Downloaded from http://rsbl.royalsocietypublishing.org/ on September 21, 2018

Animal behaviour

rsbl.royalsocietypublishing.org

Research
Cite this article: Kariyat RR, Hardison SB, De
Moraes CM, Mescher MC. 2017 Plant spines
deter herbivory by restricting caterpillar
movement. Biol. Lett. 13: 20170176.
http://dx.doi.org/10.1098/rsbl.2017.0176

Received: 27 March 2017
Accepted: 21 April 2017

Subject Areas:
behaviour, plant science
Keywords:
defence, herbivores, spines, Manduca sexta,
Solanaceae

Author for correspondence:
Mark C. Mescher
E-mail: mescher@usys.ethz.ch

Electronic supplementary material is available
online at https://doi.org/10.6084/m9.figshare.c.
3759551.

Plant spines deter herbivory by restricting
caterpillar movement
Rupesh R. Kariyat1, Sean B. Hardison2, Consuelo M. De Moraes1
and Mark C. Mescher1
1
2

Department of Environmental Systems Science, ETH Zürich, 8092 Zürich, Switzerland
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The spines of flowering plants are thought to function primarily in defence
against mammalian herbivores; however, we previously reported that feeding
by Manduca sexta caterpillars on the leaves of horsenettle plants (Solanum
carolinense) induces increased development of internode spines on new
growth. To determine whether and how spines impact caterpillar feeding,
we conducted assays with three Solanaceous plant species that vary in spine
numbers (S. carolinense, S. atropurpureum and S. aethiopicum) and also manipulated spine numbers within each species. We found that M. sexta caterpillars
located experimentally isolated target leaves much more quickly on plants
with experimentally removed spines compared with plants with intact
spines. Moreover, it took caterpillars longer to defoliate species with relatively
high spine numbers (S. carolinense and particularly S. atropurpureum) compared with S. aethiopicum, which has fewer spines. These findings suggest
that spines may play a significant role in defence against insect herbivores
by restricting herbivore movement and increasing the time taken to access
feeding sites, with possible consequences including longer developmental
periods and increased vulnerability or apparency to predators.

1. Introduction
Plants have evolved diverse defence and tolerance mechanisms against herbivory,
some of which occur constitutively, while others are expressed only or more
strongly in response to feeding damage [1–3]. Extensive research has explored
chemical plant defences, including those that act directly against feeding herbivores as well as indirect defences mediated by recruitment of herbivores’
natural enemies [4,5]. Somewhat less attention has been paid to structural adaptations, including the waxy plant cuticle, trichomes, spines and thorns, which can
act as a first line of defence against herbivory [2,6,7]. Furthermore, work that has
explored these structures has focused heavily on trichomes [6–9], while relatively
few studies have explored the defensive functions of internode and leaf spines,
despite their widespread prevalence in flowering plants [6].
Most studies addressing the defensive functions of spines have focused on
their role in deterring mammalian herbivores [10–12]. For example, Acacia seyal
trees suffered more extensive mammalian herbivory on branches from which
spines were experimentally removed, and also exhibited more damage-induced
spine growth on lower branches accessible to mammalian herbivores [12].
Recently, we documented the induction of increased internode spine numbers
(as well as trichome numbers) in the herbaceous perennial weed Solanum carolinense (horsenettle) following feeding by Manduca sexta (tobacco hornworm)
caterpillars [6]. Furthermore, we found that the constitutive and induced
expression of these defence traits was influenced by genotypic variation and by
inbreeding, with reduced numbers of internode spines in inbred relative to
outbred progeny, accompanying other apparently deleterious effects of inbreeding
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Figure 1. (a) Variation in internode spines on three Solanum species: Solanum carolinense, S. aethiopicum and S. atropurpureum. (b) Results of unpaired
t-tests on time spent by third-instar M. sexta on high and low spine numbers
S. carolinense plants to locate leaf. (c) Results of unpaired t-tests on time
spent by third-instar M. sexta on S. carolinense plants to locate leaf after
manipulating the spine numbers to be the same.
State College, PA, USA, with self- and cross-pollinations resulting
in inbred and outbred progeny; for more details, see [6,14,15].
Previous work on this population has shown that both physical
and chemical defences are compromised by inbreeding
[6,14–18,20]. Seeds from three randomly selected maternal
families were grown under greenhouse conditions and transplanted into 600 pots after 20 days (two to four true-leaf stage).
Seeds of S. atropurpureum and S. aethiopicum, donated by Zürich
Botanisher Garten, Zürich, Switzerland, were grown similarly.
Experimental plants, selected from a large nursery six to eight
weeks after transplanting, were of similar size and growth stage.

(a) Plant materials

(b) Insects

Solanum carolinense plants were produced via controlled pollination of flowers from a set of 16 maternal plants collected near

Manduca sexta eggs were obtained from Carolina Biological Supply
(Burlington, NC, USA) and from the Max Plank Institute for
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2. Material and methods

(a)
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on a wide range of defence traits [6,13–18]. Consistent with
these effects of inbreeding, we also documented increased performance of M. sexta caterpillars on inbred plants [17,18]. This
previous work did not directly explore whether or how the
observed changes in plant spines influenced caterpillars; however, we hypothesized that spines may influence the ability of
caterpillars to move about the plant—M. sexta caterpillars frequently change location on their host plants during
development, feeding on different leaves in feeding cycles
[19]—and thereby impact overall feeding performance.
Building on these observations, the current study
explored the efficacy of internode spines in defence against
Lepidopteran larvae. The consistent variation in spine numbers between inbred and outbred genotypes of S. carolinense
provides a useful tool for this investigation; however, as
noted above, inbred and outbred genotypes also vary in
many other defence traits, making it difficult to isolate the
effects of any single factor. We mitigated this difficulty to
some extent by designing assays focused explicitly on the
effects of spines on caterpillar movement (e.g. by measuring
time taken to reach target leaves). In addition, we explored
the effects of spines via two additional approaches: first by
comparing caterpillar performance on Solanum species
exhibiting natural variation in spine numbers and second
by manipulating spine numbers experimentally.
This study employed three wild species from the Solanum
subgenus Leptostemonum (spiny solanums), including:
S. carolinense, the focus of our previous work; S. aethiopicum
(Ethiopian nightshade), which exhibits much lower spine
numbers than S. carolinense; and S. atropurpureum (purple
devil), which exhibits very high numbers of internode spines
(figure 1a). As in our previous studies, M. sexta, a Solanaceae
specialist that readily feeds on all three species, was the focal
herbivore. In addition to measuring time taken to reach
target leaves and initiate feeding on plants varying in spine
numbers (breeding type or experimental manipulation;
S. carolinense) we also measured the time taken by caterpillars
to completely defoliate plants (S. aethiopicum, S. carolinense
and S. atropurpureum), selecting this metric in preference to
more commonly reported measures such as leaf area consumed
per unit time, because preliminary experiments suggested it
was an effective way to assess the effects of spines on caterpillars’
ability to move about the plant to access leaf tissue.
We note that none of the assays employed provides a perfect
way to isolate the effects of spines on herbivore performance.
Experimental removal of spines, for example, may result in
induction of chemical plant defences—although we note that
such induction is expected to work in opposition to the hypothesized effects of spine removal on caterpillar performance.
Meanwhile, plant species and genotypes that exhibit natural
variation in spine numbers also vary in other traits that may
impact herbivores. Our approach was, therefore, to investigate
the effects of spines on caterpillar performance (and specifically
on their ability to navigate the host plant) using a range of
approaches in hopes of revealing a consistent overall pattern
of effects, which is indeed evident in the results described below.
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(d) Time to whole-plant defoliation
To further explore the effect of spines on caterpillar movement
and performance, we assessed the time required for M. sexta
caterpillars to completely defoliate plants of three Solanaceous
species that exhibit natural variation in spine numbers
(S. carolinense, S. atropurpureum and S. aethiopicum), both with
intact spines and with all spines experimentally removed (N ¼
15 intact and 15 spines removed for each species). We paired
intact and manipulated plants, placed seven third-instar caterpillars on each plant and monitored the plants several times each
day. Because caterpillars on S. atropurpureum fell off the plants
frequently, we manually placed them back onto the plants to
ensure continuous feeding; however, we also ran a similar
assay with S. atropurpureum (comparing plants with intact
versus removed spines) in which caterpillars that fell off the
plant were not replaced (N ¼ 6 pairs).

(e) Spine weight
To quantify differences in spines among our three focal species,
we collected all spines from eight plants of each species, dried
them at 1008C for 24 h, then weighed them to determine spine
weight per plant.

(f ) Statistical analyses
Data from the target-leaf assay were analysed via unpaired
t-tests. Data from experiments with manipulated spine numbers
were analysed with paired t-tests. Time-to-defoliate experiments
were analysed via two-way ANOVA, with time as the response
variable and plant species and treatment (spines intact or
spines removed) as the factors, followed by post hoc pairwise
comparisons between intact- and removed-spine pairs for each
species. Spine weight was analysed via one-way ANOVA, with
weight as the response variable and plant species as factor,
followed by post hoc comparisons. All data were subjected to
appropriate transformations to meet normality assumptions.
Analyses were carried out using the statistical software Graph
Pad Prism (La Jolla, CA, USA).
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Figure 2. (a) Results of one-way ANOVA on total spine weight of three Solanum species, (b) Results of two-way ANOVA on time to defoliate by M. sexta
third-instar caterpillars on three Solanum species with intact spines or spines
removed experimentally.

3. Results
(a) Time to reach target leaves
Manduca sexta caterpillars took significantly longer to reach
target leaves on outbred S. carolinense plants (unpaired t-tests;
t ¼ 2.33, d.f. ¼ 64, p ¼ 0.022; figure 1b), which, as expected,
had significantly higher spine numbers compared with inbred
plants (unpaired t-tests; t ¼ 3.38; d.f. ¼ 64, p ¼ 0.001; electronic
supplementary material, figure S1). Although inbred and
outbred plants are also expected to differ in other defence
traits, manipulation of spine numbers eliminated differences
in the time required for caterpillars to reach the target leaf
(paired t-tests; t ¼ 0.527, d.f. ¼ 25, p ¼ 0.602; figure 1c), consistent with the hypothesis that spine number was responsible for
the effects observed in the previous assay.

(b) Time to defoliation
Consistent with our initial expectations, S. atropurpureum had
the highest spine weight (0.144 + 0.008; means and s.e.)
followed by S. carolinense (0.093 + 0.003) and S. aethiopicum
(0.022 + 0.001; figure 2a). This pattern was reflected in the
time taken to defoliate plants, with caterpillars taking longest
to defoliate S. atropurpureum (even when caterpillars that fell
from the plant were replaced) followed by S. carolinense and
then S. aethiopicum (two-way ANOVA: F ¼ 33.35, p , 0.000;
electronic supplementary material, table S1). Furthermore,
for both S. carolinense and S. atropurpureum, experimental
removal of spines resulted in a significant decrease in the
time to defoliation, whereas no significant effect of spine
removal was observed for S. aethiopicum, the species with the
lowest spine weight (two-way ANOVA: F ¼ 8.99, p ¼ 0.004;
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To examine the effects of spine numbers on caterpillars’ ability
to traverse the stem to reach leaves, we removed all leaves
except the youngest fully developed one from 40 outbred and
26 inbred S. carolinense plants (10 – 15 genets each from three
maternal families) with varying spine densities but otherwise
similar size and form. Mean spine numbers on these plants
were assessed, and a single third-instar caterpillar was placed
at soil level and allowed to climb up the stem to find the leaf.
Time taken to reach the leaf was recorded. Next, we selectively
removed spines from the experimental plants to obtain pairs of
inbred and outbred plants with uniform spine numbers and
repeated the same bioassay with new caterpillars. (To avoid
potential bias some spines were removed from inbred as well
as outbred plants.) Spines were carefully removed with a sharp
razor blade, avoiding damage to the stem epidermis and we confirmed that each plant pair (inbred and outbred) had an equal
number and similar distribution of spines. Following spine
removal, plants were returned to the growth chamber then
used for experiments within a few hours to minimize any
physiological effects of the manipulation.
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Chemical Ecology (Jena, Germany). Caterpillars were reared in a
growth chamber on a wheat-germ– based artificial diet (Frontier
Agricultural Sciences, NE, USA). Third-instar caterpillars were
used for all experiments. For each experiment, the caterpillars
used were from a single batch of eggs and were of similar size.
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4. Discussion

Data accessibility. Data available from the Dryad http://dx.doi.org/10.
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Our findings clearly demonstrate spines can act as an effective
defence against caterpillar feeding by restricting caterpillar
movement, and in at least some cases by displacing caterpillars
from the plant entirely. The dense spines of S. atropurpureum,
for example, were particularly effective at disrupting feeding
by M. sexta caterpillars, which typically move between leaves
between bouts of feeding [19]. Furthermore, while variation
in other traits between the plant species and genotypes
employed here may be expected to influence herbivore
performance, the consistent and complementary results
observed across our different experiments (with respect to variation in spine numbers) confirm that spines are playing an
important role. For example, differences in caterpillar performance observed in experiments comparing (unmanipulated)
inbred and outbred S. carolinense plants disappeared when
the spine numbers of outbred plants were manipulated to be
similar to those of inbred plants.
In Solanaceae, glandular and non-glandular trichomes,
along with toxic secondary metabolites, are the most studied
modes of defence [6,7]. The current findings suggest that
spines can also play an important role in pre-ingestive

defence, as do trichomes [9,10,15], by preventing and/or
delaying access to vulnerable plant parts (electronic supplementary material, video S1). In addition to potentially
displacing caterpillars from the plant, such effects may
benefit plants by reducing the amount of damage incurred
during the time required for the implementation of induced
defences or by slowing the development of herbivores and
consequently increasing the vulnerability of early developmental stages to predation or other sources of mortality
[21]. Furthermore, even where caterpillars have completed
development, the effects of spines on caterpillar growth
rates may impact moulting, pupation and adult size or
quality, with potential implications for dispersal or mating
success [18]. The significant variation in spine numbers
observed among the three species tested probably reflect different overall strategies against herbivory, a topic we are
currently exploring.
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figure 2b; electronic supplementary material, table S1).
When the (numerous) caterpillars that fell from intact
S. atropurpureum plants were not replaced, we observed a
dramatic effect in which plants with spines removed were
completely defoliated within 24 h, while intact plants suffered
less than 50% defoliation over the same period.
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