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Abstract
Although induced defenses are widespread in plants, the degree to which plants respond to herbivore kairomones (incidental 
chemicals that herbivores produce independent of herbivory), the costs and benefits of responding to cues of herbivory risk, 
and the ecological consequences of induced defenses remain unclear. We demonstrate that undamaged tomatoes, Solanum 
lycopersicum, induce defenses in response to a kairomone (locomotion mucus) of snail herbivores (Helix aspersa). Induced 
defense had significant costs and benefits for plants: plants exposed to snail mucus or a standard defense elicitor (methyl 
jasmonate, MeJA) exhibited slower growth, but also experienced less herbivory by an insect herbivore (Spodoptera exigua). 
We also find that kairomones from molluscan herbivores lead to deleterious effects on insect herbivores mediated through 
changes in plant defense, i.e., mucus-induced defenses of Solanum lycopersicum-reduced growth of S. exigua. These results 
suggest that incidental cues of widespread generalist herbivores might be a mechanism creating variation in plant growth, 
plant defense, and biotic interactions.
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Introduction

Plants are not passive participants in plant–herbivore inter-
actions: many plant species exhibit induced defenses that 
are deployed either before, or following, the onset of her-
bivore attack (Karban and Baldwin 1997). Just as infor-
mation regarding risk of attack is critical in animal preda-
tor–prey systems (e.g., Weissburg et al. 2014), information 

on potential herbivore attack is an important component of 
plant-induced defense (Karban et al. 2016). Plants respond 
to a diverse array of information regarding herbivory risk, 
including airborne cues (Heil and Karban 2010; Howe and 
Jander 2008; Karban and Baldwin 1997; Schaller 2008), 
trichome stimulation (Peiffer et al. 2009), herbivore saliva 
(Felton 2008), and herbivore oviposition (Hilker and Mein-
ers 2010).

A novel form of information use in plants has recently 
been described: plants may induce defense in response to 
herbivore kairomones (Falk et al. 2014; Helms et al. 2013; 
Orrock 2013), chemical cues that are not directly associ-
ated with attack by a natural enemy (i.e., they are incidental 
cues created by herbivore metabolism or secreted as part of 
processes not related to herbivory, such as a mating phero-
mone). The role of kairomones has long been appreciated 
in plant–pathogen studies (Choi and Klessig 2016) and was 
recently documented for plant–parasite systems (Manosalva 
et al. 2015). Moreover, kairomone-mediated effects are a 
cornerstone of animal ecology, e.g., prey often respond to 
predator kairomones in ways that affect prey growth, sur-
vival, and reproduction (Kats and Dill 1998; Preisser et al. 
2005). In plant–herbivore interactions, many potential kai-
romones exist, such as chemicals produced by herbivore 
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excretia and frass (Kim et al. 2011), and chemicals used for 
herbivore communication and locomotion (Falk et al. 2014; 
Helms et al. 2013, 2017; Orrock 2013). Given the exist-
ence of many potential kairomones and their potential to be 
widespread, understanding how plants respond to herbivore 
kairomones may provide important insight into the ecology 
of plant defense.

Because plants are often attacked by multiple herbivore 
species, changes in plant defense caused by herbivore kair-
omones might alter the nature of interactions among herbi-
vores and affect the composition of herbivore communities 
(Poelman et al. 2008; Stam et al. 2014). For example, Helms 
et al. (2013) demonstrated that changes in plant defense in 
response to the sex pheromone of a specialist herbivore lead 
to a reduction in herbivory by another specialist herbivore 
species. Compared to the effects observed for specialist her-
bivores, kairomone-mediated changes in plant defense may 
be particularly important for generalist herbivores, because 
they may be more sensitive to variation in plant defense 
(Ali and Agrawal 2012). Recent research illustrates that the 
potential exists for some plant species to initiate defense in 
response to kairomones of generalist herbivores (e.g., snails 
and slugs; Falk et al. 2014; Orrock 2013). However, whether 
such kairomone-mediated changes in defense alter plant sus-
ceptibility to a wider array of different generalist herbivore 
species remains an open question.

In this study, we coupled experimental manipulation of 
snail kairomones, assays of plant defensive compounds and 
plant performance, and assays of herbivore performance to 
evaluate (1) whether plants induce defense in response to 
kairomones of generalist snail herbivores and (2) whether 
kairomones from one generalist herbivore species (snails) 
might lead to changes in the performance of another gen-
eralist herbivore species (larval lepidopterans) due to kair-
omone-mediated changes in plant defense.

Materials and methods

We used tomato (Solanum lycopersicum) as the focal plant 
species, snail mucus collected from Helix aspersa (also 
called Cornu aspersum) as the herbivore kairomone, and 
used the generalist lepidopteran herbivore Spodoptera exi-
gua to examine changes in plant defense on rates of her-
bivory and herbivore performance. Solanum lycopersicum 
is ideal for our study, because it is known to induce chemi-
cal defenses that affect herbivore performance and feed-
ing, such as polyphenol oxidase (PPO), peroxidase (POD), 
and lipoxygenase (LOX; Duffey and Felton 1991; Ken-
nedy 2003; Thaler et al. 1996), and S. lycopersicum also 
responds to kairomones related to other trophic interactions 
(i.e., parasitic nematodes; Manosalva et al. 2015). However, 
it is unknown whether S. lycopersicum responds to herbivore 

kairomones. Helix aspersa is a widely distributed generalist 
mollusk herbivore found in temperate North America, South 
America, Europe, Africa, and Australia and is a recognized 
pest of tomatoes and many other crops (Barker 2002). Her-
bivorous snails can have significant, deleterious effects on 
plant survival (Cleland et al. 2006; Hulme 1996; Motheral 
and Orrock 2010; Strauss et al. 2009). Importantly, loco-
motion by terrestrial mollusks requires mucus, and snail 
mucus alone is sufficient to induce plant defense, i.e., no 
physical contact is necessary between plants and snails 
(Meldau et al. 2015; Orrock 2013). Although the previous 
work has shown that plants in the Brassicaceae will induce 
defenses in response to snail and slug mucus (Meldau et al. 
2015; Orrock 2013), it is not known whether S. lycopersi-
cum responds to mucus and whether defenses induced in 
response to snail mucus have effects on generalist insect 
herbivores. We used Spodoptera exigua to assess whether 
defenses induced in response to H. aspersa kairomone appli-
cation lead to changes in plant palatability. Spodoptera exi-
gua often attacks S. lycopersicum in natural settings (Ken-
nedy 2003) and experiences reduced growth and survival on 
S. lycopersicum that has induced defenses (Kennedy 2003; 
Thaler et al. 1996, 1999; Underwood 2010).

Five seeds of S. lycopersicum, variety “Large Red Cherry” 
(Plantation products LLC., Norton, MA, USA), were sown 
on 25 June 2015 into 30 individual 6 × 6 × 5.5 cm pots con-
taining peat moss–vermiculite mix (Sun Gro Horticulture, 
Agawam, MA, USA). Pots were placed a growth chamber 
maintained at 23 °C with a 12:12 light:dark photoperiod. 
Pots were checked daily and watered if necessary. The first 
seedling to emerge was used in the experiment; subsequent 
germinants were removed.

Mucus collection and treatment application

The process of collecting snail mucus occurred over 2 days. 
On 15 June 2015, stock populations of H. aspersa were 
placed on a diet consisting of only Brassicaceae. The day 
before the mucus-treatment application (5 July 2015 and 
7 July 2015, respectively) twenty-four (24) snails were 
selected and held without food for 12 h to minimize the 
presence of non-mucus components during the mucus-
collection period. Snails were then weighed and placed in 
independent circular plastic dishes with lids (11 cm diameter 
× 4.5 cm deep). Snails were housed for 20–22 h in their indi-
vidual dishes alongside control dishes (i.e., dishes that did 
not receive snails). After this period, snails were removed 
from the cups, so that mucus left behind on the inside of the 
cups (from snail locomotion while in the cup) could be col-
lected. Mucus was collected by adding 30 mL of Millipore-
filtered reverse-osmosis water to each plastic dish; control 
dishes were identically treated. We focus on collecting only 
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water-soluble components of mucus, because these are the 
components that rainwater is likely to move through the soil 
into the rooting zone of plants in natural situations, where 
snails move around on the ground near plants. Lidded dishes 
were stirred for 20 min at 200 RPM on an orbital shaker to 
allow the components of the mucus to form a solution. Three 
aliquots of 10 mL each were collected from each dish for the 
application of mucus or control treatments.

Plants were randomly assigned to one of three treatments: 
a water control, an MeJA-spray treatment, or a snail-mucus 
soil application. Treatments were first applied on 6 July 
2015 (i.e., 11 days after sowing) and then applied again on 
8 July 2015. Plants assigned to receive the MeJA treatment 
were sprayed with 1 mM MeJA (0.125% v/v) Triton-X100 
solution (Farmer and Ryan 1990). Control plants and plants 
assigned to snail-mucus treatment received only a solution of 
0.125% (v/v) Triton-X100 without MeJA. During treatment 
application, plants were removed from the growth cham-
ber and placed in individual circular plastic dishes (11 cm 
diameter × 4.5 cm deep) to contain water seepage and snail-
mucus soil application treatments. To prohibit cross con-
tamination of the MeJA-spray treatments, each plant and 
plastic dish was then covered with a randomly assigned rigid 
green plastic tube (37 cm tall; diameter ranged from 13 to 
15.5 cm), so that the end of the cylinder was flush with the 
bench top and encased both the potted plant and the plastic 
dish; the open end of the cylinder was sealed with a layer of 
plastic wrap held in place by a rubber band. Each cylinder 
was separated by at least 20 cm. Plant placement was ran-
domly assigned to positions across the bench top. For each 
spray treatment, the plastic film was removed from the top of 
the cylinder, the nozzle of a spray bottle was inserted into the 
opening (~ 22 cm from the top of the plant), and four sprays 
(12.00 ± 0.06 mL, mean ± SE, n = 30) were applied to each 
plant. Immediately after spraying, the plastic covering was 
replaced over the top of the cylinder. To guard against cross 
contamination, only one plant was sprayed at a time, such 
that all other plants were within their own sealed cylinders. 
Plants were left covered for a minimum of 1.5 h.

Following each of the two MeJA/control treatments, 
plants assigned the snail-mucus treatment had 10 mL ali-
quots of snail-mucus solution (snail mucus and reverse-
osmosis water) poured directly onto the soil surface in a 
circular area approximately 2 cm away from the main stem 
of the plant. Control plants and MeJA-treated plants received 
only reverse-osmosis water. This method of soil-based 
application was used to mimic the natural situation, where 
snails traveling near a plant would leave a mucus trail that 
would then be washed down into the soil by precipitation. 
We opted to use this approach, instead of other approaches 
(e.g., directly applying mucus to leaves of plants), because 
our experiment sought to examine whether plants might 
use snail kairomones to pre-empt an attack before it was 

underway. Once snails are crawling on a plant, attack is 
much more likely, and the movement of snails along a leaf 
(or researchers simulating a snail by brushing mucus onto 
a leaf) is also likely to damage trichomes, which may also 
initiate the induction of defense. Our approach of using a 
water–mucus solution provides a more direct test of whether 
plants use snail kairomones (alone) to induce defense, with-
out other potential factors (e.g., physical damage, trichome 
stimulation) that are already known to lead to changes in 
defense (Kim et al. 2011). Following snail-mucus applica-
tion, plants were left within their cylindrical containers for 
approximately 1 h and then returned to the growth chamber.

Herbivory trials

On 9 July 2015, 14 days after sowing, the number of fully 
expanded leaves was counted on each plant. Plants were then 
harvested at ground level and the total aboveground biomass 
was determined. A randomly selected leaflet was cut from 
each plant, weighed, and measured for the herbivory trial. 
Each excised leaf was placed in a 100 × 15 mm Petri dish on 
top of blotter paper (Anchor Paper Co., St. Paul, MN, USA) 
saturated with reverse-osmosis water to help maintain leaf 
tissue turgor during the herbivory trial. A single second-
instar S. exigua was weighed and placed in each Petri dishes 
containing a single leaflet; dishes were sealed with Parafilm 
to prevent leaf desiccation and herbivore escape. After 24 h, 
the proportion of leaf consumed was visually estimated by 
two observers. Observers were blind to treatments, were 
stratified across all treatments, and randomly assigned to 
individual leaves (see Supplemental Materials for addi-
tional information). Each S. exigua was then removed and 
weighed; S. exigua growth rate was calculated as the dif-
ference in pre- and post-trial mass divided by the average 
of pre- and post-trial mass (Waldbauer 1968); a negative 
value indicates a loss in mass. Because leaves were placed 
on blotters to maintain natural leaf turgor during herbivory 
trials, individual leaves were damp, and post-trial leaf mass 
was not a reliable metric for the amount of plant material 
consumed (e.g., leaves actually gained 1.89 ± 0.55 g dur-
ing the trial, despite the removal amount of leaf material 
from many leaves). As such, to estimate the quantity of leaf 
material consumed, we multiplied initial leaf mass by the 
proportion of the leaf consumed; our results suggest that 
this metric effectively captured variation in leaf tissue loss 
(Supplemental Materials).

Crude proteins were extracted from liquid nitrogen 
snap-frozen, weighed cotyledon leaves (~ 50 mg) excised 
immediately before plant harvesting. This tissue was 
assayed for activity of common defensive enzymes (Duffey 
and Felton 1991; Thaler et al. 1996): polyphenol oxidase 
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(PPO), peroxidase (POD), and lipoxygenase (LOX); see 
Supplemental Materials for details.

Statistical analyses

We used multivariate analysis of variance (MANOVA) 
to evaluate differences in plant defensive enzymes, fol-
lowed by univariate analysis of variance (ANOVA) for 
each enzyme (Scheiner and Gurevitch 2001). ANOVA was 
also used to evaluate whether final plant biomass, S. exi-
gua growth rate, and amount of leaf consumed differed in 
response to the treatments.

Results

We found differences in defense enzyme activities due 
to exposure to snail mucus, MeJA, or control treatments 
(Wilks’ Lambda = 0.426, F6,48 = 4.26, P = 0.002). Subse-
quent univariate analyses demonstrated that treatments led 
to significant differences in LOX (F2,26 = 4.86, P = 0.017), 
with significantly greater LOX in MeJA (t26 = − 2.55, 
P = 0.017) and mucus (t26 = − 2.80, P = 0.009) treatments 
relative to the control (Fig. 1), but no difference between 
MeJA and mucus (t26 = − 0.32, P = 0.751). POD was also 
significantly different among treatments (F2,26  =  7.11, 
P = 0.003), with significantly greater POD in MeJA treat-
ment relative to the control (t26 = − 3.75, P < 0.001) and 
mucus (t27 = − 2.19, P = 0.038) treatments, but no difference 
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Fig. 1  A. Variation in three defensive compounds of S. lycoper-
sicum in response to a control treatment, mucus from snails, and 
standard elicitor of plant defense (MeJA). Within a panel, bars that 
do not share a letter are significantly different (P < 0.05). B. Induced 
defenses in response to cues of herbivory risk (i.e., MeJA or snail 
kairomones) lead to significant reductions in growth of a generalist 
herbivore (S. exigua). Bars that do not share a letter are significantly 
different (P < 0.05). C. Differences in herbivore growth rate were sig-

nificantly related to plant production of the defensive enzyme lipoxy-
genase (LOX; r2 = 0.34, F1,26 = 13.24, P = 0.001), suggesting a rela-
tionship between plant allocation to defense and herbivore growth 
rate. Fills indicate the treatment associated with that data point, using 
the same color scheme as the top panel: black dots represent control 
plants, gray dots represent plants that received the snail-mucus treat-
ment, and clear dots represent plants that received the MeJA treat-
ment
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between the control and mucus treatments (t27 = − 1.46, 
P = 0.156). Levels of PPO also differed among treatments 
(F2,26 = 3.58, P = 0.042), with significantly greater PPO 
in MeJA-treated plants compared to mucus-treated plants 
(t26 = 2.60, P = 0.015), a trend of greater PPO than control 
plants (t26 = − 1.82, P = 0.081), and no difference between 
mucus-treated plants and controls (t26 = 0.83, P = 0.413).

The growth of S. exigua also differed among treatments 
(F2,25  =  5.46, P  =  0.011; Fig.  1b). Spodoptera exigua 
growth was greater on control plants compared to MeJA-
treated plants (t25 = 3.09, P = 0.005) and mucus-treated 
plants (t25 = 2.05, P = 0.019). There was no difference 
in S. exigua growth between MeJA and mucus treatments 
(t25  =  0.57, P  =  0.574). We found a significant nega-
tive relationship between LOX and S. exigua growth rate 
(Fig. 1C; r2 = 0.34, F1,26 = 13.24, P = 0.001), but no rela-
tionship between S. exigua growth rate and PPO (r2 = 0.02, 
F1,26 = 0.42, P = 0.521) or POD (r2 = 0.04, F1,26 = 0.98, 
P = 0.332). The amount of leaf consumed was also affected 
by treatment (Fig. S1; F2,25 = 5.84, P = 0.008): consump-
tion was greatest for plants receiving the control treatment 
compared to MeJA-treated plants (t25 = 3.36, P = 0.003) 
or mucus-treated plants (t25 = 2.14, P = 0.043; Fig. S1) 
and did not differ between mucus- and MeJA-treated plants 
(t25 = − 1.20, P = 0.243). The amount plant biomass con-
sumed by herbivores was negatively related to LOX activity 
(Fig. S1; r2 = 0.19, F1,26 = 6.19, P = 0.019) but not PPO 
activity (r2 = 0.05, F1,26 = 1.35, P = 0.256) or POD activity 
(r2 = 0.09, F1,26 = 2.58, P = 0.120).

Data collected prior to the herbivory trial demonstrates 
that aboveground plant biomass prior to herbivory trials 
also differed among risk treatments (Fig. 2; F2,26 = 4.78, 
P = 0.017), with plants of significantly greater mass in the 
control treatment relative to the MeJA treatment (t26 = 2.81, 
P = 0.009) and mucus treatment (t26 = 2.49, P = 0.019), but 
no difference in plant mass between the MeJA and mucus 
treatments (t26 = − 0.24, P = 0.811). Similar patterns were 
found for the effect of treatment on leaf biomass and the 
number of leaves (see Supplemental Materials). We found 
a significant negative relationship between LOX and plant 
biomass (Fig. 2; r2 = 0.26, F1,27 = 9.63, P = 0.001), and 
no relationship between plant biomass and PPO (r2 = 0.07, 
F1,27  =  1.91, P  =  0.179) or plant biomass and POD 
(r2 = 0.02, F1,27 = 0.49, P = 0.491).

Discussion

Plants may use diverse types of information from their 
environment to tailor investment in defense to the risk of 
damage by their attackers (Karban et al. 2016; Orrock et al. 
2015). Our findings contribute to that base of knowledge 
by demonstrating that an herbivore kairomone, the mucus 

of a generalist snail herbivore, leads to changes in plant 
defense (Fig. 1), and that these kairomone-induced changes 
in defense alter plant quality for a different herbivore species 
(S. exigua). As such, our findings suggest that plant use of 
novel cue types (i.e., kairomones) may help explain some of 
the considerable variation in plant defense often observed in 
field settings, as well as inform the potential for kairomone-
mediated interactions among herbivores. We discuss each of 
these implications below.

Kairomones and variation in plant defense

A primary goal of plant–herbivore ecology is to understand 
the substantial variation in plant defense observed in nature. 
In showing that kairomones of a widespread herbivore are 
sufficient to generate significant investment in defense 
(Fig. 1), our results suggest that variation in plant defense, 
and associated differences in plant growth (Fig. 2) may in 
part reflect variation in the exposure of plants to kairomones 
that may be indicative of potential snail attack. Because 
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in plant biomass (top panel); bars that do not share a letter are sig-
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mollusks can have strong deleterious effects on a wide vari-
ety of plants (Cleland et al. 2006; Hulme 1996; Motheral and 
Orrock 2010; Strauss et al. 2009), it is possible that use of 
mollusk kairomones is a widespread phenomenon in terres-
trial plants. This hypothesis is supported by recent research 
demonstrating that the mucus of eight different mollusk spe-
cies produces molecular responses in A. thaliana (Meldau 
et al. 2015), suggesting that mollusk kairomones may be of 
widespread, but under-appreciated importance as a form of 
risk information in plant defense.

Our finding that plants responded with increased LOX, 
but no measurable changes in PPO or POD, following 
exposure to snail kairomones suggests that cues from snails 
may generate variation in plant populations by prompting 
a specific defensive response. Such responses have been 
documented in tomato in the context of several other herbi-
vore species. Consumption of tomato leaf tissue by noctuid 
larvae, such as Helicoverpa zea, induces strong systemic 
upregulation of PPO activity, but does not typically influ-
ence POD or LOX activity levels (Duffey and Felton 1991). 
In contrast, leaf colonization by the mite Aculops lycopersici 
leads to a different pattern of induction among these three 
enzymes: LOX is upregulated, POD activity is marginally 
increased, and PPO activity unaltered (Duffey and Felton 
1991). In the context of the increase in LOX, we observed 
following snail kairomone application (Fig. 1); LOX might 
be increased, because it is both a defensive enzyme and is 
involved in signaling and initiating additional defenses via 
the octadecanoid pathway (Koiwa et al. 1997). For example, 
LOX production is a precursor to the production of green-
leaf volatiles, chemicals that are associated with reduced 
attack of plants by H. aspersa (Shannon et al. 2016).

Our results show that cues associated with a possible 
attack can cause plants to induce costly defenses, even in 
the absence of any actual attack: snail kairomones led to 
reduced plant growth (Fig. 2) and plant growth was signifi-
cantly correlated with production of LOX (Fig. 2). The pre-
vious studies have demonstrated how cue-mediated changes 
in plant morphology and chemistry can affect plant alloca-
tion to growth (Huot et al. 2014; van Hulten et al. 2006), 
plant reproduction (van Hulten et al. 2006), and plant sur-
vival (Huot et al. 2014). Indeed, wild plant species with 
lower constitutive but higher inducible defenses (i.e., those 
that rely more heavily on information and risk cues) exhibit 
greater competitive ability (Kempel et al. 2011), presum-
ably because these plants are less likely to pay the costs 
of defense if defense is not needed (Orrock et al. 2015). 
Our findings suggest that mollusk kairomones may have 
significant effects on plant growth, just as kairomones of 
predation risk have been found to have significant effects on 
growth, reproduction, and survival of animal prey (Preisser 
et al. 2005). In finding that herbivore kairomones alone can 
generate significant effects on plant growth, our work also 

demonstrates that variation in risk information may yield 
variation in plant performance, just as variation in predation 
risk and the ‘ecology of fear’ has helped inform animal ecol-
ogy (Lima and Dill 1990; Preisser et al. 2005).

Kairomones and interactions 
among herbivores

Although herbivore-mediated changes in plants can alter 
plant–herbivore interactions (Ohgushi 2005; Stam et al. 
2014), the role of induced defenses in affecting arthropod 
communities is only beginning to be appreciated (Poe-
lman et al. 2008; Stam et al. 2014). Changes in defense in 
response to actual feeding by one herbivore species have 
been documented to have effects on other herbivores, e.g., 
feeding by Helicoperva zea leads to changes in tomato that 
reduce subsequent attack by S. exigua, aphids, and mites, 
in addition to a pathogen (Stout et al. 1998). Our results 
demonstrate that actual attack by an herbivore is not needed 
to trigger changes in plant defense that can alter plant pal-
atability for other herbivores: snail kairomones alone are 
capable of mediating changes in plant quality that may affect 
the dynamics of other generalist herbivore species, such as 
S. exigua (Fig. 1). In addition, given the similarity in the 
defensive chemistry profile of tomato following snail kair-
omone application (Fig. 1) and infestation by mites (Duffey 
and Felton 1991), it is plausible that snail kairomones may 
influence attack by arthropod herbivores other than S. exi-
gua. Similarly, nematodes produce a pheromone that also 
induces the innate immunity system of the plant leading to 
broad spectrum defense against both nematodes and micro-
bial pathogens (Manosalva et al. 2015).

Our results also demonstrate the importance of mobile 
cues for inducing plant defenses that affect other herbivores: 
plants in our experiment were never contacted or consumed 
by snails. Instead, kairomones from snail mucus were likely 
detected by roots as the water–mucus solution moved down 
into the soil (mimicking the situation, where mucus would 
naturally be carried into the soil by precipitation). It is not 
clear whether plants are capable of recognizing unique, 
mollusk-related compounds, or whether plants are respond-
ing to plant compounds that have been sequestered and are 
then secreted in mucus, such as damage-associated molecu-
lar patterns (DAMPs; Choi and Klessig 2016), or defensive 
phytohormones (such as JA) obtained from consumption of 
previously damaged plants. Of these explanations, it seems 
most likely that plants are responding to some unique com-
ponent of snail mucus or to DAMPS, as the phytohormones 
abscisic acid and JA were absent from the mucus of 13 dif-
ferent species of mollusk herbivore (Kästner et al. 2014), 
although salicylic acid was found in the mucus of one of the 
mollusk species (Deroceras reticulatum). In our study, snails 
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were never fed tomato plants (Supplemental Materials), but 
DAMPs present in the plants fed to snails might have been 
present in the snail mucus and capable of generating induced 
defenses in tomato; snail mucus contains a variety of pro-
teins and compounds that could serve as kairomones (for an 
overview and links to additional references, see Greistor-
fer et al. 2017). However, it is unknown, to our knowledge, 
whether these consist of DAMPs from previously consumed 
plants. Snail mucus may also provide a substrate for dif-
ferential growth of microbes (Pitt et al. 2015), although it 
is unknown whether these microbes are more or less likely 
to be plant pathogens. Future studies empirically evaluating 
the role of mollusk diet and mucus composition on levels 
of plant-induced defenses are necessary to fully understand 
the mechanism, whereby snail mucus alters plant defenses in 
ways that alter growth of insect herbivores (Fig. 1).

Conclusions

Our findings demonstrate how kairomones of a widespread, 
generalist herbivore generate a defensive response in plants 
that have not been attacked and that this response affects 
plant chemistry, plant growth, and growth of a different her-
bivore species. These results add to an increasingly large 
body of work documenting the many cues that will trigger 
induced plant defenses (Karban et al. 2016; Kim et al. 2011; 
Mescher and De Moraes 2015). An important question for 
future studies is to determine how plants integrate the many 
sources of information regarding attack in their environ-
ment to optimize investment in defense. Our results suggest 
that plants prioritize risk information as might be predicted 
by error management theory (Orrock et al. 2015), whereby 
information that is likely linked with greater imminent risk 
triggers a stronger defense: plants in our experiment pro-
duced stronger, more consistent defenses when presented 
with a cue that actual herbivory has occurred nearby (i.e., 
MeJA) than when presented with a cue that an herbivore 
is near (i.e., snail mucus). Fully evaluating the utility of 
theory for predicting information use by plants will require 
additional studies that perform a factorial manipulation of 
different cues, and will potentially utilize experimental treat-
ments that modify the costs and benefits of responding to 
particular cues. Since kairomones from herbivores (Fig. 1), 
microbial pathogens (Choi and Klessig 2016), and parasites 
(Manosalva et al. 2015) all have the ability to change plant 
defense in ways that affect other herbivores, pathogens, and 
parasites, future experiments that examine the ecology of 
information use by plants may also provide insight into the 
dynamics of consumer communities. Moreover, although 
our results demonstrate that kairomones can lead to sig-
nificant changes in plant defense (Fig. 1), an interesting 
(and untested) possibility is that kairomones also affected 

priming, where plants do not exhibit obvious changes in 
defense in response to a current cue, but exhibit a stronger 
or more-rapid response to subsequent cue of herbivory (Kim 
et al. 2011). For example, although snail mucus did not lead 
to significant changes in PPO or POD, plants exposed to 
mucus might still have been primed to more rapidly respond 
to future cues of herbivory with PPO or POD production. 
Studies examining the role of kairomones in priming 
defenses and situations with escalating cues of imminent 
plant-fitness loss (e.g., experiments combining kairomones 
and actual herbivory) are necessary to provide a more com-
prehensive understanding of the role of kairomones and 
other sources of information in mediating plant defense.
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