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Evolution and functional diversity of floral volatiles

– Andreas Jürgens, Darmstadt –

Abstract 

Angiosperms show an astonishing chemical diversity of floral volatiles. More than 1700
floral volatile organic compounds (VOCs) have been described in the literature. This raises the
question: why so many? It seems plausible that the high chemical diversity found in
angiosperms has played a key role for the evolution of functionally diverse associations with
specific pollinator groups. The functional diversity in turn could affect biodiversity via etho-
logical isolation. In this review, I am interested in exploring the link between the chemical
diversity of floral volatiles and the functional diversity of plant-pollinator interactions found
in angiosperms. To this end, I will discuss how functional diversity may emerge from VOC
diversity. To illustrate the different functional aspects of floral VOCs floral mimicry systems
will be used because they allow us to interpret the scent in the ecological and evolutionary
context of the attracted animal. I will briefly touch on information of plant hybrid systems to
explore how changes in the odour composition may lead to a break-down of plant-pollinator
associations and/or the formation of new associations (pollinator shifts). Finally, future
research avenues are identified which could contribute to a better understanding of the prox-
imate and ultimate causes for the functional diversity of fragrance bouquets in angiosperm
flowers.

Zusammenfassung

Blütenpflanzen zeichnen sich durch eine erstaunliche chemische Diversität der von ihnen
produzierten Blütenduftstoffe aus. Mehr als 1700 verschiedene Duftmoleküle wurden bisher
in der Literatur beschrieben. Daraus ergibt sich die Frage: warum so viele? Es scheint plausi-
bel, dass die hohe chemische Diversität leicht flüchtiger Verbindungen, welche wir bei Angio-
spermen finden, ursächlich mit einer hohen funktionellen Diversität dieser Gruppe verknüpft
ist. Die Produktion von Blütendüften ermöglicht Blütenpflanzen die Anlockung spezialisier-
ter Bestäubergruppen. Deshalb erscheint es auch logisch, dass via ethologischer Isolation die
Artendiversifizierung mit der funktionellen Diversifikation der Blütenduftstoffe einherging.
In diesem Übersichtsartikel wird dieser mögliche Zusammenhang zwischen der chemischen
Diversität volatiler Blütenduftstoffe und der hohen funktionellen Diversität der Angiospermen
beleuchtet. Zunächst einmal wird dabei die Entstehung funktionaler Diversität im Zusammen-
hang mit der Spezifität von Duftsignalen analysiert. Anhand von Beispielen wird illustriert
wie Veränderungen der Duftstoffzusammensetzung zu funktionell neuen Interaktionen führen
können. Die unterschiedlichen funktionellen Aspekte von Blütenduftsignalen werden anhand
von Mimikry Systemen erörtert, da diese Systeme einen Zugang zu den ökologischen und
evolutiven Ursachen für die Lockwirkung von Blütendüften auf Insekten ermöglichen. Des
Weiteren soll anhand von pflanzlichen Hybrid-Systemen der Frage nachgegangen werden,
wie sich Veränderungen der Duftstoffzusammensetzung auf die Bestäuberzusammensetzung
auswirken kann. Abschließend wird ein kurzer Ausblick gegeben, welche zukünftigen For-
schungsfelder zu einem besseren Verständnis der funktionalen Diversität von Blütendüften
beitragen können.
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1.  Introduction

With more than 1700 reported scent compounds (from c. 1000 species) emitted from their
flowers angiosperms show an amazingly high diversity of volatile organic compounds (VOCs)
(KNUDSEN et al. 2006).  The high chemical diversity has been explained to be the result of
divergent evolution to a wide range of different pollinating animal species. In the last 30 years,
with the advancement of analytical methods (e.g. gas-chromatography coupled to mass spec-
trometry), evidence has accumulated that the chemical composition, emission rate, and time
of scent emission reflect adaptations to the olfactory preferences, sensitivity, and behaviour of
their most important pollinators (e.g. KNUDSEN et al. 2006). Chemical similarities in unre-
lated plants with functional similar pollinator types have been interpreted as convergent evo-
lution of the plants to the sensory preferences of the pollinating animals. This is supported by
the findings that plants associated with the same pollinator type, such as moths (KNUDSEN
& TOLLSTEN 1993), bats (BESTMANN et al. 1997; KNUDSEN & TOLLSTEN 1995), beetles
(JÜRGENS et al. 2000; STEENHUISEN et al. 2010), or carrion flies/beetles (JOHNSON & JÜR-
GENS 2010; JÜRGENS & SHUTTLEWORTH 2016), show significant similarities in their floral
scent composition. For instance, moth pollinated species emit typical benzenoid esters and
aldehydes, e.g. methyl benzoate, phenylacetaldehyde (KNUDSEN & TOLLSTEN, 1993; JÜR-
GENS et al. 2002). Whereas flowers pollinated by carrion flies often emit sulphur containing
compounds, which for the flies are indicative of bacterial degradation of plant and animal tis-
sue (STENSMYR et al. 2002; JÜRGENS et al. 2006; JÜRGENS et al. 2013; MORÉ et al. 2013). 

Among the different floral features, such as colour and rewards, floral scent has been
shown to play a key role for mediating the interactions with mutualistic but also antagonistic
animals (e.g. RAGUSO 2008a,b; WRIGHT & SCHIESTL 2009).  The floral scent composition
of single flower can be amazingly diverse in terms of the number of compounds that are pro-
duced (RAGUSO 2008a,b).  Flower scent may consist of more than 50 different chemicals
emitted from a single flower (e.g. JÜRGENS et al. 2006). Yet, the diversity of compounds
found in the scent of a flower is not directly correlated to the number of flower visitors that
are attracted. This suggests that floral scent is a complex trait where different combinations of
VOCs may form adaptive peaks of functional entities in terms of pollinator attraction and that
these adaptive peaks need to be analysed in relation to the sensory abilities and information
processing of the interacting animals (RAGUSO 2003; RAGUSO 2008a,b;  WRIGHT & SCHI-
ESTL 2009). The interpretation of floral scent profiles is further complicated by the fact that
processing of floral scent information and decision making of flower visitors (based on learn-
ing) is strongly affected by the local environmental context of the flower- and flower- visitor
community interacting with each other (see BISCHOFF et al. 2015). Thus, information from
field observations and lab experiments are needed to disentangle the main factors that affect
plant-flower visitor interactions.    

In this review I am interested in the question how the high functional diversity observed in
angiosperms-flower visitor interactions may be linked to their floral VOC diversity. However,
the question – “why do we find so many VOCs in angiosperms?” has some subtle aspects to
it. One subtlety is for example that diversity can be defined in different ways. Although diver-
sity could be simply described in terms of the number of compounds that have been reported
from angiosperm flowers such a definition would ignore that the (e.g. attractive or repellent)
function of a given odour blend is a reflection of the receiver’s innate and learned responses
to the fragrance bouquet (or a subset of compounds in the scent bouquet).

I have chosen to illustrate the different functional aspects of floral VOCs by using floral
mimicry systems because the attractive function of floral scent compounds in these systems
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can be interpreted on the background of the sensory ecology and evolution of the pollinator.
Furthermore, to explore how changes in the odour composition may lead to a break-down of
plant-pollinator associations and/or the formation of new associations (pollinator shifts) I will
use information from plant hybrid systems. 

2.  The role of floral volatiles for the interaction with mutualists and
antagonists

It is often assumed that the interactions between flowering plants and their pollinators is
based on mutualism and coevolution - the idea that adaptive traits evolve by reciprocal selec-
tion (see JOHNSON & ANDERSON 2010, and references therein). However, both animals and
plants need to be choosy to achieve the highest fitness gain out of the possible interaction
partners in a given environment. From the animal’s perspective some interaction partners are
partly, largely, or completely deceptive (non-rewarding) and should be avoided. The same is
true for plants, where a wide range of non-beneficial flower visitors have been reported in the
literature (e.g. IRWIN et al. 2001); among them nectar larcenist and pollen feeders/collectors,
which exploit the floral resources without any benefit for the plant. However, the diversity of
floral VOCs do not only reflect the diversity of pollinator types - each type with a different
odour preference - but also other functions (Fig. 1). In this context it seems plausible that
selection renders the scent composition of a given flower in such a way that it increases the
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Figure 1. Hypothetical fragrance bouquet and its effect on different flower visitors, a butterfly, a fly, and
a bee. Different compounds may be attractants for different flower visitors, while the same
com-pounds may deter other potential flower visitors. Different flower visitors may overlap in
the spec-trum of compounds they are attracted by. Some compounds may have an additional
function, such as antimicrobial properties, to protect the flower from pathogens. Note, that not
only the odour composition but also the relative amount of each compound in the bouquet may
change the attrac-tiveness of the blend.
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overall fitness benefit with (mutualistic and antagonistic) floral interaction partners (SCHI-
ESTL 2015; Zu et al. 2016; GERVASI & SCHIESTL 2017). In other words a flower should emit
VOCs that attract those flower visitors that provide the highest benefit while VOCs associated
with interaction partners that lower the fitness benefits should be selected against (GERVASI
& SCHIESTL 2017).  Indeed, for many VOCs a biological function has been reported and in
addition to their role as pollinator attractants, it has been suggested that they deter antagonistic
flower visitors (e.g. OMURA et al. 2000). However, there are still wide gaps in our knowledge
with respect to pollinator-driven adaptive evolution of floral scent. Only more recently studies
by ZU et al. (2016) and  GERVASI & SCHIESTL (2017) have demonstrated that floral scent
can evolve rapidly under pollinator-driven phenotypic selection.

3.  Floral signals and floral cues – the plant and animal perspective

VOCs provide an important information source for animals. There are four main factors
that have been demonstrated to play a key role in influencing flower visitor attraction and spe-
cialization in angiosperms: (1) the scent composition, (2) the relative ratios of compounds in
a given scent, (3) the temporal scent emission patterns, and (4) the spatial scent patterns (e.g.
WRIGHT et al. 2005a, 2005b). Among the enormous number of possible scent trait combina-
tions some adaptive peaks have been identified. For instance, to play a role as pollinator
attractant the scent emission rate needs to be above the sensitivity level and below the toler-
ance level of a given pollinator. Some combinations of VOCs may have synergistic effects on
the attractiveness of an odour blend, while some compounds repel a specific group of animals
(Fig. 1). Finally, other roles of floral VOCs such as antimicrobial properties, and chemical
defence against antagonists have been discussed (e.g. THEIS 2006; THEIS et al. 2007). How-
ever, the response of an animal for a given scent compound (or combination of compounds)
depends on several factors. At the receptor level the animal needs to have the ability to per-
ceive the compound. At the information processing level the animal may receive the sensory
input but this information must not necessarily trigger a behavioural response. Furthermore,
it is also important to distinguish between innate versus learned responses of animals to
VOCs. Flower visitors may learn to overwrite an innate preference for a given scent by learn-
ing to avoid it if there are more rewarding alternatives (e.g. CUNNINGHAM et al. 2004). 

Several studies have shown that flower-visiting animals use specific VOCs to locate their
preferred host plants (e.g. JÜRGENS et al. 2014). However, the scent emitted from a flower is
only very indirectly linked to the presence of a food source. Only if the animal receives a
reward when visiting the flower the VOC signal can be regarded as an honest signal. Thus,
from an animal’s perspective it would be better to find food by using olfactory cues that are
directly correlated with the quantity and quality of the food source. However, the main
macronutrients utilized by most flower visitors carbohydrates (e.g. nectar), protein (e.g.
pollen, food bodies), fat (e.g. pollen, some oil producing flowers) are difficult to find based
on olfaction because they consist of relatively large molecules with low volatility. Most ani-
mals therefore rely on indirect indicators for the presence of these compounds, namely micro-
bial degradation products of the macronutrients. For instance, animals interested in carbohy-
drates should be sensitive to hydrocarbon alcohols (e.g. ethanol) or hydrocarbon acids (e.g.
acetic acid) since they are produced during the fermentation of sugar by microorganisms (see
STÖKL et al. 2010; JÜRGENS & SHUTTLEWORTH 2016). From this it becomes clear that the
interpretation of VOCs in terms of its function can be quite difficult. Some compounds in the
fragrance bouquet may have multiple function while others act as attractants or deterrents
only. Furthermore, insects are often opportunistic in their behaviour and may respond differ-
ently to the same chemical bouquet depending on the experience they have acquired during
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foraging. In such a scenario different chemical strategies might evolve in different popula-
tions.

4.  Plant hybrid systems: a natural laboratory to investigate signal
change and signal breakdown

From the above it seems clear that any change in the scent composition or emission rate of
a given plant species may affect the attractiveness of a flower for a given flower visitors
(WRIGHT & SMITH 2004). Furthermore, what are the kind of changes that can lead to a func-
tional shift of an olfactory signal leading to a functional shift in the pollinator, e.g. from bird
to beetle pollination? Theoretically any change in the relative amounts or composition (new
compounds, loss of compounds) could produce a functional shift.  Curiously, this question has
only been addressed in a few studies so far. SHUTTLEWORTH & JOHNSON (2010a) tested in
field experiments whether adding sulphur (dimethyl disulphide and dimethyl trisulphide)
compounds to flowers can mediate a shift between a fly and a wasp pollinated Eucomis
(Hyacinthaceae) species. They found that wasp and fly pollination depended on the produc-
tion or suppression of sulphur compounds in the floral scent (SHUTTLEWORTH & JOHNSON
2010a). 

Another possibility to analyse the effects of floral VOC changes is to investigate hybrid
species systems where closely related parent species are compared with the hybrid offspring
to analyse whether changes in the floral VOC composition and flower visitors can be
observed. A couple of such systems have been investigated so far (SALZMANN et al. 2007;
VEREECKEN et al. 2010; SHUTTLEWORTH & JOHNSON 2010b; BISCHOFF et al. 2014,
2015; MARQUES et al. 2016). These systems are particularly interesting in the context of flo-
ral scent evolution and pollinator shifts because one possible prediction for such systems is
that changes in the scent composition might contribute to the ethological isolation of hybrids
if they emit unique scent compounds that are not present in the parent species (e.g. VEREECK-
EN et al. 2010; MARQUES et al. 2016). For instance, in a study by MARQUES et al. (2016)
the role of ethological isolation and its contribution to the potential establishment of two inde-
pendent naturally occurring hybrid lineages was examined in three autumn-flowering
hybridizing Narcissus (daffodils) species.  They found that parent species were pollinated by
butterflies (N. serotinus and N. miniatus) and bees (N. cavanillesii) respectively, while the two
hybrids (N. ×perezlarae, N. ×alentejanus) were mainly pollinated by ants. Interestingly, the
authors also reported that the absolute emission rate of floral VOCs in hybrid plants was equal
or even higher in parental species and that its scent composition showed some new com-
pounds. MARQUES et al. (2016) explained the pollinator shift occurring in parallel in the two
hybrids by a significant increase in nectar production together with changes in the VOC com-
position. However, the authors state that further research is needed to investigate whether
VOCs alone can explain the absence of ant visits to the parental species, either because attrac-
tants are missing or because ant repellents are emitted by N. serotinus and N. miniatus.       

5.  Scent evolution in mimicry systems 

Flowering plants and their relationship with mutualistic pollinators have often been used as
examples for coevolution (see JOHNSON & ANDERSON 2010). Classical examples of coevo-
lution are the morphological adaptations of flower tube/spur length to the tongue length of
pollinators (JOHNSON & ANDERSON 2010). Curiously, much less is known about floral scent
and there is only very limited evidence that coevolution has played a role for the evolution of
floral scent. More recent studies haven even suggested an alternative hypothesis to the coevo-
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lution hypothesis, namely that floral scent evolved based on a sensory bias of the receiver
(e.g. SCHAEFER & RUXTON 2009; SCHIESTL & DÖTTERL 2012). In other words flowering
plants exploit the pre-existing sensory preference of a given animal for the purpose of polli-
nation. In the case of the coevolution hypothesis both partners evolve features (e.g. scent fea-
tures of the plant and olfactory preferences of the animal) to increase their fitness benefit in
the partnership, whereas in the receiver bias model the plant exploits a pre-existing prefer-
ence that the animal evolved in a different context. The receiver bias hypothesis is not neces-
sarily associated with a deceptive strategy where no reward is offered by the plant. However,
receiver bias plays indeed an essential role in deceptive mimicry systems where an animal
searches for a food source, a brood site, or sexual partner using olfactory cues/signals (SCHI-
ESTL et al. 2003). In such deceptive mimicry systems the plant exploits the chemical com-
munication or the innate/learned preference for a resource by producing the same VOCs or
VOCs that are translated by the animal into the same meaning without providing any reward
for the pollinator (JOHNSON & JÜRGENS 2010; JERSKOVA et al. 2012a,b; JÜRGENS &
SHUTTLEWORTH 2016). Examples for such mimicry systems are sexual deceptive orchids,
flowers produce sex pheromones identical to those of female insects (SCHIESTL et al. 1999).
In carrion/dung mimicry systems the model is more macabre; these systems imitate the odour
of a decomposing carcass or the scent emitted from the faeces of an animal (JÜRGENS &
SHUTTLEWORTH 2016). 

6.  Outlook and future perspectives

Flower scent is probably the most complex among the different floral features involved in
flower-visitor attraction. The floral scent composition together with spatial (DÖTTERL &
JÜRGENS 2005) and temporal (DÖTTERL et al. 2012; JÜRGENS et al. 2014) scent emission
patterns may influence the interaction with mutualistic and antagonistic flower visitors. Is the
high functional diversity that we observe in angiosperm flowers the result of their evolution-
ary potential to produce a diverse array of different VOCs? Many of the VOCs involved in
pollinator attraction are produced in plant groups that, from an evolutionary perspective, pre-
date angiosperms (e.g. monoterpenes are found in large amounts in gymnosperms). This sug-
gests that pre-existing biosynthetic pathways changed their function from constitutive
defence against herbivores to pollinator attraction (see PELLMYR & THIEN 1986). Such a
functional change was possible because angiosperms complete their life cycle much faster
than gymnosperms. Thus, under the relaxed selection pressure to protect reproductive tissue
angiosperms secondary chemical compounds could change their function from defence
against antagonists to attracting mutualists. 

There are still wide gaps in our knowledge regarding the evolution of functional scent
diversity in angiosperms. VOC diversity can be described at different levels such as the indi-
vidual, population (e.g. VAN DER NIET et al. 2010), and higher taxonomic levels (e.g. SCHI-
ESTL & DÖTTERL 2012; JÜRGENS et al. 2013). Three aspects need more attention in the
future: Firstly, evidence for coevolution with respect to the evolution of floral scent and the
corresponding sensory apparatus are very limited (see SCHIESTL & DÖTTERL 2012). A
global analysis on VOC patterns in angiosperms, using a phylogenetic approach, could pro-
vide insights into evolutionary trends for different plant lineages such as convergent and/or
divergent evolution of VOCs or the occurrences of novel compounds (biosynthetic path-
ways). A similar approach could be applied to pollinators that are obligate mutualists, such
as yucca moths and fig wasps. It would be interesting to analyse if evolutionary changes in
the sensory system of these groups do correlate with the scent signals of their host plants –
demonstrating coevolution. Secondly, an important aspect not addressed in this review are the
underlying regulatory processes that are responsible for VOC diversity in angiosperms.
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Thirdly, the mechanisms how pollinating animals process olfactory information in complex
and constantly changing environments needs more attention (SCHRÖDER & HILKER 2008;
RIFFELL et al. 2014). It seems likely that the same scent composition may attract different
animals at different localities because the meaning of the scent information depends on pre-
vious experience (BISCHOFF et al. 2015). 
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