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Plants have evolved numerous herbivore defences that are resistance- or tol-
erance-based. Resistance involves physical and chemical traits that deter
and/or harm herbivores whereas tolerance minimizes fitness costs of herbiv-
ory, often via compensatory growth. The Poaceae frequently accumulate large
amounts of silicon (Si), which can be used for herbivore resistance, including
biomechanical and (indirectly) biochemical defences. To date, it is unclear
whether Si improves tolerance of herbivory. Here we report how Si enabled
a cereal (Triticum aestivum) to tolerate damage inflicted by above- and
belowground herbivores. Leaf herbivory increased Si concentrations in the
leaves by greater than 50% relative to herbivore-free plants, indicating it
was an inducible defensive response. In plants without Si supplementation,
leaf herbivory reduced shoot biomass by 52% and root herbivory reduced
root biomass by 68%. Si supplementation, however, facilitated compensatory
growth such that shoot losses were more than compensated for (+14% greater
than herbivore-free plants) and root losses were minimized to −16%. Si
supplementation did not improve plant resistance since Si did not enhance
biomechanical resistance (i.e. force of fracture) or reduce leaf consumption
and herbivore relative growth rates. We propose that Si-based defence
operates in wheat via tolerance either in addition or as an alternative to
resistance-based defence.
1. Introduction
Plants and herbivorous insects have been locked in an evolutionary arms race
for over 300 Myr, during which time plants have developed an arsenal of
defences to limit herbivore damage [1]. Broadly speaking, plant defences can
be divided into two components: resistance (e.g. physical or chemical features
that deter and/or harm herbivores) and tolerance (i.e. the ability of plants to
regrow and/or reproduce after herbivory) [2]. Tolerance reduces fitness costs
of herbivory and frequently involves compensatory growth [2,3]. Compensa-
tory growth may be achieved via several mechanisms, including increased
rates of photosynthesis and resource reallocation from roots to the shoots [3].
Although theoretical arguments have been presented which predict that
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Table 1. ANOVA results for plant biomass and Si concentrations (see figures 1 and 2) using the specified contrasts. Statistically significant results indicated
in bold.

soil
amendment

−Si +Si

plant response
insect-free versus leaf
herbivores

insect-free versus root
herbivores

insect-free versus leaf
herbivores

insect-free versus root
herbivores

shoot biomass F1,54 = 4.49, p = 0.039 F1,54 = 0.82, p = 0.369 F1,54 = 0.35, p = 0.558 F1,54 = 0.77, p = 0.383

root biomass F1,54 = 1.53, p = 0.221 F1,54 = 6.92, p = 0.011 F1,54 = 0.71, p = 0.403 F1,54 = 1.26, p = 0.266

leaf Si F1,52 = 9.63, p = 0.003 F1,52 = 1.18, p = 0.283 F1,54 = 3.77, p = 0.05 F1,52 = 0.18, p = 0.673

root Si F1,51 = 0.70, p = 0.407 F1,51 = 3.16, p = 0.081 F1,51 = 3.17, p = 0.081 F1,51 = 0.31, p = 0.583
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tolerance and resistance are alternative strategies of defence
[4], the generality of this relationship is unclear [5]. Empirical
evidence shows that many plants simultaneously allocate
resources to both strategies [6].

Plant silicon (Si) plays a number of functional roles in the
alleviation of environmental stresses [7,8], including herbivory
[9]. Si is taken up via the roots and deposited throughout the
plant as silica, where it facilitates herbivore resistance via
biochemical and biomechanical mechanisms [10,11]. Given
Si has limited chemical reactivity within the plant, changes
in biochemical defences most likely arise indirectly (e.g. redu-
cing the herbivores’ ability to suppress existing defences) [7].
Biomechanical resistance to herbivores has been widely
reported and can involve negative impacts of tissue abrasive-
ness, toughness, mouthpart damage and impaired nutrient
acquisition [12–15]. To date, Si has not been linked to plant
defence via herbivore tolerance mechanisms.

We investigated whether herbivory induced compensa-
tory growth and Si uptake in wheat (Triticum aestivum)
when challenged by either leaf (Helicoverpa armigera) or root
(Sericesthis geminata) herbivores, whose growth rates were
quantified. Force of fracture (the force required to cut
leaves) values and leaf consumption by herbivores were also
quantified. We hypothesize that, in addition to increasing
resistance to herbivores, Si supplementation also enables
plants to tolerate herbivory via compensatory growth.
Moreover, we hypothesize that Si concentrations in plant
tissues increase following herbivory.
2. Material and methods
Sixty wheat (T. aestivum) plants (cv. Sunvex) were grown from
seed (Australian Grain Technologies, Urrbrae, SA, Australia) in
pots (165 mm, 3.7 l) containing excavated soil from the
Hawkesbury Forest Experiment, which was low (approx.
9.75 mg kg−1) in bioavailable Si (electronic supplementary
material, table S1). Thirty pots received Si supplementation
(+Si hereafter) in the form of 21 g of calcium silicate (Ca2O4Si)
(PlantTuff, Australian Steel Mill Services, Port Kembla, NSW,
Australia) and the other 30 contained soil alone (–Si). All
plants were randomized and grown in a naturally lit glasshouse
chamber maintained at 26°C day, 18°C night on a 12 L : 12 D
cycle with a relative humidity of approximately 40%. Plants
received a nutrient solution (Amgrow Nutrafeed19 at a concen-
tration of 0.001%) four weeks after sowing. Plants were
irrigated with water regularly (approx. 3 × 150 ml per week).

The experiment comprised a semi–factorial combination of
30 +Si plants with no herbivores (10), a leaf herbivore (10) and a
root herbivore (10), together with 30 –Si plants with the same
herbivore treatments. Herbivores were applied when plants
were eight weeks old; a single second instar leaf herbivore
(H. armigera) was applied to leaves whereas a single third instar
root herbivore (S. geminata) was inserted into a small hole at the
soil surface, which was subsequently back-filled. Culture details
for H. armigera are outlined elsewhere [16]. Root herbivores had
been excavated from pastures within one week prior to exper-
imental plants being challenged. All herbivores were weighed
prior to introduction. Mesh cages (150 mm× 350 mm; Organza-
Bags, Taree, NSW) were applied to all pots including the 20 that
were insect-free. One week later, herbivores were removed and
re-weighed to calculate relative growth rates (RGR) as described
by Massey et al. [17]. Two leaf blades adjacent to the main stem
were removed from five –Si and five +Si plants (both insect-free)
to determine the force of fracture of leaves (the force required to
cut the lamina and midrib). Force of fracture was quantified
using a purpose-built machine [18] using previously described
procedures [16]. Remaining plant material was snap-frozen,
freeze-dried, weighed and then milled prior to analysis for Si
concentrations using X-ray fluorescence spectrometry as
described by Johnson et al. [16]. Calcium (Ca) concentrations
were simultaneously quantified during this process. To establish
whether plant growth patterns were attributable to compensatory
growth rather than to differences in leaf consumption, a second
group of plants (10 +Si and 10 –Si plants) was established. After
eight weeks of growth, leaf material was removed and fed to
H. armigera in feeding bioassays to accurately measure leaf
consumption rates as previously described by Massey et al. [17].
Absolute and relative (to herbivore body size) leaf consumption
was quantified as defined by Massey et al. [17].

Owing to the non-orthogonal experimental design, we deter-
mined whether losses in shoot and root biomass due to herbivory
were affected by Si supplementation with one-way ANOVAswith
specified contrasts (as in [19]) between treatments (table 1). The
fifth contrast (reported in the text) included herbivore-free +Si
and –Si plants to determine the effects of Si supplementation on
biomass and Si concentrations. The same ANOVAwas conducted
for Si concentrations. All remaining plant and herbivore responses
were analysed with one-way ANOVAs. Plant number was
included as a block term for biomechanical measurements to
avoid pseudoreplication of the two measurements taken per
plant. To meet assumptions of normality, root biomass, leaf Si
concentrations and leaf consumption responses were logit trans-
formed prior to analysis. Tests were conducted in Genstat (v19,
VSN International, Hemel Hempstead, UK).
3. Results
Shoot and root biomass of herbivore-free plants was unaf-
fected by Si supplementation (figure 1, F1,54 = 0.01, p = 0.905
and F1,54 = 0.01, p = 0.954, respectively). –Si plants experienced
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Figure 1. Shoot and root biomass of plants with and without Si soil amend-
ment (+Si and –Si, respectively) and subject to no herbivory or attack by
either leaf or root herbivores. Mean ± s.e. (N = 10) shown. *Statistically
significant ( p < 0.05) differences between herbivore-free plants and those
experiencing herbivory.
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Figure 2. Si concentrations in leaves and roots taken at plant harvest. Details
as in figure 1.
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a 52% decline in shoot mass when attacked by leaf herbivores
and 68% decrease in root mass when attacked by root herbi-
vores (figure 1 and table 1). In contrast to –Si plants, +Si
plants attacked by root herbivores showed minimal (–16%)
decreases in root biomass, and those attacked by leaf herbi-
vores even showed a modest (+14%) increase in shoot
biomass compared with herbivore-free +Si plants (figure 1).
As a consequence, neither herbivore impacted shoot and
root biomass of +Si plants (table 1). Irrespective of Si sup-
plementation, root herbivores had little impact on shoot
biomass and, vice versa, shoot herbivores did not affect root
biomass (figure 1 and table 1).

Si supplementation had no direct impact on Si con-
centrations in shoots and roots (F1,52 = 0.06, p = 0.815 and
F1,51 = 0.96, p = 0.331, respectively). Attack by leaf herbivores
caused concentrations in leaves to increase by 51 and 111%
on plants with and without Si supplementation, respectively
(figure 2 and table 1). While not statistically significant at a
95% confidence interval when using contrast analysis ( p =
0.081, table 1), leaf herbivory caused Si concentrations in the
roots to increase by 45% (in relative terms) which was statisti-
cally significant when analysedwith a one-wayANOVA (F1,17
= 7.20, p = 0.016). Root herbivory did not affect Si concen-
trations (figure 1 and table 1). Force of fracture was
unaffected by Si supplementation (table 2).

Root herbivore RGR was unaffected by Si supplemen-
tation (table 2). Leaf herbivore RGR was also not affected
by Si in terms of statistical significance at a 95% confidence
interval but did, contrary to what might be expected, show
a slight increase in RGR on +Si plants (table 2). Leaf and
root herbivore RGR was not correlated with leaf and root Si
concentrations (r = 0.94, p = 0.32 and r = 0.15, p = 0.56, respect-
ively). Leaf consumption (absolute and relative) was similar
on –Si and +Si plants (table 2), indicating that increased
shoot biomass observed in +Si plants attacked by leaf herbi-
vores arose through increased plant growth (a tolerance
mechanism) rather than reduced herbivore feeding.
4. Discussion
This study established that Si facilitated compensatory
growth in T. aestivum when under attack by a leaf herbivore
and a root herbivore such that there was no difference in
plant biomass between herbivore-free and herbivore-
challenged plants. This was supported by the observation
that herbivore feeding rates on leaves were not reduced
by Si supplementation (i.e. increased biomass was not due
to diminished herbivory). At the same time, we found no evi-
dence of Si increasing resistance to either herbivore. On the
contrary, there was a non-significant trend for H. armigera
RGR to increase on +Si plants. It is therefore safe to assume
that Si supplementation did not promote plant resistance to
herbivores in this study.

Our results mostly support the proposition of Coskun
et al. [7] that beneficial effects of Si on plant growth are
only seen under stressful (e.g. herbivory) conditions. They
point to numerous studies that show Si does not directly
impact plant growth but mitigates the negative impacts of
the stressor, allowing plants to achieve growth potential.
One difference is that our study showed that Si was not
mitigating herbivore stress in terms of reduced tissue
removal, so either Si was mitigating another stress associated
with herbivory (e.g. infection) or Si facilitated growth using
an unknown mechanism, or both. One possible mechanism
is that Si may be used in a structural capacity in lieu of
more energetically costly compounds like lignin, which
requires 10–20 times more energy to incorporate into the
cell wall than Si [20]. Plants can therefore incorporate Si at
a lower metabolic cost, which may enable continual, or
further growth, including when the plant is stressed [21–23].

We observed that leaf herbivores induced Si uptake,
resulting in higher Si concentrations in the shoots. Herbi-
vore-induced Si resistance is increasingly recognized as an
important defence in grasses, but there is considerable
variation in induction between plant species [24,25]. This
study demonstrates that herbivore induction of Si may
instead be associated with defence via tolerance in wheat,
which is consistent with observations of Si induction in
wheat following vertebrate herbivory [26]. There are gaps
in our understanding of induction of Si defences in grasses
following invertebrate herbivory [24], but here we provide
further evidence of their importance in the grasses.

Calcium silicate is a common method of increasing Si
availability in crop systems but introduces experimental com-
plications because the effects of Si cannot be separated from
those of Ca supplementation. Inspection of foliar Ca concen-
trations in the present study, however, indicated similar levels



Table 2. Force of fracture of leaves and herbivore responses to Si supplemented (+Si) and non-supplemented (−Si) soil. Mean ± s.e. shown with results of
ANOVA tests in adjacent columns.

response variable

soil amendment statistical analysis

−Si +Si F p-value

force of fracture, midrib (N) 0.45 ± 0.04 0.45 ± 0.05 0.01 0.943

root herbivore RGR (mg−1 mg−1 day−1) −6.96 ± 3.3 −2.87 ± 5.3 0.48 0.497

leaf herbivore RGR (g−1 g−1 day−1) 0.05 ± 0.03 0.14 ± 0.04 3.58 0.077

leaf consumption (mg) 3.74 ± 0.45 5.18 ± 0.79 2.03 0.171

relative leaf consumption 0.46 ± 0.07 0.50 ± 0.08 0.09 0.763
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in +Si and –Si plants (2.01 ± 0.13 and 2.35 ± 0.38 mg g−1,
respectively; F1,16 = 0.02, p = 0.88), so +Si plants did not
appear to be taking up more Ca than –Si plants. Nonetheless,
experiments using multiple forms of Si with chemically
balanced controls would be useful for pinpointing which
effects were solely due to Si.

This study also contributes information to another knowl-
edge gap in our understanding of how Si defences operate
against root herbivores [9,27]. There is substantial Si depo-
sition in the roots (see examples in [28]) and evidence for
Si-based defence against root herbivores [29–31]. More
importantly, the study illustrates that Si may also promote
pest tolerance in a key crop which is one of three species
(wheat, maize and rice) to provide 42% of the world’s calorie
intake [32]. In part due to underreporting, pest tolerance in
crops is considered uncommon, with Stoner [33] reporting
that only 10% of the 200+ studies under consideration
attributed herbivore defence to tolerance. Si may therefore
assist more crops to tolerate herbivory, particularly where
herbivory induces Si uptake as in the current system. In
short, Si may ultimately enable some crops to better tolerate
herbivory and provide greater plant protection [34].
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