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Abstract:

Plant phenotypic plasticity in response to herbivore attack includes changes in flower traits.
Such herbivore-induced changes in flower traits have consequences for interactions with
flower visitors. Here, we synthesize current knowledge on the specificity of herbivore-induced
changes in flower traits, the underlying molecular mechanisms and the ecological
consequences for flower-associated communities. Herbivore-induced changes in flower traits
seem to be to a large extent herbivore-species-specific. The extensive plasticity observed in
flowers influences a highly connected web of interactions within the flower-associated
community. We argue that the adaptive value of herbivore-induced plant responses and
flower plasticity can only be fully understood from a community perspective, rather than from

pairwise interactions.

Flowers and their environment
The angiosperms, which comprise the majority of plant species, are characterized by an
incredible diversity in flowers that range from the tiny millimetre-long flowers of duckweed

(Lemna minor) to the giant meter-wide corpse flower (Rafflesia arnoldi) [1, 2]. The diversity of
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shapes, colours and scents of flowers is largely a result of evolution with an even more diverse
flower-associated community [3, 4]. This community includes mutualists, such as pollinators
(see Glossary), predators and parasitoids, as well as antagonists, such as herbivores and
pathogens [5-7]. As flowers are the reproductive organs of the plant, their displays are under
selection to maximize reproduction under varying environmental conditions. Flowering plants
are therefore expected to respond to the environment, including visitation by antagonists and
mutualists. Indeed, flower traits readily change in response to herbivory or pathogen attack,
even when these antagonists attack plant organs other than flowers [8, 9]. Flower traits also
change in response to the activity of mutualists such as pollinators [10-13] and beneficial
microbes [14-16]. Here, we focus on herbivore-induced changes in flower traits, because
despite accumulating data on this topic, we still have important knowledge gaps. It is unclear
if there are general patterns in flower phenotypic plasticity to different types of herbivores,
and whether such plasticity is adaptive for the plant. Alternatively, herbivore-induced changes
that are non-adaptive may merely change as pleiotropic effects of herbivore-induced plant
responses via resource trade-offs, genetic, biochemical or functional linkage (see Box 1).
Because changes in flower traits mediate interactions with multiple flower-associated
community members, we need to adopt a community approach to understand flower trait
plasticity [6, 7, 17, 18]. In this review, we discuss 1) the current knowledge on the specificity
of induction and to what extent herbivore-induced changes affect flower traits, 2) what are
the underlying molecular mechanisms of flower plasticity, 3) the adaptive value of herbivore-
induced flower plasticity in mediating interactions with flower visitors, and 4) the ecological

consequences of floral plasticity for flower-associated communities.

Specificity of herbivore-induced floral plasticity

The influence of herbivore-induced changes on flower traits and consequences for flower
visitors was first recognized more than two decades ago [19] (Figure 1, Key Figure). Since then,
it has become apparent that floral plasticity in response to herbivory differs among plant
species, and ranges from limited to extensive plasticity [17, 20, 21] (Table 1). For example,
folivory by Trichoplusia ni affects flower morphology of Campanula rotundifolia, floral volatile
blend composition of Heterotheca villosa, whereas it does not affect flower traits of Phacelia
hastata or Potentilla recta [21]. In Brassica nigra, a range of herbivore species that commonly

attack this species change multiple traits simultaneously, including floral morphology,
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volatiles, colour, nectar and pollen production [8]. Some flower traits are more plastic than
others, either because their expression is more plastic [22, 23], or because they are more
closely connected to physiological regulation of plant defences (Box 1). Especially flower
phenology, morphology, and volatile emission seem to be plastic in response to herbivory,
while nectar production changes in some cases, but not in others (Table 1). Few studies
investigated a set of multiple flower traits, e.g. flower colour, pollen production and chemistry
are rarely investigated. When measured, colour and pollen production show changes in
response to herbivory, but not necessarily so [8, 12, 24, 25]. For instance, the reflectance
spectrum of flowers might not change in response to herbivory [20, 24], or change by
reflecting higher or lower intensities of specific wavelengths like yellow and UV [8]. When
pollen production changes in response to herbivory, this is mostly by a reduction in the
amount of pollen produced [8, 25].

Besides variation in plant species and traits, herbivore-induced changes in flower traits vary
with herbivore identity and feeding behaviour (Table 1). Because herbivore-induced plant
responses often contain a systemic component, and defence and reproduction are
physiologically linked (Box 1), we expect similar patterns of specificity in the induction of
flower traits as for defence traits. Specificity of induction of foliar defence traits often includes
a general component based on the feeding mode and feeding site of the herbivore and a more
specific component based, among others, on herbivore identity [26-29]. The limited direct
evidence we have suggests that changes in flower traits are to a large extent herbivore-species
specific (Table 1). Indirect evidence gained by comparing different studies supports this. For
example, the application of jasmonic acid (JA) on leaves of Brassica nigra, which induces the
general component of herbivore-induced plant responses against chewing herbivores,
reduced nectar production in the flowers, whereas folivory by Pieris rapae or P. brassicae
caterpillars, two chewing herbivores that induce JA, increased nectar production or had no
effect [30, 31]. To explain differences in specificity of induction between foliar and floral

tissues, we need to consider the underlying physiological mechanisms.

Physiological regulation of flower plasticity
Herbivore-induced changes in plant leaves are well known to be mediated by phytohormonal
signal-transduction pathways [32]. Emerging evidence indicates that flowers, just as leaves,

respond to herbivory by activating phytohormonal signalling. Increased expression of the JA
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biosynthesis gene LIPOXYGENASE-2 (LOX2) can be induced in various floral tissues by
exogenous methyl jasmonate [33], and leaf herbivory can induce the expression of JA
biosynthesis genes, such as ALLENE OXIDE SYNTHASE (AOS) in the flowers [34, 35], with
subsequent induction of JA [34, 36, 37]. In contrast to leaves, concentrations of floral salicylic
acid (SA) have so far not been shown to change in response to herbivory, while for abscisic
acid (ABA) evidence suggests that herbivory has either no effect or results in increased
concentrations of ABA in flowers [34, 36]. Despite the apparently conserved phytohormonal
signalling in leaves and flowers (Box 2), important tissue-specific patterns in the accumulation
and regulation of signalling pathway components have been identified [38]. This may explain
the discrepancy in specificity of herbivore induction between foliar and floral tissues. So far,
the accumulation and regulation of foliar and floral tissue-specific components have mostly
been documented for the JA-pathway. The constitutive accumulation of ALLENE OXIDE
CYCLASE (AOC) mRNA and proteins was found to be higher in tomato flowers compared to
leaves, and also differed between flower tissues [39]. The accumulation of AOC mRNA and
proteins was accompanied by tissue-specific increases in the concentrations of JA, 12-oxo-
phytodienoic acid (OPDA), and jasmonoyl-L-isoleucine (JA-lle). When AOC was overexpressed
in tomato, this increased JA and OPDA concentrations in buds and flowers, but not in leaves
[40]. The increase in JA and OPDA concentrations differed among floral tissues, resulting in
specific ratios of these compounds in various flower organs. Biosynthesis of JA in the stamens
of A. thaliana starts with the expression of DEFECTIVE IN ANTHER DEHISCENCE1, which is not
expressed in other flower tissues [41]. In pea (Pisum sativum), a LOX gene has been identified
which is predominantly expressed in the flowers, and shows differential expression in flower
tissues, with the highest expression in petals and carpels [42]. Together, these results suggest
differential regulation of JA biosynthesis between leaves and flowers, and even different
flower organs, via the tissue-specific accumulation of conserved pathway components and the
presence of unique pathway components. Such tissue specificity is also present in the JA-
induced part of the signalling pathway. Specific types of JASMONATE ZIM-DOMAIN (JAZ) and
MYB proteins are found in flowers, that are not expressed in leaves [43-46]. These specific JAZ
proteins are important for the accumulation of constitutive defences [43]. Moreover, JAZ
proteins that occur both in leaves and flowers can serve different functions, with different
regulatory targets [47]. Especially JAZ proteins and transcription factors (TFs) such as MYCs,

MYBs and APs, may be important for tissue-specific regulation of particular processes, such as
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flower development and defence [46, 48-50]. For example, in Arabidopsis flowers JAZ1, 3, 4
and 9 proteins interact with the TFs TOE1 and TOE2 to regulate CORONATINE INSENSITIVE 1
(Col1)-dependent flowering, but not COI/1-dependent defence gene expression [48]. Also,
MYB and WRKY TFs, and multiple CYP94-genes — important in feedback mechanisms of JA-lle
— are differentially expressed in leaves and flowers, and even in different floral tissues [45, 51,
52].

Regarding the SA-pathway, leaves and flowers can contain different concentrations of free
and total SA, which results in tissue-specific transcriptional responses of SA-regulated defence
genes [36, 53]. Moreover, SA concentrations and gene transcription levels also differ between
sepals and petals, although the differences are smaller compared to leaves. The TF HAHB10 is
induced in sunflower leaves after SA treatment and pathogen attack, but repressed after
wounding [54]. This TF increases the expression of multiple genes involved in flowering, and
represses the expression of multiple genes involved in JA- and SA-mediated defence.
Interestingly, this TF is mostly expressed in mature leaves, and almost absent in floral tissues,
except for the carpels [54].

This suggests that regulation of development and defence is different in vegetative and floral
tissues of flowering plants. Tissue-specific gene expression patterns and regulatory
components likely lead to different plant responses in leaves versus flowers. Indeed, floral and
foliar herbivory induce different changes in the plant [35, 55], and plant responses to foliar
herbivory differ for foliar and floral tissues [12, 30, 37]. Flowers even respond differently to
attack on different systemic tissues. For example, root and foliar herbivory induce different
changes in flower traits [8, 56] (Figure 1). Moreover, the plant as an integrated phenotype can
adopt different defence strategies depending on plant ontogeny [57], and specifically
between vegetative and flowering stages [58, 59]. The timing of herbivory over plant ontogeny
can therefore result in different patterns of herbivore-induced plant responses [60]. Taken
together, tissue-specific and ontogeny-specific expression of genes and regulatory
components with resultant differential expression of plant responses likely explain the
differences in specificity of herbivore-induced changes in plant traits between leaves and
flowers. Such knowledge on the underlying mechanisms allow us to manipulate the plant
phenotype, while preserving the context of these complex interactions, to test effects of floral

plasticity on other organisms present in the environment, and plant fitness.
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Adaptiveness of floral plasticity

Flower traits that commonly change in response to herbivory are hypothesised to be adaptive
by mediating interactions that maximize reproductive output, thus benefiting plant fitness
(Figure 2). By now, we acknowledge that floral volatiles commonly change in response to
herbivory and that these are exploited by natural enemies of herbivores [24, 61, 62]. Although
plant fitness benefits through the attraction of natural enemies of herbivores are intuitive and
have been shown for plants in interactions with herbivores and natural enemies in the
vegetative stage [63], these remain largely elusive for flowering plants (but see [64]).
Herbivore-induced changes can increase the attraction of pollinators [8, 65, 66], potentially
via changes in floral volatile emission [67]. An increased attraction of pollinators can increase
reproductive output [67, 68], but not necessarily [65], and this likely depends on conditions
such as pollen and resource limitations. Herbivore-induced changes can lead to increased
resistance to florivores, seed predators, and nectar thieves [66, 69], by changes in flower
chemistry [7, 37, 70, 71]. Leaf-herbivore-induced resistance to seed predators benefits plants
of Oenothera biennis by reducing seed predation to a large extent, whereas leaf herbivory
itself had little impact on reproductive output [37]. Hence, herbivore-induced changes in
flower traits that mediate interactions with mutualistic or antagonistic flower visitors may be

adaptive for the plant.

In contrast to benefits, changes in flower traits may result in ecological costs [55, 72]. The
most commonly reported ecological cost is a reduction in pollinator visitation [17, 55],
mediated by herbivore-induced changes in floral volatiles, morphology, colour, and/or
rewards (Figure 2) [8, 24, 55, 73]. Such reductions in pollinator visitation can negatively affect
plant reproductive output [73], but not necessarily, again depending on conditions such as
pollen and resource limitations [74, 75]. Herbivore-induced flower traits may also interfere
with the optimization of pollination. For example, plants use honest signalling to increase
flower constancy and pollination effectiveness [76]. With honest signalling, plants provide one
or a few cues, such as volatile compounds or flower size, that are reliable indicators of flower
rewards. By altering flower volatile emission, morphology, size, and nectar and pollen
production, herbivores potentially interfere with honest signalling [8, 77]. Herbivory can also
alter local changes in flower traits in response to visitation by flower visitors. Pollination often

induces changes in flower volatile emission, colour and morphology, resulting in reduced
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visitation by other pollinators to already pollinated flowers [10-13]. Pollination-induced
changes in, for example, floral volatiles can be dependent on whether the plant is
simultaneously attacked by herbivores [12], which might reduce pollination effectiveness.
Interestingly, ecological costs of changes in flower phenotype in terms of reduced pollination
can be compensated for by simultaneous changes in plant mating system [78], by, for
example, increasing autogamous selfing [79]. Herbivore-induced changes can increase the
attraction of florivores by changing apparency traits such as plant height, or flower colour and
volatile emission [69], with potential negative effects on plant reproduction [80]. Thus,
herbivore-induced changes in flower traits can be detrimental for plant reproduction by

altering interactions with flower visitors.

Herbivore-induced changes in interactions with flower visitors seem adaptive in some cases,
such as increased resistance to florivores, while maladaptive in others, such as the reduced
visitation by pollinators (Figure 2). Despite these insights, we lack studies that specifically
target fitness effects of plant responses to herbivory [81], and link these to altered interactions
with flower visitors. To understand the adaptive value of flower plasticity with contrasting

effects on pairwise interactions, it is important to adopt a community perspective.

Consequences for flower-associated communities

The flower-associated community is highly diverse and includes mutualists such as pollinators,
predators, parasitoids, and beneficial microorganisms as well as antagonists such as
herbivores and pathogenic microorganisms [5-7]. Flowers are visited by one or multiple
pollinator species, predominantly bees, flies, butterflies and moths, or beetles. The
composition of the pollinator community might be very specific for plant species, even when
those plants are part of the same plant community. Generalist predators such as crab spiders,
true bugs, and social wasps use flowers as hunting grounds [64, 82], whereas specialist
parasitoids may visit flowers to find their specific hosts [6, 24, 62]. Herbivores visit flowers
frequently, and as larvae or adults can consume specific organs or the complete flower [7].
Florivores can feed exclusively on flowers, but also start feeding on leaves and move to the
flowers later in development, or switch diet when flowers become available [83]. In addition
to interactions with insects, flowers contain a rich microbial community consisting of fungi,

bacteria, archaea, and viruses [84]. These microbes can be antagonists by destroying flower
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tissues, opportunists that exploit the transient habitat without benefits or detriments to the
flowers, or mutualists by competing for niche space with antagonistic microbes. The floral
microbial community shows considerable variation in space, various flower organs, and time
[84]. Some flower visitors use flower traits for host-plant location, whereas the growth and
survival of most of these organisms is affected by the chemical composition of the flowers [7,
84, 85]. Therefore, we expect herbivore-induced changes in flower traits to have major impact

on flower-associated community dynamics.

Herbivore-induced changes in flower traits have flower-community wide consequences.
Pollinator community composition can be different for herbivore-infested plants compared to
uninfested plants [20, 68, 86], but not necessarily [21, 83], and this may depend on the identity
and feeding guild or feeding site of the herbivore [68]. Florivore community assembly can be
affected by early-season leaf herbivory [87]. Interestingly, the florivore community of Brassica
oleracea was affected differentially by the sequence of arrival of two leaf-feeding herbivores
early in the season [87]. Although there is no direct evidence that herbivore-induced changes
in flower traits affect floral microbial community composition, this is most likely [88].
Herbivore-induced changes in flower traits include many characteristics that affect the
abundance and diversity of floral microbes such as nectar composition and volatile emission
[84]. Chemical properties of nectar are a prime determinant of microbial communities in
nectaries. For example, the composition of secondary metabolites such as pyridine-type
alkaloids affect bacterial community richness, diversity and composition in the nectar [89],
and herbivory can increase nectar alkaloid levels [90]. Therefore, we expect that changes in
flower traits in response to herbivory affect floral microbial communities.

Flower plasticity can link multiple interactions between flower visitors. Flowers are generally
short-lived [91]. Flower-associated organisms all interact with flowers during this short time
window. Flower visitors that respond to herbivore-induced changes in flower traits, so-called
receivers, can become inducers themselves when their activities induce additional changes in
flower traits (Figure 3). Such flower-visitor-induced changes in flower traits can subsequently
affect other flower visitors [12-16, 66], and even feedback to leaf herbivores [69]. Changes in
flower phenotype in response to each interacting flower visitor will result in multiple linked
indirect interaction units, where one interaction unit comprises an inducer, the mediator (the

flower(s)), and a receiver (Figure 3) [92]. For example, herbivory can induce changes in nectar
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composition and volatile emission [30, 90], which subsequently affect nectar microbial
community composition and pollinator visitation [12, 30, 68, 89]. Different nectar microbial
communities may induce further changes in nectar composition and volatiles, which affect
parasitoid foraging and performance [14, 16], and pollinator visitation [15]. Indeed, artificial
florivory, pollination, and nectar robbery have been shown to affect multiple subsequent
flower visitors at the same time, including pollinators, nectar thieves and robbers, florivores,
and predators [66, 69]. Interestingly, most effects were non-additive which suggests that the
effect of one flower visitor can depend on the presence or behaviour of other flower visitors.
Taken together, the extensive plasticity of flowers likely results in a highly connected web of

interactions within the complete flower-associated community.

Although flower plasticity most likely has community-wide effects, broader patterns are
difficult to predict. We still lack detailed knowledge on flower plasticity in response to the
community; e.g. how flowers respond to sequential induction by different interactors or
multiple interactors at the same time. Different interactors may vary in the magnitude of
induced changes in flowers, with supposedly varying community-wide effects. Leaf and root
herbivory induce systemic changes in the plant, likely affecting all flowers in the
inflorescences, with high potential to affect temporal or spatially displaced flower visitors [68,
73]. For floral herbivory, herbivore-induced changes can be local, which would restrict the
effects to visitors of that specific flower or a specific inflorescence. For example changes in
flower phenotype due to feeding damage by florivores can be restricted to individual flowers,
and damaged flowers subsequently receive fewer pollinator visits [93, 94]. Moreover, the
tissue/organ that is damaged can influence how the flower appears to flower visitors [95, 96].
For example, nectar-guide removal in Alstroemeria ligtu reduced pollinator visitation, whereas
lateral red tepal removal did not [96]. Interestingly, damaged flowers can also reduce
visitation to undamaged flowers in the inflorescence [97], either due to systemic changes in
the whole inflorescence, or because pollinators judge potential food plants on the plant level
and therefore avoid damaged plants as a whole. Pollinator- and microbe-induced changes in
flower traits are expected to be mostly local. Some of these local effects, such as pollinator-
induced changes in flower longevity, affect plant appearance as a whole, and thereby

pollinator and florivore visitation to non-induced flowers [13, 98]. Thus, community-wide
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effects of flower plasticity likely vary considerably depending on the type of inducer, and
whether induction is local or systemic.

It is also worth considering how such effects will vary depending on plant phenological traits
such as flower longevity and abundance. Plant species can differ greatly in flower longevity
and abundance, from having just a few flowers that can last multiple months, to having
hundreds of flowers that last for a few days or less [91]. Community-wide effects of local
induction are probably much more extensive for plant species with a few long-lived flowers
compared to plant species with a high floral turn-over. The extent of floral plasticity can also
vary depending on flower longevity and abundance. Long-lived flowers are expected to be
more plastic to continuously adapt to environmental variation [13, 91]. Orchids with their
relatively long-lived flowers, for example, alter flower longevity depending on variation in the
biotic environment, i.e. the presence of pollinators which pollinate the flower [91]. Although
potentially less affected by local pollinator-induced changes, short-lived flowers still readily
change in response to systemic induction by herbivores [56]. Local microbe-induced changes
might affect short- and long-lived flowers to the same extent, because microbes directly
modulate flower traits rather than indirectly via changes in plant physiology [84, 99]. The
consequences of such microbe-induced changes will be more apparent for plants with long-
lived flowers, however, due to the lower rate of flower turn-over and smaller numbers of
flowers [91]. Hence, flower longevity and abundance can be important for community-wide
effects of local and systemic induction.

Lastly, responses of certain groups of flower visitors to flower plasticity are better understood
than others, and we specifically lack fundamental knowledge on if and how herbivore-induced
changes affect floral microbial community composition, differential responses of microbe
species, and differential effects on microbes inhabiting different floral organs. Although it
seems likely that flower plasticity has community-wide effects, we still have important gaps in
our knowledge with respect to flower plasticity, to what extent such plasticity may be

explained by plant life-history traits, and what the consequences for flower visitors are.

Concluding remarks and future perspectives
To understand the ecology of flower plasticity, we need to adopt a community context
approach. The evolution of flowers cannot be fully explained by focussing solely on pollinators,

but rather by combined selection of the flower-associated community, e.g. pollinators,
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florivores, and microbes [3, 66]. Likewise, the evolution of plant defences cannot be fully
explained by focussing solely on herbivores, and theories on plant defence evolution will
benefit from including plant reproduction. For example, outcrossing Nicotiana species have
lower nicotine concentrations in leaves, flowers, and nectar compared with selfing species
[100]. Defensive traits may evolve from pre-existing traits with reproductive functions, and
hence reproductive evolutionary history may help to explain the current defence phenotype
[101]. Moreover, communities are characterized by ample indirect interactions among their
members. These indirect interactions are as important as direct interactions are in shaping
evolution [72, 102-104]. Hence, organisms such as herbivores not directly associated with the
flowers can contribute to flower evolution by indirectly affecting interactions with flower
visitors (non-additive selection). The herbivore-species-specific nature of flower plasticity in
response to herbivory suggests a high number of potential selective agents, but also large
temporal and spatial fluctuations in selection pressure exhibited by such indirect interactions.
Particular plant traits such as flower longevity and abundance, or the ability to separate foliar
from floral plant responses, or defence and reproduction for the plant as a whole, may
determine the extent of non-additive selection by indirect interactions. Separation of foliar
from floral plant responses, and defence and reproduction, can partly be achieved by tissue-
specific gene expression and regulatory components, and plant ontogenetic trajectories in
growth-defence-reproduction strategies. Still, it might be difficult for plants to completely
separate processes in leaves and flowers, and defence and reproduction, due to various
physiological links that allow plants to function as one integrated entity. Exploring the ecology
of plastic flowers will extend our understanding of the evolution of plant defence and

reproduction.

To better understand flower plasticity in response to herbivory, we need to deepen our
knowledge on specificity of induction, for example by using combinations of herbivores that
show patterns of induction of changes in foliar and/or root traits related to feeding guild,
feeding site, or host plant specialization. Such studies should measure a multitude of flower
traits because specificity of induction can only be judged when considering the complete
flower phenotype. We have just started to unravel the molecular mechanisms underlying
specificity in flower plasticity, especially how phytohormones, secondary metabolites, and

defence genes are expressed in the flowers [43, 47, 48, 51, 53]. More insight into such tissue-
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specific plant responses will shed light on which of the potential links between defence and
reproduction (Box 1) are common and important in flower plasticity in response to herbivory.
Moreover, research on specificity of induction will provide broader insights in how flowering
plants deal with ecological variation, and optimize the attraction of mutualists while dealing
with antagonists. The consequences of floral plasticity should be investigated in a community
context, and should consider adaptive plasticity, with consequences for plant reproduction.
An interesting approach would be to focus on keystone herbivores: herbivores that have a
large effect on the interaction network with associated fitness consequences for the plant
[72]. Keystone herbivores that especially affect the flower-visitor community can be compared
with keystone herbivores that have large effects on foliar and/or root communities, and non-
keystone herbivores to identify how such herbivores drive selection in complex communities,
and what the contribution of flower plasticity and the flower-associated community is.
Another interesting approach will be to compare responses of flower-associated communities
varying in their overall degree of host plant specialization [17], because these might
differentially impact plant fitness, and open up different evolutionary trajectories. In addition
to systemic induction, the role of local flower plasticity in response to herbivory, but also
pollination and microbial induction, needs further attention (See Outstanding Questions). The
community-wide effects of local compared to systemic flower plasticity have so far not been
explored, and it will be interesting to compare flower plasticity of plants with particular traits,
such as flower longevity and abundance, in this perspective. Comparing plants with particular
defensive flower traits, and applying explicit hypothesis from theories on the evolution of
plant defence will reveal if we can generalize patterns of defences in flowering plants as we
have done for plants in the vegetative stage [105]. For example, do plants with apparent
flowers invest more in constitutive defences in the flowers whereas plants with unapparent
flowers invest more in inducible defences in the flowers? Answers to such questions will
facilitate the integration of evolutionary theories on plant defence and reproduction and help

explain flower plasticity in response to herbivory (see also outstanding questions).
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Figure legends

Figure 1. lllustration of the potential effects of herbivore-induced plant responses on flower
traits and consequences for flower-associated organisms. Plant responses to herbivory involve
the systemic activation of phytohormonal signalling pathways. Overall patterns illustrate that
above- and belowground chewing herbivores induce the jasmonic acid (JA) pathway, whereas
sap-feeding herbivores induce the salicylic acid (SA) pathway. Both defence and reproduction
are mediated by phytohormones such as JA and SA, but also others. Moreover, defence and
reproduction are physiologically linked via various mechanisms. Both defence- and
reproduction-related processes affect the expression of flower traits. Flower traits mediate
interactions with flower-associated community members such as floral microbes, florivores
(including seed predators, and nectar or pollen thieves and robbers), pollinators, and
predators and parasitoids. Photograph credits: Dani Lucas-Barbosa, Jitte Groothuis, Erik

Poelman, and Quint Rusman.

Figure 2. Schematic representation of herbivore-induced changes in flower traits that mediate
interactions with flower-associated organisms. Solid lines indicate direct evidence, while
dashed lines are based on indirect evidence. The sign in the circle represents the direction of
effect, where + = positive effects, - = negative effects, +/- = both positive and negative effects,
on the attraction, abundance, or performance of the insects and microbes. The term florivore
here includes seed predators, and nectar and pollen thieves and robbers. Photograph credits:

Erik Poelman and Quint Rusman.
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Figure 3. Theoretical framework of how plant-mediated species interactions form a network
of trait-mediated species interactions within flowers (A), the whole plant (B), or both (C, D).
(A) A flower feeding herbivore that induces a local plant response (inducer) affects floral
microbes (receiver), that in turn may affect the same or different flower traits that are
received by a pollinator. (B) A leaf feeding herbivore that induces systemic plant responses
(inducer) affects a flower feeding herbivore (receiver), that in turn also induces systemic plant
responses and affects the same or different flower traits that are perceived by a pollinator. (C)
A leaf feeding herbivore that induces systemic plant responses (inducer) affects a pollinator
(receiver), that in turn induces local plant responses and affect the same or different flower
traits that are received by a predator. (D) Local or systemic induced changes may affect
multiple receivers at the same time and have flower-community wide consequences.

Photograph credits: Erik Poelman and Quint Rusman.



705 Table 1. Phenotypic plasticity of flowers in response to herbivory with its effects on subsequent flower visitation by other organisms.

Flower Petal
Flower morphology Flower colour Flower rewards Behavioural responses
volatiles quality

Refs

Feeding guild or site
Insect herbivore
Plant species
Flower abundance
Flower phenology
Petal/Corolla size
Petal/Corolla length
Petal/Corolla width
Petal roundness
Flower display size
Anther Length
Style Length
Herkogamy
Total volatile
emission
Volatile blend
Reflectance
spectrum
Yellow reflectance
UV reflectance
Defensive chemistry
Nutritional
Nectar volume
Nectar sugar conc.
Nectar chemistry
Pollen grains
Pollen chemistry
Syrphid fly
Butterfly behaviour
Hummingbird
Bee behaviour
Predators and
Florivores

Athalia
(8]

w
=]

(@]
(@]
(@]
(@]
o
(@]
(@]
(@]
(@]
(@]

rosae

Depressaria
Ps . . . . . . . . + C . . . . . . . . . . . . . . . [106]

pastinacella

Manduca
Sp (o] . . . . . (o] (0] . C . . . . . . . . . . . . . _ . _ [55]
sextra

Phaedon +/ +/
Sa (] . . . (o] . . . o/? o/? . . . . . . . . . . . . . . . . [20]

cochleariae (o] (0}

Pieris
Br . + } . . } o} ) ) . ? o ) . o) . ) ) . ) . . ; . _ + } 24
brassicae/
Pieris
Bn . . ) . . ) . ) ) . ) C o) o) o) C . ; ; . ; . o) . ) ) ) [12]
brassicae
Pieris
Bn . . . . . . . . . . . C . . . . . (0] C (0] . . . . . [30]
brassicae

.Chewing herbivores

Pieris rapae Rr (0] . . . . . . . . . . . . . _ . . _ . _ . . _ . . [19]

Plutella
Bn o) . o) 0 + ot . . . o) c c 0 0 . . . . . . . 0 . . . . [8]
xylostella

Spodoptera
Br . . . . (0] . . . ? (0] . . + . . . . . . . . . _ . . [24]

littoralis

Spodoptera
Sa (0] . . . . . . . . . . . . . (o] . . . . . . . . . . [25]
littoralis

Spodoptera
Sl (o] . . (o] (o] . . . . . ?/+ ? . . . . . (o] (o] . . . . . . . . . [67]

littoralis

Trichoplusia
cr o) . . . . . . . . o) o) . . . . . . . . . . . . . o) . . [21]

ni



Sap-feeding herbivores

Root-feeding
herbivores
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Trichoplusia

Hv (o] . . . . . (o] . . . o] C . . . . . . . . . . . . . _ . . [21]
ni
Trichoplusia
Ph (o] . . . . . (o] . . . o] 6] . . . . . . . . . . . . . 0 . . [21]
ni
Trichoplusia
Pr (o] . . . . . (o] . . . o] o] . . . . . . . . . . . . . 0 . . [21]
ni
Zeromastax
Pa . . . (o] . . . o] _ . o] o] . . . . . _ + . . . . . _ o] . . [73]
selenesii
Brevicoryne
Bn (o] . (o] _ 0 _ (o] . . . o] C C 0] + . . _ . . . . _ _ . . . . [8]
brassicae
Lipaphis
Bn (0] . + (0] + _ (0] . . . (0] C C (e} + . . (0] . . (0] + + . . . . [8]
erysimi
Philaenus
Mg (o] . _ _ 0] . (o] . . + . . . . . . . . . . . (0} . . 0] . . [107]
spumarius
Agriotes sp. Sa (0] (0] (0} 5 5 : 5 (0} ; 5 ; ; ; ; 5 5 5 (0} 5 5 5 5 5 5 5 3 3 3 [25]
Delia
Bn (] . + (] + _ (] . . . (0] C C (0} (0} . . (0] . . _ . + (0] . . . . [8]*
radicum

! Compared to uninfested plants, herbivory may increase (+), decrease (-), or have neutral (O) effects on plant traits and flower visitors, or
herbivory may change traits in a specific direction (C). A dot (.) indicates that the trait/insect response was not assessed for the respective
herbivore. Question mark indicates that no exact data was presented or accessible, or no proper statistical analysis was done. We only included
studies that assessed 3 or more trait groups. Plant species: Bn = Brassica nigra, , Br = B. rapa, Pa = Palicourea angustifolia, Sa = Sinapis arvensis,
S| = Silene latifolia, Cr = Campanula rotundifolia, Hv = Heterotheca villosa, Ph = Phacelia hastata, Pr = Potentilla recta, Mg = Mimulus guttatus, Sp

= Solanum peruvianum, Rr = Raphanus raphanistrum, Ps = Pastinaca sativa.
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Box 1: Physiological links between defence and reproduction

Plant defence and reproduction appear to be linked because defensive and reproductive traits
are correlated [90, 108] and the expression of flower traits changes in response to herbivore
attack. Various mechanisms have been proposed to explain these links [17, 18]. All traits share
resources from the limited nutrient pool of the plant and reallocation of resources to defence

can impair reproduction [109]. Defence and reproductive traits share phytohormonal

signalling pathways including e.g. jasmonic acid (JA) and salicylic acid (SA) [26, 29, 110-112],

and herbivore-induced increases or decreases in any of these phytohormones potentially alter
the expression of flower traits [111]. Downstream of phytohormonal signalling, the expression

of both flower and defence traits is controlled by genetic and biochemical pathways. Genetic

pleiotropy via gene regulatory networks and shared transcription factors, or individual genes
involved in multiple regulatory pathways can connect defence and reproduction [113-118].
Biochemical pleiotropy can occur via changes in pools of shared precursors or enzymes [77,

78, 119, 120]. Other physiological constraints can lead to co-expression of defence and

reproductive traits, such as the passive diffusion of defensive metabolites from the phloem to
flower organs [18, 121], or herbivory-induced changes in the chemical environment of the cell,
which are important for phytohormonal signalling [29], but can also change the redox state of
pigments, leading to a shift in light absorbance [122]. Finally, individual traits can have

multiple functions and be involved in defence and reproduction [24, 123]. For example,

flowering plants use floral volatiles to attract pollinators, but also natural enemies of
herbivores [24]. Redirection of flower traits to a defensive function upon herbivore attack with

associated changes can render these traits sub-optimal for reproductive functions.

Box 2: Defence regulation in flowers: What can we learn from leaves?

Research on flower development suggests that the gene regulatory networks for various
phytohormones, and jasmonic acid (JA) in particular, is conserved in leaves and flowers [52,
111]. Flowers show expression of multiple JA biosynthesis genes and products similar as in
leaves, such as LIPOXYGENASE (LOX), ALLENE OXIDE SYNTHASE (AOS), 12-oxo-phytodienoic
acid (OPDA), and OPDA REDUCTASE (OPR), and produce JA locally [43, 44, 52, 124]. Later steps
in JA signalling also seem to work similarly in leaves and flowers, with essential roles for
CORONATINE INSENSITIVE 1 (COI1) and JASMONATE ZIM-DOMAIN (JAZ) proteins and WKRY

and MYB TFs [45, 48]. In addition, this is evident from similar expression patterns in leaves
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and flowers for three NAC genes encoding JA regulatory proteins [52] and some JAZ genes:
JAZ5 and JAZ7 [44, 125]. Thus, the backbone of phytohormone signalling, and for JA in

particular, appears conserved in leaves and flowers.

Glossary:

Adaptive: enhancing fitness, i.e. the contribution of an individual to the gene pool of the

next generation

Autogamous selfing: Self-pollination within a flower

Folivores: Consumers of aboveground vegetative tissues.

Florivores: Consumers of developing flower buds or mature flowers before the development
of the seed coat and including consumers of bracts, sepals, petals, stamens, pistils, pollen

and ovules [7]. Also includes sap-feeding consumers that feed from floral stalks.

Nectar thief: flower visitor that collects nectar without damaging flowers, but does not

contribute to pollination [126].

Nectar robber: flower visitor that damages flowers while collecting nectar, but does not

contribute to pollination [126].

Non-additive selection: Selective effect of a community member depends on the presence

of other community members [104].

Pollinator: Flower visitor that contributes to successful pollination, i.e. to the transfer of

pollen from one flower to another conspecific flower.

Plant ontogeny: Development of a plant from seed to mature seed-producing plant [57].

Phenotypic plasticity: The capacity of a single genotype to display different phenotypes in

response to different environments [127].

Specificity of induction: differential changes in phenotype in response to different inducers.



