
Chemoecology 8 (1998) 19–23
0937–7409/98/010019–05 $1.50+0.20
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Summary. We characterized the induction of hydrox-
amic acids (Hx) by aphid infestation in the wild wheat
Triticum uniaristatum by addressing the following ques-
tions: i) Do different leaves have similar responses to
aphid damage?, ii) Is the Hx induction localized or
systemic?, iii) How long does the induction last?, and
iv) Is the degree of damage related to the magnitude of
induced Hx? Based on earlier results on this wheat/
aphid system (lack of costs of Hx induction) we ex-
pected to find the plant exhibiting cost-saving patterns
of response to herbivory. Aphid infestation in the pri-
mary leaf led to induced levels of Hx, but no differences
in Hx levels were found after infestation of the sec-
ondary leaf. Induction of Hx was restricted to the
infested leaf (primary leaf). Induced Hx levels exhibited
by the primary leaf at the end of aphid infestation were
not observed 2 days later. Finally, different aphid den-
sities (between 10 and 40 aphids per leaf) did not
produce significant differences in Hx levels in infested
primary leaves. Characteristics of Hx induction by
aphid infestation in T. uniaristatum partially support
the expected cost-saving patterns in the allocation of
induced defenses.
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Introduction

Induced phytochemical responses following damage
have been reported for a wide range of plant-herbivore
systems (Tallamy & Raupp 1991). However,
seldom have these induced responses been thoroughly
characterized in terms of underlying mechanisms,
spatial and temporal dynamics, biotic and abiotic
constraints to their expression, and associated costs
imposed to the plant. Baldwin (1991) and Zangerl
& Berenbaum (1995) provide partial coverage of such
topics. The documentation of costs of defenses is
a central issue in the discussion addressing the evo-

lution of chemical defenses in plants (Simms 1992).
Hence, a better knowledge of the costs of induced
defenses and their relation with the above listed to-
pics is necessary to achieve a proper understanding
of the observed patterns of defense allocation in plants.

Costs of plant defenses have been defined at two
levels. Direct costs (see Gershenzon 1994) are taken as
those resources devoted to synthesis, storage and
maintenance of the defensive metabolites, while indirect
costs, expressed in terms of plant fitness, arise from
allocating to defense resources that would otherwise
be invested in growth and/or reproduction (Zangerl &
Bazzaz 1992). The expected positive correlation of both
components of costs of defense (Bazzaz et al. 1987)
has been recently tested and shown to hold in an
induced defense system. Thus, on one hand, indirect
costs were not detected for aphid infestation-induced
hydroxamic acids in a wild wheat, and, on the other
hand, induction at the infested tissue resulted from a
spatial reallocation of hydroxamic acids from non-in-
fested tissue, a process claimed not to involve direct
costs (Gianoli & Niemeyer 1997a).

The aim of the present study is to characterize the
phenomenon of induced phytochemical responses in the
biological system already mentioned: the wild wheat
Triticum uniaristatum L. and its main secondary
metabolites, the hydroxamic acids (Niemeyer et al.
1992), which are induced following a short-term infesta-
tion by the cereal aphid Rhopalosiphum padi (L.) (Gi-
anoli & Niemeyer 1997a). Hydroxamic acids (Hx) are a
family of secondary metabolites typical of Gramineae
(Poaceae) (Niemeyer 1988) that have been shown to
decrease aphid survival and reproduction (Argandoña
et al. 1980, Thackray et al. 1990). Hx may also be
induced by aphid feeding on bread wheat Triticum
aesti6um L., induction being affected by plant genotype
(Niemeyer et al. 1989), environmental conditions (Gi-
anoli & Niemeyer 1996) and aphid genotype (Gianoli et
al. 1997). In addition, aphid mortality was higher in
wheat plants exhibiting increased Hx levels induced by
previous aphid infestation (Thackray et al. 1988). Fi-
nally, constitutive accumulation of Hx did not impose a
cost in terms of grain yield in several wheat cultivars
(Gianoli et al. 1996).

In this work, we address the following questions: i)
Do different leaves of T. uniaristatum seedlings re-Correspondence to: E. Gianoli
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spond in the same way to aphid damage?, ii) Is the
induction of Hx localized or systemic?, iii) How long
does this induction persist?, and iv) Is the magnitude of
induced Hx related to the degree of damage? In accor-
dance with previous work on this system, i.e. lack of
costs of Hx induction, we expect to find cost-saving
patterns in the response of this wild wheat to herbivory.

Materials and methods

Basic experiment of induction of Hx

The experiment was performed as previously described (Gianoli &
Niemeyer 1997a). Seeds of T. uniaristatum were germinated in indi-
vidual plastic pots (25 ml) filled with potting soil (Anasac, Santiago,
Chile) and then developed in a growth chamber at 15°C and L12:D12
photoperiod. When seedlings attained growth stage 12 (primary
leaf fully unfolded, secondary leaf visible, Zadoks et al. 1974), each
one was infested with 20 individuals of the cereal aphid R. padi
(second or third instar apterae) confined in a cylindrical plastic
clip-cage (2 cm diameter×2 cm height) attached to the primary leaf.
Empty clip-cages were placed on control plants. Treatments were
assigned randomly. After 48 h of infestation, clip-cages were removed
and aphids were withdrawn from the infested seedlings with a fine
brush. Aphid feeding was verified by observing honeydew production.
Aphid survival was always about 100%. Immediately after aphid
removal, primary leaves of both control and treated plants were
analyzed for DIBOA (2,4-dihydroxy-1,4-benzoxazin-3-one), the main
Hx aglucone in extracts of T. uniaristatum (Niemeyer et al. 1992).
Plant material was macerated with 1 ml H2O, using 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 13000 g for 15 min and a 50 ml aliquot of the
supernatant directly injected into a high performance liquid chro-
matograph (Shimadzu, Kyoto, Japan). An RP-100 Lichrospher-C18
column (Merck, Darmstadt, Germany) 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 l H2O): 0 to 7 min,
30% A; 7 to 9 min, 100% A; 7 to 13 min, 30% A. DIBOA was
detected at 263 nm. Chromatographic standards of DIBOA were
obtained by extraction from rye seedlings.

One-way ANOVA was used to compare control and infested
treatments (n=8). No difference in fresh weight between control and
infested tissue was found by the time of analysis of Hx in all of the
experiments performed (data not shown), hence allowing compari-
sons of concentrations of Hx (mmol/kg fresh weight). All statistical
analyses were performed using the STATISTICA statistical package
(StatSoft, Inc 1993).

Responsi6eness to aphid infestation of other plant module

Given that the primary leaf showed induced responses following
aphid infestation (Gianoli & Niemeyer 1997a), we tested whether the
secondary leaf was also capable of such responses. Hence, the proto-
col of the basic experiment was applied to a group of seedlings at
growth stage 13 (secondary leaf unfolded, Zadoks et al. 1974), with
the infestation site being the secondary leaf. Comparisons of control
and infested seedlings were performed by a one-way ANOVA (n=8).

Spatial extent of the Hx induction

This experiment was performed in order to assess whether the in-
crease in Hx levels was restricted to the infested leaf (i.e., localized) or
whether it was extended to non-infested organs (i.e., systemic). The
basic experiment of Hx induction was repeated, this time extending
the Hx analysis to all plant organs (primary leaf, secondary leaf,
stem, root) in both treatments (control and infested). Hx levels in
each organ were compared between treatments by one-way ANOVAs
(n=8).

Table 1 Concentration of Hx (mmol/kg fresh weight, Mean9SE) in
organs of T. uniaristatum seedlings at growth stage 13. INF=sec-
ondary leaf infested with aphids for 48 h, CON=control seedlings.
P-values refer to one-way ANOVAs (n=8)

CON INF P

Primary leaf 0.16390.025 0.22190.044 0.29
Secondary leaf 1.31390.051 1.21790.046 0.32
Stem 3.38290.353 3.08790.312 0.56
Root 0.56190.079 0.58590.093 0.89

Temporal persistence of the induction of Hx

To determine the duration of the induced state in the infested leaf
(primary leaf), the basic experiment was repeated, varying the time
between the end of aphid infestation and the analysis of Hx. The
treatments were: 0, 2, 4, and 8 days after the end of infestation.
Comparisons of control and infested seedlings were performed for
each treatment by one-way ANOVAs (n=8).

Relationship between degree of damage and magnitude of Hx
induction

This experiment assessed whether the magnitude of Hx induction
obtained following infestation by 20 aphids (Hx increase of 70%
above control levels, Gianoli & Niemeyer 1997a) could be increased
by still greater infestation densities. Densities of 10, 20, 30 and 40
aphids per clip-cage were used in replicated basic experiments (n=8).
A LSD-test following an ANOVA was performed to examine differ-
ences of means among treatments.

Results

As previously reported (Gianoli & Niemeyer 1997a), the
basic experiment of Hx induction showed higher levels
of Hx in the infested primary leaf (PB0.02, one-way
ANOVA). In contrast, infestation of the secondary leaf
resulted in no differences in Hx levels between treat-
ments (PB0.05, one-way ANOVA) in the infested leaf
as well as in the non-infested organs (Table 1).

Induction of Hx by aphid infestation was restricted
to the infested primary leaf (Table 2). Differences in Hx
levels of both primary and secondary leaves listed in
Tables 1 and 2 are due to the natural dynamics of Hx
accumulation: higher levels for younger tissues and a
steady decrease following an early peak within each leaf
(Argandoña et al. 1981).

With regard to duration of the induced response,
although the infested primary leaves consistently
showed average levels of Hx above than those of the
control leaves, this difference was only statistically sig-

Table 2 Concentration of Hx (mmol/kg fresh weight, Mean9SE) in
organs of T. uniaristatum seedlings at growth stage 12. INF=pri-
mary leaf infested with aphids for 48 h, CON=control seedlings.
P-values refer to one-way ANOVAs (n=8)

CON INF P

Primary leaf 0.17890.011 0.26390.033 0.04
Secondary leaf 3.68990.536 4.02790.283 0.59
Stem 3.55190.369 2.66690.318 0.11
Root 0.64290.086 0.63190.098 0.93
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Fig. 1 Hydroxamic acid (Hx) content (Mean9SE, 8 replicates) of the
primary leaf of aphid-infested (20 individuals, 48 h) (INF) and non
infested control (CON) seedlings of T. uniaristatum at different days
after the end of aphid infestation. P-values (one-way ANOVA) for
comparisons between control and infested plants are shown

Discussion

Plants must allocate to growth, reproduction, and de-
fense a budget of limited resources (Bazzaz et al. 1987;
Herms & Matson 1992). Within the framework of the
Optimal Defense theory (McKey 1974; Rhoades 1979),
the production of chemical defenses is considered to
impose a cost to the plant. Hence, the theory predicts
that plants invest in these defenses only when, where,
and in the amounts required. Inducible defenses repre-
sent an efficient way to achieve such a result, since they
divert resources only when required, i.e., when herbi-
vore damage occurrs. However, production of induced
defenses may exact a cost to plants (Baldwin et al.
1990).

Aphid-induced increase of Hx in the wild wheat T.
uniaristatum was not found to impose an indirect cost
to the plant (Gianoli & Niemeyer 1997a). This was
partially explained by a preliminary assessment of the
underlying mechanism of such induction, i.e., induction
could be attributed to non-costly translocation of Hx
from non-infested organs (Gianoli & Niemeyer 1997a).
In this report we characterized such Hx induction to
gain insights into the observed lack of costs to the
plant.

Unlike the primary leaf, the secondary leaf of T.
uniaristatum seedlings failed to exhibit induced levels of
Hx. This is surprising given that expanding leaves (as
were the secondary leaves in this experiment) are nor-
mally expected to exhibit greater biochemical responses
following damage than expanded leaves (as were the
primary leaves in the basic experiment) (Coleman &
Jones 1991). Such a pattern has been reported earlier
(Frischknecht et al. 1987, Hartley & Firn 1989, but see
Zangerl & Berenbaum 1995). The results obtained here
may be explained by taking into account the endow-
ment of Hx of either leaf at the time of the correspond-
ing experiments. Thus, in accordance with the described
dynamics of Hx accumulation in cereal seedlings (Ar-
gandoña et al. 1981), the secondary leaf showed sub-
stantially higher constitutive levels of Hx than the
primary leaf (mean values: 1.313 and 0.178, respec-
tively; Tables 1 and 2). Therefore, it is conceivable that,
since the secondary leaf is sufficiently protected by
constitutive Hx, it will not receive added Hx produced
by induction mechanisms. Conversely, the primary leaf,
limited in its constitutive levels of defense by the natu-
ral dynamics of accumulation of Hx, achieves a higher
degree of protection with induced levels of such de-
fense. This explanation is based on the idea of tradeoffs
between constitutive and induced pools of defense (see
Mole 1994) and may be viewed as a way to limit the
cost of defense.

Induction of Hx in the primary leaf of T. uniaris-
tatum seedlings was not systemic; it was restricted to
the damaged leaf. Since systemic responses (e.g., Bald-
win 1988) imply the allocation of defenses to sites other
than the one under attack, this localized induction of
Hx suggests a cost-saving response. On the other hand,
Hx induction in the primary leaf lasted less than 48 h.
Although this may also be viewed as a cost-saving

nificant (PB0.05, one-way ANOVA) at day 0 after the
end of aphid infestation (Fig. 1).

Finally, different degrees of damage (aphid densities
in the clip-cage) did not lead to significant differences in
Hx levels in the primary leaf of infested T. uniaristatum
seedlings (LSD-test following a one-way ANOVA)
(Fig. 2).

Fig. 2 Hydroxamic acid (Hx) content (Mean9SE, 8 replicates) of the
primary leaf of seedlings of T. uniaristatum after 48 h of infestation
by different levels of aphid infestation. Means in columns sharing
lowercase letters are not significantly different (LSD-test following
one-way ANOVA)
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feature, the benefits to the plant, in terms of protection
against herbivores, may be non-significant. Similar
short-term induced responses have been found for
tropane alkaloids (Khan & Harborne 1990), cucur-
bitacins (Tallamy & McCloud 1991), cardenolides
(Malcolm & Zalucki 1996) and furanocoumarins
(Zangerl & Berenbaum 1995), the latter being the only
work focusing on cost issues.

The intensity of initial damage may affect the mag-
nitude of induced responses (Karban 1991). Seedlings
of T. uniaristatum with heavier loads of aphids than
that those in the basic experiment (20 aphids/clip-cage)
did not show higher levels of Hx induction. Interest-
ingly, 10 aphids per clip-cage were sufficient to elicit Hx
induction; a result different from that obtained for
cultivated wheat (Gianoli & Niemeyer, 1997b). The
phenomenon of Hx induction in this wild wheat ap-
pears to possess a discrete nature. Thus, a certain
degree of damage triggers Hx induction but greater
damage does not lead to increased induction. This may
be explained by analogy to the so-called ‘‘constraints of
design’’ in animal ecological physiology (Calow 1987),
i.e., greater induced responses are not observed because
the metabolic machinery of the tissue involved is unable
to accumulate (or translocate) Hx above a given level.
It has been stated earlier that plants bear constraints to
the expression of their phenotypic plasticity (Schlichting
1986).

In seedlings of T. uniaristatum, induced levels of Hx
after aphid infestation were only observed in the pri-
mary leaf. This induction exhibited restrictions in dura-
tion, localization and magnitude. This pattern of
allocation of induced defenses led us to consider induc-
tion of Hx in this system as a low-cost response, a
result in accordance with previous work that failed to
find an indirect cost of such Hx induction (Gianoli &
Niemeyer 1997a). However, at this point we cannot rule
out the existence of other kinds of costs.

Finally, in order to gain a better understanding of
the patterns of allocation of induced defenses – and
their assumed costs – it is also necessary to evaluate the
benefits associated with them. In the case of Hx, the
benefits may be related to their known role in plant
resistance against pests and diseases, in mineral nutri-
tion and hormonal activity (reviewed in Niemeyer 1988
and Niemeyer & Pérez 1995).
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