissue in a plant growing in

a poor habitat. Although the expression of such an advantage in growth and

tissue replacement was not evident in our experiment, it should appear with

longer periods of evaluation. This view would lead one to expect a lower level

of induction of Hx in the high-nutrient treatment. We speculate that under the

experimental conditions of this study both trends occurred, and hence the out-

come was a lack of effect of nutrients on Hx induction. Further studies involving

longer evaluations and including whole-plant allocation patterns will confirm or

reject this preliminary observation.

Finally, another point relevant to the lack of effect of nutrients on Hx

induction concerns the mechanism of induction. Whether Hx are synthesized in

situ or transported to the attacked tissue would determine the relative importance

of a surplus of nitrogen for Hx induction, since in situ synthesis is expected to

be more sensitive to resource availability than translocation. Since aphid-induced

Hx in the primary leaf of a wild wheat was shown to be a consequence of

translocation from the stem (Gianoli and Niemeyer, 1997), it is likely that a

similar process is operating in the present system, hence supporting the pattern

found.

The characteristics of the induction of Hx by aphid infestation in wheat

seedlings were determined in terms of the minimal stimuli able to generate it

and the biotic as well as abiotic constraints to its expression. Although evalu-

ations were restricted to a limited set of conditions, they represent a first approach
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to the knowledge of such a complex trait as inducible plant defenses and thereby

provide valuable information to both theoretical and applied research projects.

The phenomenon of Hx induction in wheat seedlings appeared to be dependent

on initial stimulus conditions (duration and magnitude of the infestation) but

insensitive to biotic (leaf age) as well as abiotic (nutrient supply regime) factors.

Results obtained were shown to be partially in accordance with OD theory

predictions.
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