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Abstract: Variation in local herbivore pressure along elevation gradients is predicted to drive variation
in plant defense traits. Yet, the extent of intraspecific variation in defense investment along elevation
gradients, and its effects on both herbivore preference and performance, remain relatively unexplored.
Using populations of Arabidopsis halleri (Brassicaceae) occurring at different elevations in the Alps, we
tested for associations between elevation, herbivore damage in the field, and constitutive chemical
defense traits (glucosinolates) assayed under common-garden conditions. Additionally, we examined
the feeding preferences and performance of a specialist herbivore, the butterfly Pieris brassicae, on
plants from different elevations in the Alps. Although we found no effect of elevation on the overall
levels of constitutive glucosinolates in leaves, relative amounts of indole glucosinolates increased
significantly with elevation and were negatively correlated with herbivore damage in the field. In
oviposition preference assays, P. brassicae females laid fewer eggs on plants from high-elevation
populations, although larval performance was similar on populations from different elevations.
Taken together, these results support the prediction that species distributed along elevation gradients
exhibit genetic variation in chemical defenses, which can have consequences for interactions with
herbivores in the field.

Keywords: preference; performance; defense; glucosinolate; elevation; altitude; herbivore;
oviposition; Pieris brassicae; Arabidopsis halleri

1. Introduction

In light of the widespread and ongoing impacts of human action on natural systems, there
is increasing interest in understanding the adaptive responses of plants and other organisms to
environmental change [1]. One approach to studying these responses explores genetic and phenotypic
variation in plant populations across environmental gradients, including elevation gradients, which
can provide a proxy for climatic change as well as associated changes in biotic factors such as
herbivory [2–5]. Rates of herbivory tend to decline with increasing elevation due to decreases in
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the diversity and abundance of invertebrate herbivores [3–6]. Given this decline in herbivore pressure,
plant defense investment, which entails trade-offs with growth and reproduction [7–9] is also generally
predicted to decline with increasing elevation. However, two recent reviews of empirical studies
failed to identify consistent elevational trends in defense investment [2,3]. Furthermore, while species
found at high elevations generally exhibit reduced resistance to herbivores relative to low-elevation
species [4,5], there is also some evidence for greater investment in defense traits in high-elevation
species [3]. Therefore, the importance of herbivore pressure, relative to other biotic and abiotic factors,
in shaping the anti-herbivore defenses of plants living at different elevations, remains unclear.

Challenges in relating changing herbivore pressure to variation in defense investment along
environmental gradients arise both because the traits most relevant for defense against herbivores
vary across species [3,10–12] and as a consequence of the complexity of biotic and abiotic factors
that influence defense investment [2,13]. One approach to overcoming the former challenge entails
comparing populations of individual species that exhibit broad elevational ranges. Populations of
species that are broadly distributed across different elevations can exhibit variation in key functional
traits, such as growth rates, physiology and plant size [14,15], similar to that observed among
different plant species found at high and low elevations. Furthermore, such patterns are frequently
consistent with adaptation to the herbivore pressures and abiotic challenges experienced at different
elevations [13,16–19]. However, studies testing for intraspecific variation in defense traits along
elevation gradients have so far been restricted to relatively few taxa [6,13,20–24]. While several studies
support the hypothesis that defense investment is reduced in high-elevation populations [20–22],
others have found that high-elevation populations are more resistant to herbivores [23,24]. Increased
investment in defense at high elevations might help to protect leaf tissue that is difficult to produce in
these extreme environments, or could be a by-product of an increased general stress response to harsh
environmental conditions [2,3].

Plants produce defensive secondary metabolites both constitutively and in response to herbivore
attack, with the relative dependence on constitutive and herbivore-induced defenses being thought to
depend on the predictability of attack in natural populations [25]. Comparing species found at different
elevations has revealed greater defense inducibility in low-elevation species [26]; however, consistent
with the above prediction, direct measurements of chemical defenses in populations of a single species
have revealed greater inducibility of chemical defenses at high elevations where herbivory is more
sporadic [6,21]. On the other hand, constitutive levels of chemical defenses can show both increasing
and decreasing trends with elevation depending on the compounds assayed [3,22,27,28]. Surprisingly,
relatively few studies found clear associations between intraspecific levels of particular chemical
defenses and rates of herbivory along elevation gradients, perhaps reflecting the complexity of abiotic
and biotic factors that shape the evolution of plant defense and stress responses [2,3] or confounding
environmental effects that arise when plant defenses are measured for plant tissues collected in the
field. Performance assays conducted under controlled environmental conditions in order to avoid such
environmental effects have revealed that high-elevation plant populations can be more palatable than
low-elevation populations [6,20,21], yet in field experiments other studies have shown high-elevation
populations to be less palatable to herbivores [23,29].

Although herbivore performance assays are often employed to test for differences in defense
investment along elevation gradients, only a few studies have assessed variation in herbivore
preference for plant genotypes from different elevations [30,31]. Furthermore, none of these
studies assayed both herbivore preference and offspring performance, despite both being important
for understanding the effects of variation in defense investment on interactions with herbivores.
Ovipositing insects are generally predicted to select plants that are best for the development of
their offspring (the “preference-performance” or “mother knows best” hypothesis) [32]. Under this
hypothesis ovipositing insects might be predicted to select the least-well defended plants e.g., [33].
However, the inconsistent support for this prediction in the literature suggests that herbivore preference
is influenced by many different and interacting factors [32]. For example, oviposition preference can
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be associated with variation in mechanical defenses, such as leaf trichome production [34,35], but
also traits not obviously linked to defense, such as the age of the plant [36] and plant size [35,37].
Furthermore, particular chemical defense traits can be either attractive or repellent depending on the
level of ecological specialization of the ovipositing insect [33]. Nevertheless, despite the potential
complexity of explanatory factors, the weight of evidence suggests that variation in chemical defense
cues can be important in shaping female oviposition behavior on different plant genotypes e.g., [38,39].
More broadly, intraspecific variation in chemical defenses is thought to be an important mechanism
driving the assembly of herbivore communities [40,41]; yet few studies attempt to correlate changing
investment in plant defenses within species along elevation gradients and plant interactions with their
local herbivore communities (notable exceptions include [20,21]).

Plants in the family Brassicaceae are particularly well-suited for testing the effects of intraspecific
defense variation on plant-herbivore interactions, as they have a well-characterized chemical defense
system involving the production of glucosinolates, defensive compounds that break down into a
range of compounds toxic for many herbivores [42]. Glucosinolates show high diversity within
and among species, both in absolute quantities produced and in relative proportions of the many
known structurally different glucosinolates [43–45]. Two such groups of particular interest for the
present paper are the methionine-derived glucosinolates (a subclass of aliphatic glucosinolates) and the
tryptophan-derived glucosinolates (also known as “indole glucosinolates”). In the rest of this paper,
we will use the terms aliphatic glucosinolates and indole glucosinolates for these groups. Typically, the
feeding of generalist herbivores is negatively affected by higher total glucosinolate levels in leaves [46,
47]; consequently, high rates of herbivory by generalist species are predicted to select for increased
investment in total glucosinolates [48]. However, many herbivores that specialize on Brassicaceae
can detoxify glucosinolates, avoiding their toxic breakdown products [49], and specialists sometimes
use the presence of glucosinolates as a stimulatory factor for feeding and oviposition [50,51]. Indeed,
increasing total glucosinolate concentrations are associated with higher specialist herbivore abundance
in the field [47,52], suggesting that plants may face selection for reduced glucosinolate concentrations
to avoid detection by specialists. Alternatively, even greater investment in glucosinolates might be
necessary to challenge the specialist’s detoxification mechanisms [48], although specialists have been
observed to tolerate the high levels of glucosinolates present in flowers [53]. Another strategy to
promote resistance to both specialist and generalist herbivores is to invest in a greater diversity of
glucosinolates (altering glucosinolate profiles), through either quantitative or qualitative changes in
the amounts of individual glucosinolates.

Genetic variation in glucosinolate profiles is associated with different herbivore communities
on plants in the field [40,41], and can affect rates of herbivore damage in common garden field
experiments [52]. Such variation has also been linked to variation in preference of specialist herbivores
for different genotypes of Arabidopsis thaliana [54] and Brassica oleracea [55]. In particular, the indole
glucosinolate class has been identified as an important oviposition stimulant for specialist butterflies,
including Pieris sp. [50,56] and Plutella xylostella [51]. Despite these observed effects on preference,
several studies have found that variation in glucosinolate profiles has limited effects on the performance
of Pieris and other specialist larvae [38,46,57]. Increasing relative investment in different biosynthetic
groups of glucosinolates, for example tryptophan-derived indole glucosinolates or methionine-derived
aliphatic glucosinolates, could therefore alter the interactions of a host plant with its herbivore
community, although the outcome may depend on the ecological specialization of the herbivore
and might differ for herbivore preference and offspring performance. It is therefore important to
consider both herbivore preference and performance when examining the effects of chemical defense
variation on herbivores.

The current study explores elevational variation in the chemical defense phenotype and its role in
herbivore resistance of Arabidopsis halleri, a Brassicaceous perennial herb which is strictly outcrossing
but highly clonal and tends to be found in human-disturbed alpine meadows from around 300 to
2400 m above sea level in the Alps. Because this species exhibits a fragmented distribution across
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a broad elevational range, it provides an attractive study system for exploring the effects of genetic
variation in glucosinolate defenses for herbivores. A. halleri is known to produce at least 10 different
glucosinolates in the leaves [43], of which several are induced by herbivory and may therefore be
involved in defense against herbivores [58]. Furthermore, previous research has revealed genomic
signatures of selection associated with both abiotic and biotic factors in this species [59,60].

We sampled wild populations of A. halleri to explore whether rates of herbivory in the field were
associated with elevation and constitutive levels of glucosinolates assayed using greenhouse-grown
plants from the different populations. We then conducted preference assays to test whether these
specialist butterflies can distinguish between populations from different elevations and whether
their preferences correspond to the performance of larvae on plants from these different populations.
Specifically, we asked the following questions: (i) How do rates of herbivory in the field change with
increasing elevation? (ii) Is variation in constitutive glucosinolate composition in the greenhouse
related to elevation and levels of field herbivory? (iii) Do specialist herbivores show variation in
egg-laying preference for populations from different elevations, and is female preference consistent
with differences in larval performance? Together, our results provide insight into the extent
of within-species variation in chemical defenses along elevation gradients, but also contributes
to the increasing volume of literature linking variation in constitutive defense investment along
environmental gradients with herbivore damage in the field.

2. Results

2.1. Rates of Herbivore Damage in the Field Decline with Elevation and Are Associated with Increasing
Investment in Indole Glucosinolate Production

Early season (2016) field surveys of twelve A. halleri populations at elevations between 305 and
2307 m a.s.l (above sea level) (Table S1; Figure 1a) showed a decline in mean leaf damage score with
increasing elevation (R2 = 0.14, p < 0.0001; Figure 1b). However, while the proportion of plants with
leaf holes declined with increasing elevation (R2 = 0.09, p < 0.0001; Figure 2a), the proportion of
patches with damaged edges showed no trend with elevation (R2 = 0.001; p = 0.577; Figure 2b). The
herbivores associated with the different types of damage were difficult to observe in the field, and
collections made with sticky traps did not identify a dominant herbivore in the populations surveyed;
however, the nature of the damage suggested that beetles, small Lepidopteran larvae and molluscs
were responsible. Eggs, which were likely laid by the Brassicaceae specialist Pieris napi, were found on
plants only at two low-elevation populations (Aha03 and Aha18; JB personal observation).
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Figure 2. Variation in the proportion of plant patches in the field showing different damage types.
(a) proportion of patches with holes in leaves. (b) proportion of patches with damaged leaf edges.
Point size is scaled by sample size (number of patches) and a line joins fitted value estimates from the
corresponding linear model with elevation as a factor. Points are labelled by population identifiers.

Plants collected from the field and grown in a controlled greenhouse environment for six years
(since 2012, with the exception of Aha31 and Aha03 samples that had been in the greenhouse
for just over one year; Table S1) were used to assay chemical defense investment, specifically
production of glucosinolates. We observed only the methionine-derived “aliphatic” glucosinolates
and tryptophan-derived “indole” glucosinolates. Across eleven populations, we identified seven
aliphatic glucosinolates (accounting for 97.7% of the total average glucosinolate content) and two
indole glucosinolates (2.3% of the total; Table S2). Within populations, the proportion of indole
glucosinolates varied 2.5-fold, from 1.3% of total glucosinolates in the low-elevation population AhaN1
to 3.3% for the high-elevation population Aha19 (Table S3). Controlling for variation in plant size
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at the time of sampling, variation in total aliphatic glucosinolates was not significantly explained
by elevation (p = 0.461; Figure S1), whereas total indole glucosinolates showed a significant positive
association with elevation (p = 0.008, R2 = 0.181; Figure 1c). There was also a positive, though
non-significant relationship between mean total aliphatic and mean total indole glucosinolates across
populations (p = 0.083, Figure S2a). After removing two particularly large plants from the recently
sampled population Aha03, plant size (rosette width) did not significantly explain either variation in
total aliphatic glucosinolates (F1,28 = 2.49, p = 0.126) or variation in indole glucosinolates (F1,28 = 1.59,
p = 0.217). Yet, the significant positive relationship between elevation and indole glucosinolates
remained (F1,28 = 5.51, p = 0.026, R2 = 0.14).

Increasing mean damage scores for field populations were associated with declining mean indole
glucosinolates per population (F1,7 = 19.31, p = 0.003; R2 = 0.70; Figure 1d), but this trend was not
observed for aliphatic glucosinolates (p = 0.109, Figure S2b). When field damage was partitioned by
feeding type, variation in indole glucosinolates was not significantly associated with the proportion
of patches with damaged leaf edges (p = 0.492; Figure S2c), but was negatively associated with the
proportion patches with hole damage (R2 = 0.46; p = 0.026; Figure S2d).

2.2. A Specialist Herbivore (Pieris brassicae) Prefers Plants from Low-Elevation Populations, despite No
Associated Enhancement of Offspring Performance

To determine whether herbivore preference and performance reflected the observed patterns
of field damage and constitutive glucosinolate production across populations, we conducted two
experiments using the specialist herbivore Pieris brassicae and A. halleri plants cloned from plants
collected from the field and then grown under greenhouse conditions for at least one year.

2.2.1. Preference Experiment 1: Assessing Population-Level Effects on Preference

To test for variation in P. brassicae preference for different populations of A. halleri, we conducted
randomized choice assays over a 20 h-period using two female P. brassicae butterflies and four randomly
selected plants per experimental cage. There were eight cages (32 plants) in each of three experimental
rounds (91 plants in total)—although one plant, from an intermediate-elevation population (Aha21),
on which 417 eggs were laid was excluded from our analyses. Plant population did not significantly
explain variance in the number of eggs laid at 20 h (χ2 = 10.4, df = 7, p = 0.168), and the effect of
population on number of eggs laid remained non-significant even when excluding all plants on which
females did not lay eggs (χ2 = 10.65, df = 7, p = 0.155; Figure 3a). The number of eggs laid per plant was
also not significantly associated with rosette width (χ2 = 0.63, df = 1, p = 0.429), plant height (χ2 = 0.17,
df = 1, p = 0.685), or plant health (χ2 = 0.59, df = 1, p = 0.444); however, there was a non-significant
effect of experimental round on number of eggs laid (χ2 = 4.76, df = 2, p = 0.09). The proportion of
plants on which eggs were laid at 20 h also did not significantly vary among populations (χ2 = 8.33,
df = 7, p = 0.305; Figure 3b), but did vary among the three experimental rounds (χ2 = 6.53, df = 2,
p = 0.04): butterflies laid eggs on 34.4% plants in round one, 58.1% plants in round two, and 63.0% of
plants in round three. Despite the absence of significant population effects, we observed egg-laying
behavior consistent with reduced preference for high-elevation populations: specifically, the two
lowest-elevation A. halleri populations used in this experiment showed the highest mean number of
eggs per plant (Aha31 = 23.3 eggs, Aha18 = 27.2 eggs), while the two highest-elevation populations
showed the lowest number of eggs (AhaN4 = 11.6, Aha19 = 4.9). We therefore repeated this experiment
at a single time point to reduce variance associated with experimental rounds and focused on just
these four populations.
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Figure 3. Preference of female Pieris brassicae for A. halleri populations from different elevations.
(a) Boxplot showing the number of eggs laid per plant over a 20 h period (excluding all plants that
received no eggs). (b) Proportion of plants on which eggs were laid in a 20 h period. The number
of plants tested in (b) is given above each bar. Statistics are given for the effect of population in a
negative binomial model, for (a), or using a binomial model for (b), after accounting for variation
among experimental rounds.

2.2.2. Preference Experiment 2: Assessing Elevation Effects on P. brassicae Preference

To test for an effect of elevation on preference, we used plants from the two lowest elevation
sites (Aha31, Aha18, <850 m above sea level, a.s.l.) and the two highest elevation sites (AhaN4,
Aha19; >2155 m a.s.l.). As noted, these sites showed the greatest differences in mean number of eggs
laid in preference experiment 1 (summarized in Table S4). Focusing on fewer populations also made if
feasible to test whether larval performance varied on low and high-elevation populations consistent
with female preference. Given that we were interested in the effect of elevation, the populations were
pooled into ‘low’ and ‘high’ elevation classes for statistical analysis.

We found a significant effect of elevation class on the number of eggs laid (p = 0.036, R2 = 0.12;
Figure 4a), with on average 5.1× more eggs laid on plants from low-elevation than high-elevation
sites (low-elevation mean = 20.4 eggs per plant +/− S.E 6.9; high-elevation mean = 4.0 eggs per
plant +/− S.E. 1.9). Interestingly, twice as much variance in egg-laying rate was explained by plant
population (not grouped by elevation) than by elevation class (population effect: R2 = 0.24; χ2 = 9.20,
df = 3, p = 0.027), suggesting that population-level differences might be more important for shaping
egg laying preference than elevation alone. The proportion of plants on which eggs were laid did not
significantly vary with respect to elevation (χ2 = 1.01, df = 1, p = 0.315) or with average rosette area
(χ2 = 1.71, df = 1, p = 0.190). Furthermore, plant populations from different elevations did not vary in
rosette area (Kruskal–Wallis test: p = 0.217) or health score (Kruskal–Wallis test: p = 0.500), and neither
factor significantly explained variation in the number of eggs laid (LR-stat = 3.97, df = 2, p = 0.138).
The mean numbers of eggs laid on the four populations were similar to those observed in preference
experiment 1 (Table S4).
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Although we observed reduced preference for the high-elevation populations, larval mass did not
significantly differ on plants from low- and high-elevation populations after 3 days (log transformed
response: χ2 = 0.70 df = 1, p = 0.404; Figure 4b) or 7 days (log-transformed response: χ2 = 2.24, df = 1,
p = 0.134; Figure 4c). Across both time points, the proportion of variance in larval mass explained by
elevation was consistently low (3 days: R2 = 0.01, 7 days: R2 = 0.03), and instead a greater proportion
of variance was explained by individual plant effects (3 days: full mixed model R2 = 0.62, 7 days: full
mixed model R2 = 0.27), suggesting that larvae on a plant developed at similar rates.

3. Discussion

Our data show that rates of herbivory on field populations of Arabidopsis halleri decline with
increasing elevation and that this variation in field damage is associated with an elevational cline in
constitutive glucosinolate profiles. Relative to low-elevation populations, plants from high-elevation
populations produced a greater proportion of indole glucosinolates when grown under common
environmental conditions and also suffered lower levels of herbivore damage in the field. Furthermore,
experimental assays revealed reduced preference of a specialist herbivore for plants from high-elevation
populations, despite similar larval performance on plants from the two highest and two lowest
elevation populations. To our knowledge, this is one of only a few studies to show variation in
herbivore preference for plants originating from different elevations. Furthermore, although our results
are correlative in nature, these findings support the hypothesis that genetic variation in plant defenses
along elevation gradients is associated with variation in herbivore pressure among natural populations.

3.1. Rates of Herbivore Damage in the Field Decline with Elevation and Are Associated with Increasing
Investment in Indole Glucosinolate Production

Consistent with previous studies, we found that total levels of herbivore damage in the field
declined with increasing elevation [2,3,61]. However, this trend was only observed for one type of
damage, leaf holes, characteristic of feeding by beetles and young Lepidopteran larvae. The absence of
a decline in leaf-edge damage with elevation could suggest that the maximum elevation at which A.
halleri is found in our study (Aha19 at ~2300 m above sea level) is still suitable for many invertebrate
herbivores. Supporting this, field surveys on natural populations of a related species, Arabis alpina,
showed that levels of leaf edge (or chewing) damage were most strongly reduced in populations found
higher than 2300 m [6]. More focused sampling of the herbivore community would be necessary to
reveal the major herbivores attacking A. halleri in these field populations.

Decreasing rates of herbivore damage with increasing elevation could either drive selection
for reduced investment in plant chemical defenses at high elevations or arise as a consequence of
plants at high elevations being better defended. A recent review found conflicting evidence for
these two explanations [3], with certain groups of chemical defenses (including secondary defensive
metabolites) showing no association with elevation, while others (flavonoids) increasing with elevation.
In the current study, we found that investment in total glucosinolates did not significantly vary
with elevation, but that the relative proportion of indole glucosinolates significantly increased with
elevation, suggesting that high-elevation populations invest more in indole glucosinolate production
than low-elevation populations. Interestingly, this shift in glucosinolate profiles was significantly
and negatively correlated with leaf damage in the field, which might explain the reduced levels
of herbivore damage observed in high-elevation populations. The effect of indole glucosinolates
relative to aliphatic glucosinolates on herbivores is complex and tends to differ between generalist
and specialist herbivores e.g., [46]. However, indole glucosinolates, rather than total or aliphatic
glucosinolates, have been associated with defense against parasitic plants [62], resistance to infection
by the pathogen Phytophthora infestans [63] and reduced performance of the specialist herbivores
Pieris brassicae and Athalia rosae on different wild populations of Brassica oleracea [64,65]. Enzyme
hydrolysis of indole glucosinolates following tissue disruption yields breakdown products distinct
from those of aliphatic glucosinolates [42,66], which may partly explain the differing biological effects
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of these glucosinolate classes. Together, these lines of evidence suggest that an increasing proportion
of indole glucosinolates in leaves could be responsible for reduced rates of damage from generalist
and specialist field herbivores at high elevations. However, given that our results are based only
on significant correlations, additional field experiments, potentially using synthetic compounds or
plant genotypes differing in indole glucosinolate production, would be necessary to explore the causal
nature of this relationship. It should also be noted that other features of the abiotic environment that
vary along elevation gradients could simultaneously drive both the change in indole expression and
rates of herbivore damage, without a causal link between herbivory and defense investment [3].

The observed shift in glucosinolate profiles would also be consistent with plants at low elevations
investing less in indole glucosinolates to avoid oviposition by Pieris butterflies, which are attracted
by the presence of indole glucosinolates [50,56]. However, this explanation is not consistent with our
observation for the lower number of eggs laid on high-elevation populations relative to low-elevation
populations. An alternative explanation for the increasing investment in indole glucosinolates
with elevation is that increasing abiotic stress at high elevations could alter broad physiological
stress responses, with associated impacts on the relative production of indole glucosinolates. Total
glucosinolate investment has been observed to covary with abiotic factors such as aridity [67] and
nutrient status [68]. For example, increasing levels of potassium in local soils, has been associated with
increasing relative indole investment across species [68]. Variation in soil types and geology across the
Alps could affect the nutritional status of soils in different areas and therefore potentially plant defense
investment. However, many abiotic factors vary independently of elevation [69], which makes testing
the role of different abiotic stressors in shaping defense variation challenging.

The absence of a change in total constitutive glucosinolates with elevation contrasts with the
increased investment in total leaf glucosinolates previously reported for Cardamine species found at
high elevations (relative to low-elevation Cardamine sp.) [26]. However, that study sampled leaves
directly from the field, making it difficult to determine whether the observed differences in defensive
chemistry are genetically-based, driven by the environment, or both. Our results, obtained from
plants grown in the greenhouse for multiple years, support the hypothesis that these populations
have genetically diverged in their relative investment in indole and aliphatic glucosinolates, and
hence that this difference is likely adaptive. Evidence for genetically-based clines in chemical defense
traits has also been observed along broad latitudinal gradients [70], suggesting that genetic variation
in plant chemical defense investment is likely widespread within species distributed across spatial
environmental gradients.

3.2. A Specialist Herbivore Prefers Plants from Low-Elevation Populations despite No Associated Enhancement
of Offspring Performance

Two separate preference experiments using the specialist herbivore Pieris brassicae revealed
reduced egg-laying rates on plants from the highest elevation populations, yet we found no
corresponding change in larval performance. Variation in preference was not explained by differences
among the plant populations in plant size or health, but could reflect underlying differences among
the populations in physiological status or in chemical and morphological traits linked to plant defense.
Given the changing investment in indole glucosinolates with elevation described above, this raises the
interesting hypothesis that reduced preference for high-elevation populations may be driven by shifts
in population glucosinolate profiles. Although we were unable to directly measure glucosinolate levels
in plants used in preference experiments as a consequence of larvae consuming almost all the leaf
material available by day 7, both preference experiments used plants cloned from the parental material
sampled for the constitutive glucosinolate component of this study, so plants in both experiments
would be predicted to show similar glucosinolate profiles.

The reduced egg laying preference for high-elevation populations is consistent with the exposure
of high-elevation populations to fewer herbivores in the field and their greater proportional investment
in indole glucosinolates (Table S4). By contrast, total glucosinolate investment varied among
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populations independent of elevation (Table S4), and therefore was not consistent with differences in
the mean number of eggs laid per plant. The direction of this correlation between indole glucosinolates
and number of eggs laid, might suggest that increasing proportions of indole glucosinolates repels
P. brassicae oviposition. Yet such a hypothesis is contrary to experimental studies on other Brassicaceae
species in which increasing indole glucosinolate concentration stimulates Pieris oviposition. For
example, Arabidopsis mutants with low indole glucosinolate production received significantly fewer
Pieris rapae eggs in preference assays [56], and Pieris brassicae oviposition was also stimulated by
increasing levels of the indole glucosinolate glucobrassicin in Brassica oleraceae [50]. However, it should
be noted that increasing amounts of the indole glucosinolate breakdown product indole-3-acetonitrile
reduced egg laying rates in the same study [56]. Our data showed low levels of glucobrassicin
in A. halleri relative to other glucosinolates (on average just 0.2% of the glucosinolate mix). The
effect of the more abundant indole glucosinolate in A. halleri, which we provisionally identified
as 4-methoxyglucobrassicin (on average 2.1% of the glucosinolate mix), on P. brassicae oviposition
preference is not clear, although it is known to promote oviposition in another specialist herbivore,
Plutella xylostella [51]. Testing whether oviposition of P. brassicae is stimulated or deterred by the
abundance of these indole glucosinolates might provide insight into why indole glucosinolate
production varies with elevation. As the correlative evidence presented here cannot elucidate the
causal nature of the relationships between changing glucosinolate profiles and herbivore preference,
future experiments using synthetic indole glucosinolates would help to determine whether these
different indole glucosinolates play an important role in P. brassicae oviposition preference. Indeed,
at least one previous report of correlations between glucosinolate profiles and generalist herbivore
performance [38] identified individual glucosinolates that could potentially explain the observed
effects, but which were later found, through further experimental work, not to account for the observed
differences in herbivore performance [46].

Alternative explanations for our observed associations are also possible, as physiological or
morphological traits that were not measured in our study could drive the reduced preference for
high-elevation populations. Plant size, for example, could affect the ‘apparency’ of plants in choice
assays, perhaps resulting in reduced preference for or damage to smaller plants independent of
defensive chemistry [37,54]. On the other hand, Pieris brassicae has been observed to prefer younger,
and thus smaller, plants of two other Brassicae species [36]. In our study, all plants were of the same
age and plant size did not significantly influence the propensity of females to lay eggs across the two
preference experiments. Trichome density, a morphological defensive trait, can also influence female
preference and is observed to vary with elevation, though not always in a consistent direction [30].
In the close relative Arabidopsis lyrata, the proportion of trichome producing plants declines with
increasing elevation consistent with a decline in herbivore pressure [71], and A. lyrata genotypes with
higher trichome densities showed increased resistance to P. xylostella, and accumulated lower numbers
of eggs in a field experiment [35]. Similarly, ‘hairy’ genotypes of A. halleri ssp. gemmifera hosted
reduced densities of larvae of Pieris napi and a sawfly (Athalia infumata) than ‘glabrous’ plants without
trichomes [34]. By contrast, in Arabis alpina, which shows on average much higher numbers of leaf
trichomes than A. halleri ssp. halleri, trichome density varied in a non-linear manner with elevation [6].

Physiological factors other than those directly involved in defense could also drive the reduced
preference for high-elevation populations. For example, flavonoids have been associated with
cold-stress tolerance and protection from UV radiation [72], which could be constitutively elevated in
populations from high elevations e.g., [73] and therefore impact herbivore oviposition preference [74].
Flavonoids are also one of the few groups of compounds that are consistently produced at higher levels
with increasing elevation [3]. Although additional data is needed to disentangle the causal effects of
the above factors, our results provide initial insights into how variation in defense investment along
elevation gradients can affect plant interactions with their specialist herbivores.

The difference in P. brassicae oviposition preference for populations from low and high elevations,
but absence of any differences in offspring performance in this study suggests that the oviposition
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cues that females are using are not predictive of larval survival and growth. Similar performance
of larvae on the two high- and two low-elevation populations further suggests that the larvae
are unaffected by differences in glucosinolate profiles among A. halleri populations from different
elevations. Consistent with this observation, Pieris rapae larvae performed equally well on B. oleracea
and A. thaliana differing in glucosinolate composition [38,46,57]. By contrast, P. rapae and P. brassicae
larvae feeding on populations of B. oleracea with high proportions of indole glucosinolates showed
poorer development and performance [64,75]. As we only assayed larval mass gain after a 7-day
period, it is possible that our study missed the negative effects of glucosinolate profiles observed for
later stages of larval development in those studies. Furthermore, it should also be noted that we tested
larval performance on plants that varied most in female preference, coincidentally being also the lowest
and highest elevation populations, but not necessarily those with the greatest difference in mean indole
glucosinolate concentrations (see values in Table S3). Other work on the defense response of A. halleri
to herbivory has shown that the hyper-accumulation of heavy metals is more important for this
species than glucosinolate induction in defending against invertebrate herbivores [58,76]. However,
the relevance of heavy metals to defense of A. halleri in our study populations is questionable, as
our field sites—some of which are maintained for generating winter cattle feed—are unlikely to be
contaminated by heavy metals.

This study is among only a few to date to test for and find variation in herbivore preference for
plants originating from different elevations. One previous study assessed the preference of generalist
snails for pairs of related species from different elevations, yet found no consistent preference for
either montane or low-elevation species in the three pairs tested [31], while another showed that
female preference for Solanum populations from different elevations was associated with differences in
the densities of two types of trichomes [30]. Finally, a study of plant indirect defenses showed that
ants preferred the higher volatile emission by high-elevation genotypes of Vicia sepum [21]. While
specialist herbivores did not vary in performance on plants from different elevations in the current
study, female P. brassicae clearly showed reduced oviposition preference for plants from high-elevation
populations. This reduced preference for high-elevation populations may be linked to the increased
investment in indole glucosinolates or to variation in other physiological or morphological traits.
While further work is needed to disentangle these different explanatory factors, the current results
indicate that population-level variation in traits relevant for adaptation to environments at different
elevations can have contrasting effects on insect preference and performance. It is therefore important
to consider the full herbivore life cycle for understanding how within species adaptive variation in
plant defenses can impact interactions with herbivores. More generally, our results provide insight
into the potential consequences of genetic variation in plant defenses along elevation gradients for
the herbivore communities with which they interact. Future work should aim to confirm whether the
observed defense variation might influence generalist herbivores in the lab and the more complex
herbivore communities observed under field conditions.

4. Materials and Methods

4.1. Establishing Parental Plant Stock Population in the Greenhouse

We sampled and surveyed 13 A. halleri populations ranging from 305–2307 m in elevation (see
Table S1). Clonal material was collected from field populations in the summer of 2012 (with some
populations supplemented with additional collections in 2014 and 2016, see Table S1), by digging up
rosettes with intact roots at intervals of 2–5 m (depending on the population size) to minimize sampling
of related plants. These parental stock plants were maintained in one greenhouse compartment at the
ETH Zürich Research Station for Plant Sciences (Lindau, Effretikon, Switzerland) under controlled
temperature conditions (23 ◦C day, 18 ◦C night) in clay pots filled with a custom soil mix (consisting of
40 L Substrate 214; 10 L Garden soil, 10 L small expanded clay balls and 5 L perlite, all from Ricoter
(Aarberg, Switzerland)). Original parental plants were cloned to produce duplicates of each parental
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genotype for long-term cultivation. Plants were re-potted at regular intervals and watered three times
per week. For experimental work, parental stock plants maintained in a greenhouse for at least one
year were cloned and used. Clones were established using cuttings of individual clonal rosettes with
intact roots, where possible, and a rooting powder (Neudofix Wurzelaktivator, Emmerthal, Germany)
was used to promote root growth and clone establishment. They were then grown at 12 h day (15 Klux):
12 h night (23 ◦C and 17 ◦C, 50% and 60% humidity) in a growth chamber.

4.2. Assessing Variation in Herbivore Damage across Field Populations

Twelve A. halleri populations ranging from 305 m to 2307 m above sea level were visited in 2016
(Table S1). One population, Aha10, could not be surveyed in this year. Populations were visited at an
early season time point when plants were expected to be flowering, but the exact survey date varied
with elevation, ranging from 28th April 2016 (lowest elevation population) to 5th July 2016 (highest
elevation population). A transect was conducted through each population and an 18 cm × 18 cm
quadrant placed on the nearest patch of A. halleri. Due to the clonal growth of this species, it can
be difficult to see individual plants, therefore a minimum distance of 2 m was maintained between
patches. We estimated the % area of the quadrant covered by A. halleri and recorded the status of
plants in the quadrant as either bolting, bolting with developing buds, flowering or fruiting. For each
surveyed patch the number of leaves was estimated and the percentage of damaged leaves allocated
to one of the six categories described in Table 1. Broad % damage categories were used because of the
large numbers of small leaves making precise estimates of leaf area removed too time-consuming to
assay sufficient numbers of patches per population (Table 1). Additionally, the presence of different
types of leaf damage: leaf holes and damaged leaf edges, was recorded for each patch (see photos in
Figure 2).

Table 1. Damage scores used for categorizing extent of damage to different plant patches, based on the
percentage of leaves showing any signs of damage and placed in to one of six broad categories.

% Leaves Damaged Score

<1% 0
1–5% 1

5–10% 2
10–25% 3
25–50% 4
>50% 5

The effect of elevation on variation in plant damage among populations was therefore analyzed
using two response variables: (1) a damage score per patch based on % leaves damaged, and (2) the
presence or absence of a damage type (edge damage or holes) on a patch. We used linear regression
to test for relationships between leaf damage score per patch and population elevation (with a fixed
covariate of patch phenological status). To estimate the amount of variation in leaf damage score
associated with population differences, a general linear model with a fixed effect of population was
used. The presence or absence of different damage types was analyzed using a generalized linear
model with binomial error with fixed effects of either elevation or population, as described above.
The significance of population or elevation in these models was tested by comparing a model with
the variable to a model with the variable removed (null model) and using F-ratio tests to assess the
significance of the change in model explanatory power. All analyses were conducted in the R statistical
environment [77].

4.3. Assessing the Relationship between Constitutive Glucosinolates in the Greenhouse and Elevation

We sampled three genotypes (or two genotypes for Aha03) from each of eleven populations
maintained in the greenhouse. For all populations, except Aha31 and Aha03, we used plants sampled
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from the field in 2012. Plants from population Aha31 and Aha03 were only sampled from the field
in 2014/2016 and 2016 respectively. Glucosinolates were extracted following a published HPLC
protocol [78], with several minor modifications described here. Leaves were freeze-dried and ground
to a fine powder in a Geno/Grinder 2010 (SPEX sample prep, Metuchen, NJ, USA) for 1 min at
1500 rpm with three 0.3 mm steel grinding balls. After adding 1 mL 70% methanol the extraction
samples were heated to 85 ◦C for 15 min to denature the myrosinase enzyme. Sinigrin reference
standards were used to interpolate glucosinolate concentrations based on response factors described
in Grosser and van Dam (2017) [78]. Columns were prepared using DEAE (Diethylaminoethyl)
Sephadex A25 column material (Sigma-Aldrich, St. Louis, MO, USA). Following elution of samples
incubated overnight with sulfatase, samples were dried down on a Savant Speed Vac Concentrator
SPP1010 (Thermo Scientific, Reinach, Switzerland) and re-suspended in 150 µL ultrapure MilliQ
water (Merck, Darmstadt, Germany). Samples were run on an Agilent 6550 iFunnel Q-TOF LC/MS
equipped with an Eclipse XDB-C18 column (4.6 mm × 150 mm, 5 µm, 80 Å) using a water (with 5 mM
ammonium formate): acetonitrile gradient. The mobile phase conditions are described by Grosser
and van Dam (2017) and consisted of 98% water for 2 min, then a gradient to 65% water over 35
min, followed by a rapid gradient to 2% water over 8 min. The indole glucosinolate, glucobrassicin,
was identified through comparison to a pure laboratory standard (Phytoplan Diehm and Neuberger
GmbH, Heidelberg, Germany), which was processed separately alongside the samples to produce
desulfo-glucobrassicin. As standards were not available for other glucosinolates, desulfo-gluosinolates
were identified based on their fragmentation pattern due to the loss of a hexose-derivative from a parent
aglycone, demonstrated by a mass shift of 162 amu, and then through formula matches identified
using Agilent MassHunter qualitative software. UV spectra of desulfo-glucosinolates were examined
to confirm whether the glucosinolate represented either the aliphatic or indole class. We additionally
used retention times and the eluotropic logical series of methylsulfinyl- and methylthio-glucosinolates
to provisionally identify longer chain aliphatic glucosinolates. As standards were not available,
we were unable to distinguish the isomers 4-methoxyglucobrassicin and N-methoxyglucobrassicin,
but assumed the presence of 4-methoxyglucobrassicin, as it was previously identified in A. halleri
by [75]. No other indole glucosinolates were detected in our samples, and specifically we did not
detect 4-hydroxyglucobrassicin, an intermediate in the biosynthesis of 4-methoxyglucobrassicin from
glucobrassicin. We quantified amounts of two indole and seven aliphatic glucosinolates that have
previously been identified in A. halleri [58,76] (see Table S2). The integration of the 229 nm UV spectrum
was used for quantification of compounds based on a comparison to a sinigrin concentration curve
and published response factors (as described in [78]). Amounts of glucosinolates were then converted
to µmol per gram fresh tissue weight (FW).

Linear regression was used to test for a significant effect of population elevation on total
glucosinolates, and total aliphatic or indole glucosinolates separately. Plant size was included as a fixed
effect in theses analyses to control for differences in plant growth rates under greenhouse conditions
affecting glucosinolate production. Finally, to test whether investment in the two glucosinolate classes
was correlated, we also used linear regression to test for a relationship between total aliphatic and total
indole glucosinolates.

We then explored whether the observed variation in glucosinolate investment in the greenhouse
could be explained by variation in herbivore pressure in the field. For this analysis population mean
values of glucosinolates and damage to plant patches in the field were used. We used linear regression
to test for an effect of mean field damage score on greenhouse estimates of total aliphatic or total indole
glucosinolates. These analyses were repeated using the proportion of patches with leaf edges damaged
per population, or the proportion of patches with holes per population, as the explanatory factor. For
all the above analyses, an F-ratio test comparing the model with and without the factor of interest was
used to test the significance of each explanatory factor and log transformations were used to improve
model fit where deviations in model residuals were observed.
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4.4. Screening Populations of A. halleri for Variation in Butterfly Oviposition Preference

Clones of eight populations were used in the following experiments. An average of four clones
(ranging from 2 to 7 depending on the size of the parental plant) were produced from each of 4–7
parental genotypes per population. Fertilizer was added to promote clone growth and Bacillus
thuringiensis was added early in the growth period to control fungus gnats. Senescing leaves were
initially removed to promote further leaf growth, but this was stopped 1 month prior to the experiment.

4.4.1. Preference Experiment 1: Assessing Population-Level Effects on Preference

For each of the eight populations, four genotypes with 2–3 healthy clones were selected (10–12
individual plants per population; Table S1). Due to space limitations, these experiments were
conducted in three rounds with, where possible, a clone of each genotype represented in each
experimental round. For each round, four plants were randomly allocated to each of eight net cages,
split between two well-lit, temperature-controlled rooms. Female Pieris brassicae that were maintained
for multiple generations in the lab on Brassica oleracea were used in the experiment. Initially, one gravid
female P. brassicae was added to each cage and egg-laying behavior monitored over a 20-min period. If
this butterfly did not lay eggs, it was replaced by another female and the 20-min monitoring restarted.
We recorded the number of eggs laid after 20 min. Following this short observation period, we put two
females in each cage and left them until mid-morning the following day (approximately 20 h) when
the cumulative total number of eggs laid on the plants after this period were counted. Some plants
showed evidence of leaf senescence, so plant health was estimated using a categorical scale based
on proportion of leaves showing minor discoloring (red, yellow or brown patches): (1) <5% leaves
discolored, (2) ≤25%, (3) ≤50%). Plants with >50% discolored leaves were not used in experiments.
Additionally, average rosette width was calculated from two perpendicular width measurements, and
maximum rosette height from the soil surface was recorded.

As low numbers of eggs were laid in the initial 20-min period, we focused our analyses on the
total numbers of eggs laid after 20 h in the cage. We used a binomial Generalised Linear Model
(GLM) to test for an effect of plant population on the propensity to lay eggs (a presence or absence
binomial response variable). The egg count data showed high overdispersion when modelled with a
Poisson error family. Given the dataset also potentially contained false zeros (females that that were
unmated and could not lay eggs), we used a zero-inflated negative binomial model to test the effect of
population (in the ‘pscl’ package in the R statistical software, [79]). We assumed a constant probability
of false zeros across populations and retained a fixed factor of experimental round to control for
variance among experimental repetitions. We also tested for a population effect on the number of
eggs laid after excluding plants on which no eggs were laid. For this, a negative binomial model
without zero-inflation was used. A separate zero-inflated negative binomial model analysis tested for
significant effects of rosette width, plant height and plant health score on variation in the number of
eggs laid after 20 h, with experimental round again included in the model (model formula: number
eggs ~ rosette width + plant height + plant health + experimental round). One outlier point from Aha21
(with 417 eggs) is not shown on the plot to aid visualization of other points. The effect of population
(first model) and all other explanatory factors (second model) was tested by removing non-significant
factors and then comparing models with or without the factor of interest using likelihood ratio tests.
Model residuals were inspected and the effect of any outlier points on model results checked.

4.4.2. Preference Experiment 2: Assessing Elevation Effects on P. brassicae Preference

We then used plants from four populations (Aha18, Aha31, AhaN4, Aha19) to repeat the preference
assay, as well as to test whether female preference was related to larval performance. Specifically, we
used three to six genotypes per population, and the number of clones per genotype ranged from one
to four, with a total of nine clones per population. The same host choice and egg laying measurements
as described above were recorded after a 20 h overnight period. A binomial model was used to test for
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the effect of population and rosette area on the presence or absence of eggs on test plants after 20 h.
A zero-inflated negative binomial model was again used to model the effect of population and rosette
area on the number of eggs.

Immediately following this preference assay, all plants were infested with eggs and larvae were
allowed to hatch. Excess larvae were removed as soon as eggs hatched to leave ten L1 larvae per plant.
These were allowed to feed on the plants for 7 days, and their individual mass was measured at the
end of the 3rd and 7th day. By the 7th day, the larvae had consumed most of the plant leaves, so we
were unable to take leaf samples for chemical defense analysis. Variation in individual larval mass
was modelled with a linear mixed effects model (R package, lme4; [80]) using population as a fixed
factor and individual plant as a random factor. Estimates of the variance explained by the fixed and
random terms were calculated using the package “piecewiseSEM” [81].

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/1/
174/s1, Figure S1: Regression of total aliphatic glucosinolates against elevation controlling for variation in plant
size, Figure S2: Regressions of amounts of aliphatic and indole glucosinolates against each other and with respect
to population-level mean field damage, Table S1: Overview of locations of Arabidopsis halleri study sites in the Alps,
as well as numbers of genotypes and plants used in different parts of the study, Table S2: Glucosinolates identified
in A. halleri in our study, with the abbreviations used throughout the manuscript, and the retention times on our
LC/MS system, Table S3: Mean amounts of total, aliphatic and indole glucosinolates for each population screened
in this study, Table S4: Overview of glucosinolate investment, field damage and Pieris brassicae preference for four
populations (two high-elevation, two low-elevation) used in the second preference assay.

Author Contributions: J.B., F.G.P., M.C.F., A.W., M.C.M. and C.M.D.M. conceived the ideas, designed
methodology and wrote the manuscript; J.B. and F.G.P. collected and analyzed the data. All authors contributed
critically to the drafts and gave final approval for publication.

Funding: This research received no external funding.

Acknowledgments: We would particularly like to thank Maja Frei, Esther Zürcher and Malwine Peter at the ETH
Research station in Plant Sciences (ETH Zürich) for looking after the A. halleri plants and assisting with plant
cloning. We are grateful to several students, particularly Lisa Eymann and Michael Zehnder for their help in
conducting parts of several of the experiments on A. halleri. We are grateful to James Sims for help setting up the
LC/MS glucosinolate method in the lab and in identifying the glucosinolate compounds.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Urban, M.C.; Bocedi, G.; Hendry, A.P.; Mihoub, J.B.; Pe’er, G.; Singer, A.; Bridle, J.R.; Crozier, L.G.;
De Meester, L.; Godsoe, W.; et al. Improving the forecast for biodiversity under climate change. Science 2016,
353, 1113–1122. [CrossRef] [PubMed]

2. Moreira, X.; Petry, W.K.; Mooney, K.A.; Rasmann, S.; Abdala-Roberts, L. Elevational gradients in plant
defences and insect herbivory: Recent advances in the field and prospects for future research. Ecography
2018, 41, 1485–1496. [CrossRef]

3. Rasmann, S.; Pellissier, L.; Defossez, E.; Jactel, H.; Kunstler, G.; Bailey, J.K. Climate-driven change in
plant-insect interactions along elevation gradients. Funct. Ecol. 2014, 28, 46–54. [CrossRef]

4. Descombes, P.; Marchon, J.; Pradervand, J.-N.; Bilat, J.; Guisan, A.; Rasmann, S.; Pellissier, L.; Whitney, K.
Community-level plant palatability increases with elevation as insect herbivore abundance declines. J. Ecol.
2017, 105, 142–151. [CrossRef]

5. Pellissier, L.; Fiedler, K.; Ndribe, C.; Dubuis, A.; Pradervand, J.N.; Guisan, A.; Rasmann, S. Shifts in species
richness, herbivore specialization, and plant resistance along elevation gradients. Ecol. Evol. 2012, 2,
1818–1825. [CrossRef] [PubMed]

6. Buckley, J.; Widmer, A.; Mescher, M.C.; De Moraes, C.M. Variation in growth and defense traits among
populations of an alpine plant may facilitate responses to climate change. J. Ecol. 2018, submitted.

7. Mauricio, R. Cost of resistance to natural enemies in field populations of the annual plant Arabidopsis thaliana.
Am. Nat. 1998, 151, 20–28. [CrossRef]

8. Züst, T.; Agrawal, A.A. Trade-offs between plant growth and defense against insect herbivory: A mechanistic
synthesis. Annu. Rev. Plant Biol. 2017, 68, 513–534. [CrossRef]

http://www.mdpi.com/1422-0067/20/1/174/s1
http://www.mdpi.com/1422-0067/20/1/174/s1
http://dx.doi.org/10.1126/science.aad8466
http://www.ncbi.nlm.nih.gov/pubmed/27609898
http://dx.doi.org/10.1111/ecog.03184
http://dx.doi.org/10.1111/1365-2435.12135
http://dx.doi.org/10.1111/1365-2745.12664
http://dx.doi.org/10.1002/ece3.296
http://www.ncbi.nlm.nih.gov/pubmed/22957184
http://dx.doi.org/10.2307/2463290
http://dx.doi.org/10.1146/annurev-arplant-042916-040856


Int. J. Mol. Sci. 2019, 20, 174 17 of 20

9. Züst, T.; Rasmann, S.; Agrawal, A.A. Growth-defense tradeoffs for two major anti-herbivore traits of the
common milkweed Asclepias syriaca. Oikos 2015, 124, 1404–1415. [CrossRef]

10. Anstett, D.N.; Nunes, K.A.; Baskett, C.; Kotanen, P.M. Sources of controversy surrounding latitudinal
patterns in herbivory and defense. Trends Ecol. Evol. 2016, 31, 789–802. [CrossRef]

11. Abdala-Roberts, L.; Moreira, X.; Rasmann, S.; Parra-Tabla, V.; Mooney, K.A.; Lau, J. Test of biotic and abiotic
correlates of latitudinal variation in defences in the perennial herb Ruellia nudiflora. J. Ecol. 2016, 104, 580–590.
[CrossRef]

12. Flanders, K.L.; Hawkes, J.G.; Radcliffe, E.B.; Lauer, F.I. Insect resistance in potatoes: Sources, evolutionary
relationships, morphological and chemical defenses, and ecogeographical associations. Euphytica 1992, 61,
83–111. [CrossRef]

13. Hahn, P.G.; Maron, J.L. A framework for predicting intraspecific variation in plant defense. Trends Ecol. Evol.
2016, 31, 646–656. [CrossRef] [PubMed]

14. Kim, E.; Donohue, K.; Jacquemyn, H. Local adaptation and plasticity of Erysimum capitatum to altitude: Its
implications for responses to climate change. J. Ecol. 2013, 101, 796–805. [CrossRef]

15. Körner, C.; Neumayer, M.; Menendez-Riedl, S.P.; Smeets-Scheel, A. Functional morphology of mountain
plants. Flora 1989, 182, 353–383. [CrossRef]

16. Defossez, E.; Pellissier, L.; Rasmann, S. The unfolding of plant growth form-defence syndromes along
elevation gradients. Ecol. Lett. 2018, 21, 609–618. [CrossRef] [PubMed]

17. Körner, C. Alpine Plant Life: Functional Plant Ecology of High Mountain Ecosystems; Springer: Berlin/Heidelberg,
Germany, 2003.

18. Kergunteuil, A.; Descombes, P.; Glauser, G.; Pellissier, L.; Rasmann, S. Plant physical and chemical defence
variation along elevation gradients: A functional trait-based approach. Oecologia 2018, 187, 561–571.
[CrossRef]

19. Halbritter, A.H.; Fior, S.; Keller, I.; Billeter, R.; Edwards, P.; Holderegger, R.; Karrenberg, S.; Pluess, A.R.;
Widmer, A.; Alexander, J.M. Trait differentiation and adaptation of plants along elevation gradients.
J. Evol. Biol. 2018, 31, 784–800. [CrossRef]

20. Pellissier, L.; Roger, A.; Bilat, J.; Rasmann, S. High elevation Plantago lanceolata plants are less resistant
to herbivory than their low elevation conspecifics: Is it just temperature? Ecography 2014, 37, 950–959.
[CrossRef]

21. Rasmann, S.; Buri, A.; Gallot-Lavallée, M.; Joaquim, J.; Purcell, J.; Pellissier, L.; Heard, M. Differential
allocation and deployment of direct and indirect defences by Vicia sepium along elevation gradients. J. Ecol.
2014, 102, 930–938. [CrossRef]

22. Dostalek, T.; Rokaya, M.B.; Marsik, P.; Rezek, J.; Skuhrovec, J.; Pavela, R.; Munzbergova, Z. Trade-off among
different anti-herbivore defence strategies along an altitudinal gradient. AoB PLANTS 2016, 8. [CrossRef]
[PubMed]

23. Rokaya, M.B.; Dostálek, T.; Münzbergová, Z. Plant-herbivore interactions along elevational gradient:
Comparison of field and common garden data. Acta Oecol. 2016, 77, 168–175. [CrossRef]

24. Salgado, A.L.; Suchan, T.; Pellissier, L.; Rasmann, S.; Ducrest, A.L.; Alvarez, N. Differential phenotypic and
genetic expression of defence compounds in a plant-herbivore interaction along elevation. R. Soc. Open Sci.
2016, 3, 160226. [CrossRef] [PubMed]

25. Moreira, X.; Mooney, K.A.; Rasmann, S.; Petry, W.K.; Carrillo-Gavilán, A.; Zas, R.; Sampedro, L.; Novotny, V.
Trade-offs between constitutive and induced defences drive geographical and climatic clines in pine chemical
defences. Ecol. Lett. 2014, 17, 537–546. [CrossRef] [PubMed]

26. Pellissier, L.; Moreira, X.; Danner, H.; Serrano, M.; Salamin, N.; van Dam, N.M.; Rasmann, S.; Bartomeus, I.
The simultaneous inducibility of phytochemicals related to plant direct and indirect defences against
herbivores is stronger at low elevation. J. Ecol. 2016, 104, 1116–1125. [CrossRef]

27. Abdala-Roberts, L.; Rasmann, S.; Berny-Mier, Y.T.J.C.; Covelo, F.; Glauser, G.; Moreira, X. Biotic and abiotic
factors associated with altitudinal variation in plant traits and herbivory in a dominant oak species. Am. J. Bot.
2016, 103, 2070–2078. [CrossRef] [PubMed]

28. Zhang, N.; Tonsor, S.J.; Traw, M.B. A geographic cline in leaf salicylic acid with increasing elevation in
Arabidopsis thaliana. Plant Signal. Behav. 2015, 10, e992741. [CrossRef]

29. Garibaldi, L.A.; Kitzberger, T.; Chaneton, E.J. Environmental and genetic control of insect adundance and
herbivory along a forest elevational gradient. Oecologia 2011, 167, 117–129. [CrossRef]

http://dx.doi.org/10.1111/oik.02075
http://dx.doi.org/10.1016/j.tree.2016.07.011
http://dx.doi.org/10.1111/1365-2745.12512
http://dx.doi.org/10.1007/BF00026800
http://dx.doi.org/10.1016/j.tree.2016.05.007
http://www.ncbi.nlm.nih.gov/pubmed/27282932
http://dx.doi.org/10.1111/1365-2745.12077
http://dx.doi.org/10.1016/S0367-2530(17)30426-7
http://dx.doi.org/10.1111/ele.12926
http://www.ncbi.nlm.nih.gov/pubmed/29484833
http://dx.doi.org/10.1007/s00442-018-4162-y
http://dx.doi.org/10.1111/jeb.13262
http://dx.doi.org/10.1111/ecog.00833
http://dx.doi.org/10.1111/1365-2745.12253
http://dx.doi.org/10.1093/aobpla/plw026
http://www.ncbi.nlm.nih.gov/pubmed/27169609
http://dx.doi.org/10.1016/j.actao.2016.10.011
http://dx.doi.org/10.1098/rsos.160226
http://www.ncbi.nlm.nih.gov/pubmed/27703688
http://dx.doi.org/10.1111/ele.12253
http://www.ncbi.nlm.nih.gov/pubmed/24818235
http://dx.doi.org/10.1111/1365-2745.12580
http://dx.doi.org/10.3732/ajb.1600310
http://www.ncbi.nlm.nih.gov/pubmed/27965243
http://dx.doi.org/10.4161/15592324.2014.992741
http://dx.doi.org/10.1007/s00442-011-1978-0


Int. J. Mol. Sci. 2019, 20, 174 18 of 20

30. Horgan, F.G.; Quiring, D.T.; Lagnaoui, A.; Pelletier, Y. Effects of altitude of origin on trichome-mediated
anti-herbivore resistance in wild Andean potatoes. Flora 2009, 204, 49–62. [CrossRef]

31. Scheidel, U.; Bruelheide, H. Altitudinal differences in herbivory on montane Compositae species. Oecologia
2001, 129, 75–86. [CrossRef]

32. Gripenberg, S.; Mayhew, P.J.; Parnell, M.; Roslin, T. A meta-analysis of preference-performance relationships
in phytophagous insects. Ecol. Lett. 2010, 13, 383–393. [CrossRef]

33. Kelly, C.A.; Bowers, D.A. Preference and performance of generalist and specialist herbivores on chemically
defended host plants. Ecol. Entomol. 2016, 41, 308–316. [CrossRef]

34. Sato, Y.; Kudoh, H. Tests of associational defence provided by hairy plants for glabrous plants of
Arabidopsis halleri subsp. gemmifera against insect herbivores. Ecol. Entomol. 2015, 40, 269–279.

35. Sletvold, N.; Huttunen, P.; Handley, R.; Kärkkäinen, K.; Ågren, J. Cost of trichome production and resistance
to a specialist insect herbivore in Arabidopsis lyrata. Evol. Ecol. 2010, 24, 1307–1319. [CrossRef]

36. Fei, M.; Harvey, J.A.; Yin, Y.; Gols, R. Oviposition preference for young plants by the large cabbage butterfly
(Pieris brassicae) does not strongly correlate with caterpillar performance. J. Chem. Ecol. 2017, 43, 617–629.
[CrossRef] [PubMed]

37. Reudler Talsma, J.H.; Biere, A.; Harvey, J.A.; van Nouhuys, S. Oviposition cues for a specialist
butterfly—Plant chemistry and size. J. Chem.Ecol. 2008, 34, 1202–1212. [CrossRef]

38. Van Leur, H.; Vet, L.E.M.; van der Putten, W.H.; van Dam, N.M. Barbarea vulgaris glucosinolate phenotypes
differentially affect performance and preference of two different species of Lepidopteran herbivores.
J. Chem. Ecol. 2008, 34, 121–131. [CrossRef] [PubMed]

39. Fortuna, T.M.; Woelke, J.B.; Hordijk, C.A.; Jansen, J.J.; van Dam, N.M.; Vet, L.E.M.; Harvey, J.A. A tritrophic
approach to the preference-performance hypothesis involving an exotic and a native plant. Biol. Invasions
2013, 15, 2387–2401. [CrossRef]

40. Newton, E.L.; Bullock, J.M.; Hodgson, D.J. Glucosinolate polymorphism in wild cabbage (Brassica oleracea)
influences the structure of herbivore communities. Oecologia 2009, 160, 63–76. [CrossRef]

41. Poelman, E.H.; van Dam, N.M.; van Loon, J.J.A.; Vet, L.E.M.; Dicke, M. Chemical diversity in Brassica oleraceae
affects biodiversity of insect herbivores. Ecology 2009, 90, 1863–1877. [CrossRef]

42. Halkier, B.A.; Gershenzon, J. Biology and biochemistry of glucosinolates. Annu. Rev. Plant Biol. 2006, 57,
303–333. [CrossRef] [PubMed]

43. Windsor, A.J.; Reichelt, M.; Figuth, A.; Svatos, A.; Kroymann, J.; Kliebenstein, D.J.; Gershenzon, J.;
Mitchell-Olds, T. Geographic and evolutionary diversification of glucosinolates among near relatives of
Arabidopsis thaliana (Brassicaceae). Phytochemistry 2005, 66, 1321–1333. [CrossRef] [PubMed]

44. Olsen, C.E.; Huang, X.C.; Hansen, C.I.C.; Cipollini, D.; Orgaard, M.; Matthes, A.; Geu-Flores, F.;
Koch, M.A.; Agerbirk, N. Glucosinolate diversity within a phylogenetic framework of the tribe
Cardamineae (Brassicaceae) unraveled with HPLC-MS/MS and NMR-based analytical distinction of 70
desulfoglucosinolates. Phytochemistry 2016, 132, 33–56. [CrossRef] [PubMed]

45. Agerbirk, N.; Olsen, C.E. Glucosinolate structures in evolution. Phytochemistry 2012, 77, 16–45. [CrossRef]
[PubMed]

46. Muller, R.; de Vos, M.; Sun, J.Y.; Sonderby, I.E.; Halkier, B.A.; Wittstock, U.; Jander, G. Differential effects of
indole and aliphatic glucosinolates on lepidopteran herbivores. J. Chem. Ecol. 2010, 36, 905–913. [CrossRef]

47. Giamoustaris, A.; Mithen, R. The effect of modifying the glucosinolate content of leaves of oilseed rape
(Brassica napus ssp. oleifera) on its interaction with specialist and generalist pests. Ann. Appl. Bot. 1995, 126,
347–363.

48. Lankau, R.A. Specialist and generalist herbivores exert opposing selection on a chemical defense. New Phytol.
2007, 175, 176–184. [CrossRef]

49. Jeschke, V.; Gershenzon, J.; Vassão, D.G. Insect Detoxification of Glucosinolates and Their Hydrolysis
Products. Adv. Botan. Res. 2016, 80, 199–245.

50. Van Loon, J.J.A.; Blaakmeer, A.; Griepink, F.C.; van Beek, T.A.; Schoonhoven, L.M.; de Groot, A. Leaf surface
compound from Brassica oleracea (Cruciferae) induces oviposition by Pieris brassicae (Lepidoptera: Pieridae).
Chemoecology 1992, 3, 39–44. [CrossRef]

51. Sun, J.Y.; Sonderby, I.E.; Halkier, B.A.; Jander, G.; de Vos, M. Non-volatile intact indole glucosinolates are
host recognition cues for ovipositing Plutella xylostella. J. Chem. Ecol. 2009, 35, 1427–1436. [CrossRef]

http://dx.doi.org/10.1016/j.flora.2008.01.008
http://dx.doi.org/10.1007/s004420100695
http://dx.doi.org/10.1111/j.1461-0248.2009.01433.x
http://dx.doi.org/10.1111/een.12305
http://dx.doi.org/10.1007/s10682-010-9381-6
http://dx.doi.org/10.1007/s10886-017-0853-9
http://www.ncbi.nlm.nih.gov/pubmed/28620771
http://dx.doi.org/10.1007/s10886-008-9519-y
http://dx.doi.org/10.1007/s10886-007-9424-9
http://www.ncbi.nlm.nih.gov/pubmed/18213497
http://dx.doi.org/10.1007/s10530-013-0459-2
http://dx.doi.org/10.1007/s00442-009-1281-5
http://dx.doi.org/10.1890/08-0977.1
http://dx.doi.org/10.1146/annurev.arplant.57.032905.105228
http://www.ncbi.nlm.nih.gov/pubmed/16669764
http://dx.doi.org/10.1016/j.phytochem.2005.04.016
http://www.ncbi.nlm.nih.gov/pubmed/15913672
http://dx.doi.org/10.1016/j.phytochem.2016.09.013
http://www.ncbi.nlm.nih.gov/pubmed/27743600
http://dx.doi.org/10.1016/j.phytochem.2012.02.005
http://www.ncbi.nlm.nih.gov/pubmed/22405332
http://dx.doi.org/10.1007/s10886-010-9825-z
http://dx.doi.org/10.1111/j.1469-8137.2007.02090.x
http://dx.doi.org/10.1007/BF01261455
http://dx.doi.org/10.1007/s10886-009-9723-4


Int. J. Mol. Sci. 2019, 20, 174 19 of 20

52. Bidart-Bouzat, M.G.; Kliebenstein, D.J. Differential levels of insect herbivory in the field associated with
genotypic variation in glucosinolates in Arabidopsis thaliana. J. Chem. Ecol. 2008, 34, 1026–1037. [CrossRef]
[PubMed]

53. Smallegange, R.C.; van Loon, J.J.; Blatt, S.E.; Harvey, J.A.; Agerbirk, N.; Dicke, M. Flower vs. leaf feeding by
Pieris brassicae: Glucosinolate-rich flower tissues are preferred and sustain higher growth rate. J. Chem. Ecol.
2007, 33, 1831–1844. [CrossRef] [PubMed]

54. Gloss, A.D.; Brachi, B.; Feldmann, M.J.; Groen, S.C.; Bartoli, C.; Gouzy, J.; LaPlante, E.R.; Meyer, C.G.;
Pyon, H.S.; Rogan, S.C.; et al. Genetic variants affecting plant size and chemcial defenses jointly shape
herbivory in Arabidopsis. BioArXiv 2017. [CrossRef]

55. Robin, A.H.K.; Hossain, M.R.; Park, J.I.; Kim, H.R.; Nou, I.S. Glucosinolate Profiles in Cabbage Genotypes
Influence the Preferential Feeding of Diamondback Moth (Plutella xylostella). Front. Plant Sci. 2017, 8, 1244.
[CrossRef]

56. De Vos, M.; Kriksunov, K.L.; Jander, G. Indole-3-acetonitrile production from indole glucosinolates deters
oviposition by Pieris rapae. Plant Physiol. 2008, 146, 916–926. [CrossRef] [PubMed]

57. Gols, R.; Wagenaar, R.; Bukovinszky, T.; van Dam, N.M.; Dicke, M.; Bullock, J.M.; Harvey, J.A. Genetic
variation in defense chemistry in wild cabbages affects herbivores and endoparasitoids. Ecology 2008, 89,
1616–1626. [CrossRef] [PubMed]

58. Stolpe, C.; Krämer, U.; Müller, C. Heavy metal (hyper)accumulation in leaves of Arabidopsis halleri
is accompanied by a reduced performance of herbivores and shifts in leaf glucosinolate and element
concentrations. Environ. Exp. Bot. 2017, 133, 78–86. [CrossRef]

59. Fischer, M.C.; Rellstab, C.; Tedder, A.; Zoller, S.; Gugerli, F.; Shimizu, K.K.; Holderegger, R.; Widmer, A.
Population genomic footprints of selection and associations with climate in natural populations of
Arabidopsis halleri from the Alps. Mol. Ecol. 2013, 22, 5594–5607. [CrossRef]

60. Rellstab, C.; Fischer, M.C.; Zoller, S.; Graf, R.; Tedder, A.; Shimizu, K.K.; Widmer, A.; Holderegger, R.;
Gugerli, F. Local adaptation (mostly) remains local: Reassessing environmental associations of climate-related
candidate SNPs in Arabidopsis halleri. Heredity 2017, 118, 193–201. [CrossRef]

61. Galmán, A.; Abdala-Roberts, L.; Zhang, S.; Berny-Mier y Teran, J.C.; Rasmann, S.; Moreira, X.; Randall
Hughes, A. A global analysis of elevational gradients in leaf herbivory and its underlying drivers: Effects of
plant growth form, leaf habit and climatic correlates. J. Ecol. 2018, 106, 413–421. [CrossRef]

62. Smith, J.D.; Woldemariam, M.G.; Mescher, M.C.; Jander, G.; De Moraes, C.M. Glucosinolates from Host
Plants Influence Growth of the Parasitic Plant Cuscuta gronovii and Its Susceptibility to Aphid Feeding.
Plant Physiol. 2016, 172, 181–197. [CrossRef]

63. Schlaeppi, K.; Abou-Mansour, E.; Buchala, A.; Mauch, F. Disease resistance of Arabidopsis to
Phytophthora brassicae is established by the sequential action of indole glucosinolates and camalexin. Plant J.
2010, 62, 840–851. [CrossRef] [PubMed]

64. Harvey, J.A.; van Dam, N.M.; Raaijmakers, C.E.; Bullock, J.M.; Gols, R. Tri-trophic effects of population
variation in defence chemistry of wild cabbage (Brassica oleracea). Oecologia 2011, 166, 421–431. [CrossRef]
[PubMed]

65. Abdalsamee, M.K.; Muller, C. Effects of indole glucosinolates on performance and sequestration by the
sawfly Athalia rosae and consequences of feeding on the plant defense system. J. Chem. Ecol. 2012, 38,
1366–1375. [CrossRef] [PubMed]

66. Agerbirk, N.; De Vos, M.; Kim, J.H.; Jander, G. Indole glucosinolate breakdown and its biological effects.
Phytochem. Rev. 2008, 8, 101–120. [CrossRef]

67. Metz, J.; Ribbers, K.; Tielbörger, K.; Müller, C. Long- and medium-term effects of aridity on the chemical
defence of a widespread Brassicaceae in the Mediterranean. Environ. Exp. Bot. 2014, 105, 39–45. [CrossRef]

68. Cacho, N.I.; Kliebenstein, D.J.; Strauss, S.Y. Macroevolutionary patterns of glucosinolate defense and tests of
defense-escalation and resource availability hypotheses. New Phytol. 2015, 208, 915–927. [CrossRef]

69. Körner, C. The use of ‘altitude’ in ecological research. Trends Ecol. Evol. 2007, 22, 569–574. [CrossRef]
70. Anstett, D.N.; Ahern, J.R.; Glinos, J.; Nawar, N.; Salminen, J.P.; Johnson, M.T. Can genetically based clines in

plant defence explain greater herbivory at higher latitudes? Ecol. Lett. 2015, 18, 1376–1386. [CrossRef]
71. Løe, G.; Toräng, P.; Gaudeul, M.; Ågren, J. Trichome production and spatiotemporal variation in herbivory

in the perennial herb Arabidopsis lyrata. Oikos 2007, 116, 134–142. [CrossRef]

http://dx.doi.org/10.1007/s10886-008-9498-z
http://www.ncbi.nlm.nih.gov/pubmed/18581178
http://dx.doi.org/10.1007/s10886-007-9350-x
http://www.ncbi.nlm.nih.gov/pubmed/17828429
http://dx.doi.org/10.1101/156299
http://dx.doi.org/10.3389/fpls.2017.01244
http://dx.doi.org/10.1104/pp.107.112185
http://www.ncbi.nlm.nih.gov/pubmed/18192443
http://dx.doi.org/10.1890/07-0873.1
http://www.ncbi.nlm.nih.gov/pubmed/18589526
http://dx.doi.org/10.1016/j.envexpbot.2016.10.003
http://dx.doi.org/10.1111/mec.12521
http://dx.doi.org/10.1038/hdy.2016.82
http://dx.doi.org/10.1111/1365-2745.12866
http://dx.doi.org/10.1104/pp.16.00613
http://dx.doi.org/10.1111/j.1365-313X.2010.04197.x
http://www.ncbi.nlm.nih.gov/pubmed/20230487
http://dx.doi.org/10.1007/s00442-010-1861-4
http://www.ncbi.nlm.nih.gov/pubmed/21140168
http://dx.doi.org/10.1007/s10886-012-0197-4
http://www.ncbi.nlm.nih.gov/pubmed/23053922
http://dx.doi.org/10.1007/s11101-008-9098-0
http://dx.doi.org/10.1016/j.envexpbot.2014.04.007
http://dx.doi.org/10.1111/nph.13561
http://dx.doi.org/10.1016/j.tree.2007.09.006
http://dx.doi.org/10.1111/ele.12532
http://dx.doi.org/10.1111/j.2006.0030-1299.15022.x


Int. J. Mol. Sci. 2019, 20, 174 20 of 20

72. Schulz, E.; Tohge, T.; Zuther, E.; Fernie, A.R.; Hincha, D.K. Flavonoids are determinants of freezing tolerance
and cold acclimation in Arabidopsis thaliana. Sci. Rep. 2016, 6, 34027. [CrossRef] [PubMed]

73. Beradi, A.; Taylor, D. The Role of the Plant Flavonoid Pathway in Adaptation to Elevation. Ph.D. Thesis,
University of Virginia, Charlottesville, VA, USA, 2014.

74. Simmonds, M.S.J. Importance of flavonoids in insect-plant interactions: Feeding and oviposition.
Phytochemistry 2001, 56, 245–252. [CrossRef]

75. Harvey, J.A.; Gols, R.; Wagenaar, R.; Bezemer, T.M. Development of an insect herbivore and its pupal
parasitoid reflect differences in direct plant defense. J. Chem. Ecol. 2007, 33, 1556–1569. [CrossRef] [PubMed]

76. Kazemi-Dinan, A.; Thomaschky, S.; Stein, R.J.; Kramer, U.; Muller, C. Zinc and cadmium hyperaccumulation
act as deterrents towards specialist herbivores and impede the performance of a generalist herbivore.
New Phytol. 2014, 202, 628–639. [CrossRef] [PubMed]

77. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing:
Vienna, Austria, 2016.

78. Grosser, K.; van Dam, N.M. A Straightforward Method for Glucosinolate Extraction and Analysis with
High-pressure Liquid Chromatography (HPLC). J. Vis. Exp. 2017, 121, e55425. [CrossRef] [PubMed]

79. Jackman, S. pscl: Classes and Methods for R Developed in the Political Science Computational Laboratory; R Package
Version 1.5.2; United States Studies Centre, University of Sydney: Sydney, New South Wales, Australia, 2017.

80. Bates, D.; Maechler, M.; Bolker, B.; Walker, S. Fitting linear mixed-effects models using lme4. J. Stat. Softw.
2015, 67, 1–48. [CrossRef]

81. Lefcheck, J.S. piecewiseSEM: Piecewise structural equation modeling in R for ecology, evolution, and
systematics. Methods Ecol. Evol. 2015, 7, 573–579. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/srep34027
http://www.ncbi.nlm.nih.gov/pubmed/27658445
http://dx.doi.org/10.1016/S0031-9422(00)00453-2
http://dx.doi.org/10.1007/s10886-007-9323-0
http://www.ncbi.nlm.nih.gov/pubmed/17587139
http://dx.doi.org/10.1111/nph.12663
http://www.ncbi.nlm.nih.gov/pubmed/24383491
http://dx.doi.org/10.3791/55425
http://www.ncbi.nlm.nih.gov/pubmed/28362416
http://dx.doi.org/10.18637/jss.v067.i01
http://dx.doi.org/10.1111/2041-210X.12512
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

