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SUMMARY

Pollination is foundational to the diversity of all terrestrial ecosystems, and there is substantial
evidence that pollinators are the main driver of angiosperm (flowering plant) speciation rates.
Speciation can often be linked to natural selection on reproductive traits: floral color, shape,
size, and scent all may represent key adaptations to local pollinator guilds. However, pollinator
communities are rarely consistent through space or time, which can lead to tangled patterns of
adaptation versus maladaptation, and evolution or coevolution. Consequently, understanding
how highly-dimensional traits with multiple functions — such as floral scent — diversify across
wide geographic ranges remains a major challenge. Specialized obligate pollination systems,
where plants attract a limited number of pollinator species using volatile organic compound
(VOC) emissions putatively under strong selection (i.e. with few trade-offs present), are a
useful model to address this problem. Here, we used Arum maculatum (Araceae) as the model
for our work. Arum maculatum has long fascinated botanists due to its deceptive pollination
via brood-site mimicry: pollinators are attracted by a dung-like scent and are temporarily
trapped during the pollination process, without any reward. Previous research has demonstrated
that the two main pollinators of A. maculatum, the dipteran (Psychodidae) moth flies Psychoda
phalaenoides and P. grisescens, were respectively trapped in two main geographic zones in
Europe, which mirror the two population genetic clusters present in A. maculatum. In Chapter
2, we investigated whether this pattern was a result of local adaptations in floral scent. Using a
combination of Europe-wide surveys of floral VOC variation and pollinator attraction patterns
and a transplant experiment, we found that most A. maculatum populations have highly
variable VOC emissions, and consequently are capable of attracting both P. phalaenoides and
P. grisescens. Temporally replicated pollinator data revealed that inter-annual and decadal
changes in pollinator species composition are present, and may explain why considerable VOC
variation is maintained within populations. In Chapter 3, we further aimed to investigate the
genetic bases of intraspecific variation in floral scent using whole transcriptome sequencing of
two VOC-emitting floral tissues in A. maculatum (i.e. the appendix and male florets). These
data identified candidate transcripts for several unusual A. maculatum VOCs, and provided
insights into the tissue-specific nature of their production. Co-inertia analyses between
transcript expression patterns and pollinator attraction rates further identified a correlation
between male floret terpene synthases and species-specific pollinator attraction. Finally, in
Chapter 4, we expanded our VOC and genetic sampling to include species from across the
genus Arum. Here, we aimed to characterize the impacts of pollinator-mediated selection

versus phylogenetic constraints on floral scent variation, at microevolutionary (i.e. within A.
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maculatum) and macroevolutionary (i.e. genus-wide) scales. Using high throughput
genotyping-by-sequencing methods, we identified thousands of putatively neutral loci; these
data were used to confirm that VOCs are evolutionarily labile both within A. maculatum and
across the genus. This adaptability may be key to deceiving a wide and variable range of
dipteran species. Even though we identified VOCs associated with species-specific pollinator
attraction, and the genes underlying them, natural selection has not fixed these genes within
populations yet. Temporally variable pollinators appear to be an important factor in this pattern,
potentially favoring diverse floral scent bouquets to ensure that a wider range of Psychoda
species can be deceived. High floral scent diversity is also apparent at the genus level, although
the extent of intraspecific variation in other species of Arum needs to be studied further. Taken
together, the results of this thesis highlight how and why trait variation may persist within

populations, even when species interactions are specific and obligate.

KEYWORDS
Arum maculatum, evolutionary ecology, floral scent, indole, next-generation sequencing,
phylogenomics, pollination, Psychodidae, spatial variation, temporal variation, terpene

synthases, volatile organic compounds (VOCs)



RESUME

La pollinisation est a la base de la diversité de tous les écosystemes terrestres, et il existe de
nombreuses évidences démontrant que les pollinisateurs sont 1’un des principaux mécanismes
de spéciation des angiospermes (plantes a fleurs). La spéciation peut souvent étre liée a la
sélection naturelle des caractéres reproductifs : la couleur, la forme, la taille et I'odeur des fleurs
ont toutes été considérées comme des adaptations essentielles aux pollinisateurs locaux.
Cependant, les communautés de pollinisateurs sont rarement homogénes dans l'espace et dans
le temps, ce qui peut produire des scénarios complexes d'adaptation ou de maladaptation,
d'évolution unilatérale ou de coévolution. Par conséquent, comprendre comment des
caractéristiques complexes a multiples fonctions - telles que I'odeur florale - se diversifient sur
de vastes distances géographiques est difficile. Les interactions de pollinisation obligatoire
spécialisée, au sein desquelles une plante attire un nombre limité d'espéces de pollinisateurs,
impliquent généralement I'émissions de composés organiques volatils (COVs) sous forte
sélection naturelle. Ces systémes constituent un modele utile pour étudier la problématique du
maintien d’une interaction spécialisée. Ici, nous avons étudié Arum maculatum (Araceae)
comme modele de notre recherche. Arum maculatum fascine les botanistes depuis longtemps
en raison de sa pollinisation par duperie qui mime des sites de ponte : les pollinisateurs sont
attirés par une odeur semblable a celle d'une bouse ou de la matiére en décomposition et sont
temporairement piégés pendant le processus de pollinisation, sans aucune récompense. Des
recherches antérieures ont démontré que les deux principaux pollinisateurs de A. maculatum,
les moucherons diptéres (Psychodidae) Psychoda phalaenoides et P. grisescens, sont
majoritairement piégées dans deux régions géographiques d’Europe, ce qui reflete largement
les deux clusters génétiques trouvés chez A. maculatum. Dans chapitre 2, nous avons cherché
a savoir si ce fonctionnement était le résultat d'adaptations locales de I'odeur des fleurs. En
utilisant une analyse comparative a I'échelle européenne, de la variation des COV floraux ainsi
gu'une expérience de transplantation, nous avons découvert que la plupart des populations d'A.
maculatum présentent des émissions de COVs tres variables. Ils sont donc généralement
capables dattirer a la fois P. phalaenoides et P. grisescens. Des données sur les pollinisateurs,
avec réplication temporelle, ont révélé que des changements interannuels et décennaux dans la
composition des especes de pollinisateurs sont présents, et peuvent expliquer pourquoi une
variation considéerable des COV est maintenue au sein des populations. Dans le chapitre 3, nous
avons cherche a étudier les bases génétiques de cette variation intraspécifique de I'odeur florale
en utilisant le séquencage du transcriptome entier de deux tissus floraux émettant des COV de

A. maculatum : l'appendice et les étamines. Ces données nous ont permis d'identifier des
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transcriptions candidates pour plusieurs COVs inhabituels d'A. maculatum, et ont fourni des
informations sur la spécificité du tissu floral de leur production. Les analyses de co-inertie entre
les modeles d'expression des transcriptions et les taux d'attraction des pollinisateurs ont
également identifié une corrélation entre les émissions de sesquiterpénes par les étamines
situées dans la chambre florale a la base de I’inflorescence et I'attraction des pollinisateurs
spécifique a I'espéce. Finalement, dans le chapitre 4, nous avons étendu notre échantillonnage
des COVs et de génétique pour inclure d’autres especes d’Arum. Ici, nous avons cherché a
caractériser les impacts de la sélection exercée par les pollinisateurs par rapport aux contraintes
phylogénétiques sur la variation de lI'odeur florale, a des échelles microévolutives (c.-a-d. au
sein d’A. maculatum) et macroévolutives (c.-a-d. a I'échelle du genre). En utilisant des
méthodes de génotypage par séquencage a haut debit, nous avons identifié des milliers de loci
putativement neutres ; ces données ont été utilisées pour confirmer que les COVs sont labiles
du point de vue de I'évolution a la fois au sein d'A. maculatum et a I'échelle du genre. Cette
adaptabilité chimique peut étre la clé pour tromper une gamme large et variable d'espéces de
diptéres. Méme si nous avons identifié les COVs associes a l'attraction des pollinisateurs
specifiques a l'espece, ainsi que les génes qui les supportent, la sélection naturelle n'a pas
encore fixé ces genes au sein des populations. Les communautés variables de pollinisateurs
dans le temps semblent étre un facteur important dans ce fonctionnement, favorisant
potentiellement des bouquets d'odeurs floraux diversifiés afin de s'assurer qu'un plus grand
nombre d'espéces Psychoda puisse étre trompé. Une haute diversité d'odeurs florales est
également apparente au niveau du genre, bien que la variation intraspécifique chez d'autres
especes d'Arum doive encore étre étudiée. Pris ensemble, les résultats de cette thése soulignent
comment et pourquoi la variation de traits floraux peut persister au sein des populations, méme

lorsque les interactions de pollinisation sont spécifiques et obligatoires.

MOTS-CLES
Arum maculatum, composés organiques volatils (COVs), écologie évolutive, indole, odeur
florale, phylogénomique, pollinisation, Psychodidae, séquencage de nouvelle génération,

synthases de terpenes, variation spatiale, variation temporelle
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CHAPTER 1 - General Introduction

Species diversity and species interactions

Angiosperms (flowering plants) and insects are highly diverse clades of organisms;
together, they represent over two thirds of all living species on Earth (Mora et al. 2011,
Anderson et al. 2016, Stork 2018). Understanding this diversity requires an understanding of
plant-insect interactions, which are ubiquitous in nature. Antagonistic interactions such as
herbivory (Fraenkel 1959, Ehrlich and Raven 1964) and mutualistic interactions such as
pollination (Grant and Grant 1965, Stebbins 1970) are both widely recognized as major drivers
of trait specialization and adaptive radiations in plants and insects (Ramos and Schiestl 2019).
As interacting species exert reciprocal selective pressures on one another, coevolution may
occur.

The geographic mosaic of coevolution, first described by Ehrlich and Raven (1964) and
further developed by Thompson (1994, 2005) extended coevolutionary theory to incorporate
interactions across a range of ecological conditions and spatial scales, where genetic and
ecological processes continuously reshape interactions among species. Ollerton and colleagues
(2007) added that temporal variation in species interactions and environmental conditions, and
the phylogenetic histories of all species involved must also be considered, and that these data
should ultimately be connected to genetic variations. Consequently, while interest in how traits
diversify through space and time dates back to the origins of evolutionary biology (Darwin
1859, 1862), gaining a complete understanding of the subject remains a challenge to this day.

Today, we are better equipped to understand how species interactions influence
evolution than Darwin, when he concluded Origin with a description of natural selection acting
on “tangled bank” of species interacting with one another. In Genetics and the Origin of
Species, Dobzhansky (1937) made important contributions to the modern synthesis (Huxley
1942) by bringing together genetics and evolution, and demonstrating that microevolution (i.e.
changes in allele frequencies within populations) can lead to macroevolution (i.e. higher-order
evolutionary change, among species or other taxonomic groups). Since then, studies have
continued to demonstrate that ecological and evolutionary changes are tightly linked (Schoener
2011), and that contemporary evolution (i.e. at the scale of thousands of years, or less) and
ecological processes influence one another through eco-evolutionary dynamics (Pelletier et al.
2009, Hendry 2016). Within this framework, we are now able to link communities of
interacting plants and insects, variations in their distributions, and patterns in abiotic
conditions, in order to define pollination syndromes (Fenster et al. 2004) and plant defense

syndromes (Agrawal and Fishbein 2006).
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Local adaptation

Local adaptation is a key mechanism to understand the link between micro- and
macroevolution (Williams 1966). When varying biotic or abiotic conditions lead to natural
selection acting differently on phenotypes among populations, this can lead to individuals with
higher fitness in their local environment than in other environments. Reciprocal transplant
experiments are commonly used to identify patterns of local adaptation among populations
(Kawecki and Ebert 2004), and common garden experiments can further disentangle
phenotypic plasticity from local adaptation. As natural selection acts on phenotypes over time,
changes in allele frequencies should arise; with high-throughput genome sequencing methods,
it is now possible to identify the genetic bases of local adaptations (Savolainen et al. 2013,
Hoban et al. 2016). The evolutionary and population genetics of plants are both influenced by
local adaptation (Leimu and Fischer 2008), but the relative contributions of plant traits, habitat
characteristics, and biotic interactions on floral traits remains less well known, particularly in
natural populations of non-model organisms (Hunter 2002).

Highly specialized interactions (i.e. where one or both species interact in an obligate
manner with each other) are useful natural models for studying how local adaptation and
microevolution may ultimately lead to the trait and species diversity we observe today. Both
plant defense (Agrawal 2011) and pollination (Thompson et al. 2013, 2017, Friberg et al. 2019)
can be suitable systems for studying how biotic interactions drive local adaptation, ecological
and genetic differentiation, and ultimately speciation. In the present work, our focus will be
pollinator-mediated selection in a specific and obligate pollination system. Although herbivory
and pollination are both important drivers of flowering plant diversity, recent phylogenetic
evidence suggests that pollination played a larger role in the diversification of flowering plant
lineages (Van der Niet and Johnson 2012, Herndndez-Hernandez and Wiens 2020).
Pollination

Pollination is the mechanism by which plants reproduce, wherein pollen grains are
transferred to stigmas, germinate, and their contents are moved down the style to the ovules.
Pollen transfer may occur between different individuals (i.e. outcrossing, or allogamy), or it
may occur across the floral organs of the same flower (i.e. self-pollination, or autogamy);
outcrossing is the predominant reproductive strategy for an estimated 85-90% of flowering
plants (Takebayashi and Morrell 2001, Wright et al. 2013). Many flowering plants depend on
vectors such as wind, water, or animals to transport their pollen. Insects are particularly
important pollinators: the vast majority of flowering plants — over 90% of species (Kearns et

al. 1998, Ollerton et al. 2011) — utilize insect pollination services. Selection from insect
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pollinators is often cited when discussing the comparatively rapid increases in species richness
(i.e. relative species diversity within clades) and phenotypic (i.e. trait) diversity of flowering
plants (Regal 1977, Faegri and Van Der Pijl 1979, Armbruster and Muchhala 2009, Crepet and
Niklas 2009, Van der Niet and Johnson 2012). However, understanding the impact of
specialized pollination phenotypes on speciation rates requires knowledge of the sources of
selective pressure (e.g. pollinator species and environmental conditions), as well as potential
trade-offs influencing specialized phenotypes (reviewed in Armbruster 2014).

Insects typically visit a flower in search of a resource that benefits their own survival
(e.g. pollen, nectar, stigmatic fluid, or floral tissue), and/or reproduction (e.g. egg laying or
mating sites). Floral traits are therefore subject to selection pressures driven by pollinator
preferences, and may adapt to ensure that efficient pollen transfer takes place. Floral signals
can be used to mediate pollinator attraction through novel, coevolved interactions (Cook and
Rasplus 2003, Pellmyr 2003, Thompson et al. 2017), and/or through exploiting pre-existing
pollinator biases or behaviors (Schiestl and Doétterl 2012). These floral signals include rewards
such as nectar (Parachnowitsch et al. 2019) or pollen (Dobson and Bergstrom 2000), visual
characteristics such as shape, size, and color (Goyret et al. 2007, Willmer 2011, Schiestl and
Johnson 2013, du Plessis et al. 2018), or olfactory cues in the form of volatile organic
compound (VOC) emissions (Whitehead and Peakall 2009). Since visual and olfactory cues
may be uncoupled from rewards, pollinating insects may develop innate or learned preferences,
which lead to selection pressure on their preferred floral traits (Knauer and Schiestl 2015).
Multiple traits may also be under selection simultaneously, particularly in generalist pollination
systems (Ollerton et al. 2007), and pollinators often respond to the multimodal expression of
several traits (reviewed in Junker and Parachnowitsch 2015). While generalist pollination
networks are a large and comparatively understudied aspect of floral evolution (Ollerton et al.
2007), we have opted to study a specialized pollination system which is mediated by a single
trait: floral scent. This provided us with a more tractable system for linking pollinator mediated
selection to floral trait evolution.
Floral scent

Plants emit VOCs from their flowers, leaves, fruits, and roots to mediate their
interactions with microbes, animals, and other plants. Over 1700 VOCs have been identified
in the relatively small subset of all flowering plants which have been studied to date (Knudsen
and Gershenzon 2020). Floral scents, which are usually a bouquet of multiple VOCs, play a
central role in pollinator attraction and will be the main focus of the present work (Pellmyr and

Thien 1986, Knudsen and Tollsten 1993, Whitehead and Peakall 2009, Junker and
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Parachnowitsch 2015). However, it should be noted that volatile emissions can also directly
defend against predators and pathogens (e.g. herbivory-induced VVOCs), or indirectly through
the attraction of natural enemies of antagonists (Pichersky and Gershenzon 2002, Holopainen
2004, Irwin et al. 2004).

Most floral VOCs can be grouped into a few compound classes; some of the most
abundant classes will be listed here in decreasing order of diversity. Volatile terpenoids, which
include mono- (10 carbon) and sesquiterpenes (15 carbon), are produced by terpene synthases
from products of the methylerythritol 4-phosphate (MEP) pathway in plastids and the
mevalonate (MVA) pathway in the cytosol. Mono- and sesquiterpenes are mainly produced
from MEP and MVA precursors, respectively (Hemmerlin et al. 2012). Aliphatic compounds,
which consist of one to 25-carbon chains, are mainly synthesized from fatty acids and include
green leaf volatiles (Pare and Tumlinson 1999). Benzenoids and phenylpropanoids are
produced via the shikimate or phenylpropanoid pathways, using the amino acids phenylalanine
and tyrosine or shikimate pathway intermediates (Vogt 2010). Finally, nitrogen- and sulfur-
containing compounds are less common but potent VOCs, which are derived from amino acid
metabolism (e.g. indole biosynthesis from tryptophan; Gierl and Frey 2001). Since the
biosynthetic pathways to produce all of these compound classes are widely distributed among
flowering plants, volatile emissions are correspondingly diverse among flowering plant
families (Knudsen and Gershenzon 2020).

As mentioned above, the most common function of floral VOCs is pollinator attraction.
However, VOC emissions may vary for several other reasons. For example, trade-offs between
plant defense and pollination (Armbruster et al. 1997, Irwin et al. 2004, Schiestl et al. 2011) or
floral color and scent (Diaz and Kite 2006, Delle-Vedove et al. 2011) may constrain VOC
evolution. Phylogenetic constraints may also influence the diversity of floral VOCs within a
population or clade (Levin et al. 2003, Knudsen et al. 2006), though it should be noted that
floral scent appears to be an evolutionarily labile (i.e. highly adaptive) trait (Barkman 2001,
Prieto-Benitez et al. 2016b). Abiotic factors such as temperature and moisture also influence
the composition and proportional emissions of VOCs (Majetic et al. 2009, Campbell et al.
2019). VOCs may also vary temporally via circadian rhythms (Fenske and Imaizumi 2016,
Prieto-Benitez et al. 2016a, Chuang et al. 2017) or due to external cues such as light (Friberg
et al. 2014). Consequently, few studies have attempted to investigate how a highly dimensional
trait such as floral scent diversifies across wide geographic ranges (e.g. Friberg et al. 2019).
We have chosen to use a deceptive pollination system as our model, to address this interesting

question while reducing the impact of the aforementioned external influences on floral scent.
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Deceptive pollination

Thus far, I have only written of floral scent as an honest signal for pollinator attraction.
However, approximately 3.7% of all angiosperms are pollinated by deception (Renner 2006);
these species trick insects into providing pollination services by signaling the presence of a
reward, without actually providing it (Sprengel 1793, Dafni 1984, Schiestl and Johnson 2013).
Deceptive pollination has long fascinated evolutionary biologists, including Darwin’s (1862)
observations of orchids, and they continue to provide interesting opportunities to study the
evolutionary ecology of floral traits. Deceptive pollination is most common in Orchidaceae,
with at least 6500 species pollinated via deception (Ackerman 1986, Jersakova et al. 2006).
However, at least 1000 other species, spanning most major groups of flowering plants, are
thought to be deceptively pollinated as well (reviewed in Renner 2006).

While floral morphology appears to be important to some sexually deceptive orchids
(Gaskett 2011, de Jager and Peakall 2016), floral scents appear to be the most pervasive means
of deception. Insects are known to be deceived by floral VOC emissions which mimic
compounds present in their food, mating partners, and oviposition sites (reviewed in Jersdkova
et al. 2006; Renner 2006; Johnson and Schiestl 2016). In the chapters that follow, my main
focus will be olfactory mimicry of oviposition substrates (i.e. brood site mimicry). Several
substrates, including dung (Kite et al. 1998, Sayers et al. 2020), carrion (Stensmyr et al. 2002,
van der Niet et al. 2011), fermenting fruit (Goodrich et al. 2006, Stokl et al. 2010), and fungi
(Vogel and Martens 2000, Policha et al. 2016) are known to be mimicked by flowers.

Interestingly, dung and carrion scents have been hypothesized to serve as a deterrent to
mammal herbivores (Lev-Yadun et al. 2009). If dung-mimicking flowers also offer no rewards
to their pollinators, and exhibit specificity in their pollinator attraction patterns, then these may
represent an ideal model for studying pollinator-mediated selection on floral scent (i.e. in the
absence of trade-offs or competing selection pressures, where floral reproductive success is
largely dependent on scent alone). The Araceae family contains many such species, and is the
most well-studied plant group in terms of brood site mimicry (Urru et al. 2011, Johnson and
Schiestl 2016). Consequently, we have selected Arum maculatum (Araceae) as our model for
studying the evolutionary mechanisms underlying divergence in floral scents, and the genetic
basis of dung-mimicking VOC:s.

Arum maculatum

Arum maculatum is a common woodland plant with a Europe-wide distribution range
(Boyce 1993), which has fascinated botanists due to its unusual pollination strategy (Dormer

1960, Prime 1960, Lack and Diaz 1991, Diaz and Kite 2002). Its morphology is typical of the
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Areae tribe (Broderbauer et al. 2013); the male and female florets are arranged along a central
axis called the spadix, which is surrounded by a modified bract called the spathe (Figure 1.1).
A chamber is formed by the base of the spathe which encloses the fertile flowers, and is
separated from the upper open spathe by a constriction and hair-like staminodes growing near
the opening of the constriction. The appendix serves as an osmophore and is thermogenic
during anthesis, heating over 15°C above ambient temperatures (Gibernau et al. 2004, Marotz-
Clausen et al. 2018).

Figure 1.1. Arum maculatum inflorescence,
highlighting key morphological features
such as the spathe and spadix, and the
organization of the reproductive organs. The
- lower spathe chamber, where attracted
Spathe|

pollinators are temporarily held, has been
dissected to reveal the male and female

Spadix—
florets.

Sterile Flowers

Male Flowers

Photo credit: Adrienne Godschalx

Female Flowers

It should also be noted that A. maculatum are tetraploid (Turco et al. 2014); although
this can present challenges for genetic analyses, polyploidy via whole genome duplications
(i.e. autopolyploidy) or hybridization events (i.e. allopolyploidy) can lead to increased fitness
and capacity to colonize wide geographic ranges (Force et al. 1999, Bowers et al. 2003).
Polyploidy may have played a role in A. maculatum being the most widely distributed Arum
species in Europe as well.

The A. maculatum pollination cycle (reviewed in Lack and Diaz 1991, Gibernau et al.
2004) takes place over two days: on the first day, the male florets are thermogenic as the spathe
unfurls in the afternoon. During the evening of the first day, pollinators are attracted by the
VOC emissions of the appendix, land on the spathe, and those which are sufficiently small slip
on the downward-pointing papillate cells and pass through the constriction into the lower
spathe chamber. There, they crawl over the stigma of receptive female florets, depositing any
pollen they may have carried from another inflorescence. Pollinators are held overnight; the
following afternoon, the male florets are briefly thermogenic, and pollinators are covered in
pollen before escaping the chamber as oil secretions from the papillate cells end. This
protogynous reproductive strategy ensures that no selfing occurs; consequently, there should

be strong selection pressure to attract efficient pollinators.
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Small Psychodidae (Diptera) moth-flies are the primary pollinators of A. maculatum.
Psychodidae are known to be efficient carriers of Arum pollen (Diaz and Kite 2002, Albre et
al. 2003); a single individual can carry enough pollen grains to produce a large fruit set (Lack
and Diaz 1991). Psychoda phalaenoides and Psychoda (Psycha) grisescens are the most
frequently attracted pollinators, and together represent 87% of all insects found within floral
chambers (Espindola et al. 2011). Psychoda setigera, P. albipennis and P. trinodulosa are also
observed within inflorescences, albeit much more infrequently, together representing 0.46% of
trapped insects in Espindola et al. (2011). The remaining pollinators include dipterans such as
Chironomidae (Smittia pratorum), Ceratopogonidae and Sphaeroceridae (Rohacek et al. 1990,
Diaz and Kite 2002, Espindola et al. 2011, Chartier et al. 2013).

As mentioned above, A. maculatum utilizes putative dung-mimicking floral VOCs to
attract their pollinators (Figure 1.2). Arum maculatum inflorescences emit complex VOC
blends, which are known to vary within and among populations in England (Kite 1995, Kite et
al. 1998, Diaz and Kite 2002), France (Chartier et al. 2011, 2013, 2016), and across Austria,
Germany, Switzerland, and northern Italy (Gfrerer et al. 2021). The A. maculatum floral scent
bouquet is complex, and ranges from 30-60 compounds in most studies (Diaz and Kite 2002,
Chartier et al. 2013, Marotz-Clausen et al. 2018) to 283 compounds in Gfrerer et al. (2021).
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The VOCs which we and other researchers have frequently identified include dung-
mimicking compounds such as indole, p-cresol, and 2-heptanone (Kite et al. 1998).
Sesquiterpenes also can represent a large proportion of A. maculatum VOC emissions, the ratio
of indole to sesquiterpene in scent blends is one of the major sources of within-population
variation (Chartier et al. 2013). Interestingly, these differences mirror variations in the
composition of different animal feces: herbivore feces are often dominated by p-cresol and
terpenoids, while omnivore and carnivore feces contain higher relative quantities of indole
(Johnson and Jurgens 2010, Midgley et al. 2015). Indole, p-cresol, and sesquiterpenes have
also recently been shown to elicit antennal responses in P. phalaenoides (Gfrerer et al. 2022),
confirming that pollinators are able to recognize these key compounds.

A central aim of the present work was to establish whether A. maculatum floral VOCs
co-vary with, or are influenced by pollinator communities (Figure 1.3). Notably, Espindola and
Alvarez (2011) and Espindola et al. (2011) found that Europe-wide pollinator attraction
patterns and neutral genetic variation appear to be largely concordant with one another.
Specifically, the two main genetic clusters, roughly corresponding to northern/western Europe
and southern/eastern Europe (ref. Fig. 1 in Espindola and Alvarez 2011), were found to attract
primarily Psychoda phalaenoides and Psychoda (Psycha) grisescens, respectively (ref. Fig. 2
in Espindola et al. 2011). In order to address this question, we re-visited populations sampled
in the aforementioned studies (Table 1.1), from northern France to southern Italy and the
Balkans, to collect floral scent and pollinator data.

.
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Figure 1.3. Photos of our study system, Arum maculatu. Left: Thermogenic A. maculatum
appendix, visible through FLIR thermographic imaging. Center: In situ headspace VOC
collection from A. maculatum inflorescence during our transplant experiments (Ch. 2) Right:

A. maculatum male floret tissue, preserved in RNAlater for transcriptome sequencing (Ch. 3).
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Table 1.1. Arum maculatum populations studied as part of this thesis. Inflorescences from each
population were sampled during at least two years between 2017 and 2019. We surveyed VOCs
and pollinator attraction in situ and following transplants (Ch. 2), sequenced whole
transcriptomes from appendix and/or male floret tissue (Ch. 3), and used ddRAD-seq to study
the phylogenomics of A. maculatum (Ch. 4), using samples collected from populations as

indicated below.

Population Country Short Name | LAT LONG Ch.2 | Ch.3|Ch4
Forét du Gavre | France GAV 47.55066 | -1.86466
Conteville France CON 50.73731 | 1.73872
Chaumont France CHA 48.11508 | 5.09475
Neuchatel Switzerland | NEU 47.00043 | 6.93790
Cortaillod Switzerland | COR 46.93205 | 6.83290
Montese Italy MON 44.25523 | 10.98371
Morro Reatino | Italy MOR 42.53585 | 12.85742
Jenne Italy JEN 41.8814 | 13.18219
Rifreddo Italy RIF 40.57235 | 15.82473
Visué Croatia VIS 4453128 | 15.76134
Gostilje Serbia GOS 43.65561 | 19.83549
Sokobanja Serbia SOK 43.60373 | 21.88755
Chiflik Bulgaria CHI 42.8130 | 24.52836

By visiting the aforementioned populations at least twice over a span of three years, we
were able to collect data on both inter-annual variation in floral scent and pollinator attraction,
as well as decade-level changes when comparing against Espindola and Alvarez (2011).
Temporal replication is a crucial element for disentangling trait variation driven by natural
selection from plasticity due to annual environmental variations, but with a few exceptions
(Schemske and Horvitz 1989, Fishbein and Venable 1996), it is usually neglected. Building on
the work of Chartier et al. (2013) in France, we also performed a range-wide transplant
experiment with inflorescences from all populations. In order to identify potential locally
adapted floral scents, inflorescences were transplanted to two sites with opposing pollinator
communities (i.e. dominated by P. phalaenoides or P. grisescens). Finally, we collected genetic
materials for high-throughput screening of putatively adaptive (RNA) and neutral (DNA)
markers throughout these experiments, with the aim of identifying candidate genes and
biosynthetic mechanisms underlying specific VOCs, as well as how floral scent diversification
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have been constrained by phylogenetic or phylogeographic histories. This work, and the
hypotheses we aimed to test, will be detailed in greater length in the following section.

Thesis Overview

Throughout the present work, | aimed to further our understanding of the evolutionary
ecology of Arum maculatum pollination through a combination of techniques in chemical and
molecular ecology. Chemical ecology research aims to identify and understand the molecules
which mediate biological processes and species interactions, from the scale of individual
organisms through to ecosystems (Harborne 2001). In the case of plant-pollinator interactions,
this often involves the study of semiochemicals (i.e. communication molecules which influence
the behaviour and/or physiology of organisms), which are emitted from floral tissues as VOCs
(Knudsen and Gershenzon 2020). Molecular ecology research can be highly complementary to
this work, for example through the studies on the genes and pathways underlying the
biosynthesis of specific compounds of interest (Bailey et al. 2009), and how they vary and may
have evolved across spatial and temporal scales (Friberg et al. 2019).

As previously mentioned, understanding how trait diversity is shaped by natural
selection and maintained within and among populations requires the use of diverse methods.
In order to understand geographic mosaics of coevolution, one should ideally sample diversity
in phenotypes, species interactions, and ecological conditions across the geographic range of
species of interest (Thompson 2005). Measurements should also be temporally replicated to
account for annual variations in abiotic conditions and/or biotic interactions (e.g. Fishbein and
Venable 1996). The fitness of observed variations could further be tested using common garden
and reciprocal transplant experiments (Kawecki and Ebert 2004). It should also be noted that
observations of natural selection are not necessarily observations of evolution. The latter
requires evidence of a genetic change (e.g. a change in the frequency of a gene within a
population), and not all studies have been able to demonstrate this (Reznick and Ghalambor
2001). Phylogenetic data from entire clades of organisms could further be used to identify
adaptive radiations, or conversely, constraints which may limit the trajectories of trait evolution
(Felsenstein 1985). Over the chapters that follow, we tried to address each of these points as
we studied the specific and obligate lure-and-trap pollination system of A. maculatum.

To summarize, | aimed to address the following questions in this thesis:
[Chapter 2] Does Arum maculatum floral scent (i.e. VOCs) vary to maximize pollinator
attraction within their local population? In other words, are A. maculatum locally adapted to

their pollinator communities, or is phenotypic variation instead maintained within populations?

22



[Chapter 3] What genes are responsible for producing common Arum maculatum VOCs? Does
differential expression of these genes influence the sex and/or species composition of attracted
pollinators?

[Chapter 4] Is VOC variation among populations of A. maculatum correlated with or
constrained by its phylogeographic history? Expanding across the entire genus Arum, is there
evidence of pollinators exerting selective pressures on VOC variation?

Before concluding that any observed variations are a result of natural selection, the
fitness of phenotypes should be characterized and compared between different environments.
In Chapter 2, we paired field surveys of A. maculatum VOC variation with a large transplant
experiment. We transplanted inflorescences from ten populations spanning the species
distribution range of A. maculatum (Table 1.1) to two different sites, each dominated by one
of the main pollinator species (i.e. Psychoda phalaenoides or P. grisescens). Simultaneously,
we characterized inter- annual and decadal variation in pollinator attraction within all of the
studied populations, and the transplant sites. We found little evidence for local adaptation to a
specific pollinator (except in Forét du Gavre, France, which exclusively traps P. grisescens);
this result may be connected to the high variation in pollinator communities we observed over
relatively short timescales. It appears that maintaining diverse floral scents within populations
is advantageous in the case of A. maculatum, if inflorescences must deceive different pollinator
species from year to year.

Phenotypic selection should ultimately lead to changes in allele frequencies or gene
expression. In Chapter 3, we aimed to link total mMRNA expression from two floral tissues (i.e.
appendix and male florets) with VOC variation and pollinator attraction in ten populations of
A. maculatum (Table 1.1). Here, we were able to i) localize the sites of synthesis for individual
volatile compounds, ii) identify candidate biosynthetic pathways underlying individual A.
maculatum VOCs, and iii) identify transcript expression correlated with sex- and species-
specific pollinator attraction patterns. Through this work, we found that expression of candidate
transcripts underlying putative dung-mimicking VOCs did not correlate with pollinator
attraction rates. Instead, male floret terpene synthase expression in the basal spathe chamber
was the only significant predictor of pollinator species trapped within inflorescences. These
results validate some of the correlations between terpene emissions and pollinator attraction
identified in Chapter 2. They also emphasize that the different floral scent profiles between the
appendix (i.e. overall headspace VOCs) and male florets merits further investigation.

Comparative phylogeography and phylogenies are useful methodologies for identifying

pollinator mediated selection on floral traits (Smith 2010). In Chapter 4, we paired molecular
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and VOC data to investigate micro- and macroevolutionary divergence in floral scent among
twelve populations of A. maculatum (Table 1.1), and across the whole genus Arum. We were
able to analyze the VOC bouquets and molecular phylogenetics for nine Arum species (plus
Dracunculus vulgaris as an outgroup), and pair these data with a large SNP dataset (i.e.
containing thousands of loci) generated through double digest restriction site-associated DNA
sequencing (ddRAD-seq). The high resolution offered by our ddRAD-seq dataset allowed us
to further refine the population genetic structure of Arum maculatum, which consists of two
main genetic clusters, one of which may be split into two sub-clusters, which reflect the
species’ phylogeographic history. Furthermore, we observed relatively little evidence of
phylogenetic constraints on VOCs production both within A. maculatum, and across the Arum
phylogeny. This result likely reflects a greater influence of pollinator-driven phenotypic
selection on the deceptive pollination strategy utilized by most Arum species.

Finally, in Chapter 5, | briefly review the current state of the art in our understanding
in the pollination of A. maculatum. I will synthesize the results of our research efforts as well
as other recent publications (Gfrerer et al. 2021, 2022, Laina et al. 2022); together these results
have provided us with a deeper understanding of the evolutionary ecology of deceptive
pollination in A. maculatum through space and time, and from gene expression through to
pollinator attraction. With the availability of trait (e.g. VOC) data collected over a wide
geographic range, with temporal replicates and genomic data now available, A. maculatum
should continue to serve as a fascinating model for studying plant-pollinator interactions in the
future. Although its pollination strategy is highly specialized, many of our findings may be
further generalized beyond brood site mimicking species. Given the incredible diversity in
floral scents we have uncovered in a highly specific, obligate deceptive pollination system, it
is likely that a great deal still remains to be discovered in the broader field of chemical and

molecular ecology of plant-pollinator interactions.
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ABSTRACT

Flowering plants emit complex bouquets of volatile organic compounds (VOCs) to mediate
interactions with their pollinators. These bouquets are undoubtedly influenced by pollinator-
mediated selection, particularly in deceptively-pollinated species that rely on chemical
mimicry. However, many uncertainties remain regarding how spatially and temporally
heterogeneous pollinators affect the diversity and distribution of floral odour variation. Here,
we characterized and compared the floral odours of ten populations of deceptively-pollinated
Arum maculatum (Araceae), and inter-annual and decadal variation in pollinator attraction
within these populations. Additionally, we transplanted individuals from all sampled
populations to two common garden sites dominated by different pollinator species (Psychoda

phalaenoides or Psycha grisescens), and compared pollinator attraction rates to investigate
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whether populations maintained odour blends adapted to a specific pollinator. We identified
high within- and among-population variation in a common blend of VOCs found across the
range of A. maculatum. We also observed shifts in pollinator community composition within
several populations over 1-2 years, as well as over the past decade. Common garden
experiments further revealed that transplanted inflorescences generally attracted the dominant
local pollinator species in both transplant sites. However, one population (Forét du Gavre,
France) appears to exclusively attract P. grisescens, even when transplanted to a P.
phalaenoides-dominated site. Together, our results suggest that maintaining diverse floral
odour bouquets within populations may be advantageous when pollinator communities vary
over short timescales. We propose that temporally-replicated ecological data are one potential
key to understanding variation in complex traits such as floral odour, and in some cases may

reveal resiliency to shifting pollinator communities.

KEYWORDS
balancing selection, evolutionary ecology, floral volatiles, plant-pollinator interactions,

reciprocal transplant, temporal variation

INTRODUCTION

Widely distributed species are subject to an array of eco-evolutionary settings across

their range, due to variation in abiotic conditions and biotic interactions through space and
time. These mosaics of selection are known to influence the traits that underpin diverse plant—
herbivore and plant—pollinator interactions, affecting the evolutionary trajectories of all species
involved (Levin 2000, Hendry 2017). Plant—pollinator interactions appear to be a particularly
important mechanism underlying the comparatively rapid rate of speciation in flowering plants
(van der Niet and Johnson 2012, Hernandez-Herndndez and Wiens 2020); this
macroevolutionary pattern is the result of microevolutionary processes acting on floral traits at
the intraspecific level (Herrera et al. 2006). Understanding the evolutionary and functional
ecology of complex floral traits therefore requires data on how plant—pollinator interactions
vary through both space and time (Waser and Ollerton 2006). However, characterizing
complex trait variation and biotic interactions across wide geographic ranges (Friberg et al.
2019) and through time (Fishbein and Venable 1996) requires substantial effort. As a result,
few studies have simultaneously investigated the impact of spatial and temporal variation in

pollinators on intraspecific floral trait variation.
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As the dominant pollinators across all terrestrial ecosystems, insects exert key selective
pressures on many floral traits. They may be attracted or repelled by odour (Whitehead and
Peakall 2009), colour (Goyret et al. 2007, du Plessis et al. 2018), morphology (Ibanez et al.
2010, Murda and Espindola 2015), nectar (Parachnowitsch et al. 2019), pollen (Dobson and
Bergstrém 2000) or the multimodal expression of several of these traits (reviewed in Junker
and Parachnowitsch 2015). Here, we focus on floral odour bouquets, which are often complex
blends of many volatile organic compounds (VOCSs) that mediate diverse interactions between
plants, insects and microbes (Holopainen 2004, Raguso 2008).

Recent studies on plant—pollinator interactions have identified many cases of
pollinator-driven evolution of floral odour (Chess et al. 2008, Klahre et al. 2011, Breitkopf et
al. 2013, Peter and Johnson 2014, Gross et al. 2016). However, a review by Delle-Vedove et
al. (2017) found that floral odour variation often cannot be explained by pollinator-mediated
selection alone. Several factors may explain this discrepancy, including tradeoffs between
pollinator attraction and chemical defence against herbivory (Schiestl et al. 2014), the nature
of the interaction (i.e. deceptive pollination; Renner 2006), biochemical and energetic
limitations (Delle-Vedove et al. 2011), phylogenetic constraints in the biosynthetic pathways
for VOC production (Raguso et al. 2006), gene flow (Svensson et al. 2005) or genetic drift
(Suinyuy et al. 2012). Another factor that may maintain floral odour variation within
populations is temporal heterogeneity in pollinator community composition, as a result of
pollinator declines (Yuan et al. 2009, Thomann et al. 2013, IPBES 2016, Zattara and Aizen
2021) or shifts in pollinator phenology (Burkle and Runyon 2019). However, the impact of
temporally heterogeneous pollinators on floral odour is not yet clearly understood, because
most of the aforementioned studies relied on VOC and pollinator data collected at a single
timepoint. Here, we aim to address this gap in our knowledge, by examining how spatio—
temporal variation in pollination interactions influences floral odour variation in Arum
maculatum (Araceae).

Arum maculatum inflorescences (Fig. 1) are pollinated deceptively, by emitting
complex VOC blends which are known to vary within and among populations in England (Kite
1995, Kite et al. 1998, Diaz and Kite 2002), France (Chartier et al. 2011, 2013) and across the
Alps (Gfrerer et al. 2021). The floral odour of A. maculatum is similar to dung or decomposing
organic matter (Lack and Diaz 1991), mimicking the natural brood sites of their main
pollinators, the moth flies Psychoda phalaenoides and Psycha grisescens (Diptera:
Psychodidae). Since pollinators are temporarily trapped in a specialized floral chamber

(Broderbauer et al. 2013) until the day after anthesis (Gibernau et al. 2004), it is possible to
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collect accurate quantitative data on pollinators attracted by individual inflorescences.
Furthermore, pollinators appear to be attracted by VOCs alone (Dormer 1960, Urru et al. 2011),
meaning that an inflorescence's reproductive success should be closely tied to its unique floral
odour. Since A. maculatum floral odour is known to vary, and VOCs such as indole, 2-
heptanone and p-cresol are attractive to Psychoda species (Kite et al. 1998), we chose to focus
on floral odour in this study. Specifically, we investigated whether VOC variation is
maintained within populations due to temporally variable pollinator communities, or across the
species distribution due to spatial divergence in pollinator communities.

Floral odour variation may be maintained within populations through balancing
selection (Delph and Kelly 2013) and/or phenotypic plasticity (Callaway et al. 2003, Majetic
et al. 2009, Campbell et al. 2019). In the case of A. maculatum, balancing selection may occur
if relative abundances of P. phalaenoides and P. grisescens vary temporally within populations
(Schemske and Horvitz 1989), or if pollinator learning or avoidance to escape deception
(Ayasse et al. 2000, Baguette et al. 2020) leads to frequency-dependent selection. In either
case, we would expect to observe high floral odour variation within populations of A.
maculatum across Europe. Phenotypic plasticity under variable abiotic and biotic conditions
may also promote the maintenance of trait variation (Gulisija et al. 2016). If we observe shifts
in VOC emissions when A. maculatum inflorescences are transplanted to non-native
conditions, we may conclude that plasticity also contributes to the maintenance of floral odour
variation.

Alternatively, if pollinators only vary spatially, they may exert divergent selective
pressures on floral VOCs, leading to locally-adapted bouquets in populations with different
pollinators (Leimu and Fischer 2008, Gervasi and Schiestl 2017, Suinyuy and Johnson 2018,
Sayers et al. 2020). Previous research has shown that P. phalaenoides and P. grisescens are
respectively trapped by inflorescences in the northern/central and southern/eastern portions of
A. maculatum's distribution (Espindola et al. 2010) — except in the Atlantic fringe of France,
where inflorescences trap P. grisescens. Furthermore, the population genetic structure of A.
maculatum roughly aligns with this pattern (Espindola and Alvarez 2011). Under spatially
varying selection, we may predict that distinct A. maculatum floral VOCs or phenological
adaptations will be maintained in these two pollinator backgrounds. If these variations are local
adaptations, we would expect to observe decreased pollinator attraction efficiency when
inflorescences are transplanted to non-native pollinator backgrounds.

In this study, we investigated whether variation in A. maculatum floral odour was

consistent with the patterns predicted under either of the two scenarios described above. To
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this aim, we surveyed variation in floral odour and pollinator attraction across Europe, and
transplanted individuals from all sampled populations to two common garden sites dominated
by either P. phalaenoides or P. grisescens. By selecting populations where pollinator
communities were first surveyed a decade ago (Espindola et al. 2010), we were further able to
assess temporal heterogeneity in pollinators at both the inter-annual (i.e. our surveys between
2017 and 2019), and decadal scales, with the aim of understanding how temporally
heterogeneous pollinators affect intraspecific floral odour variation. Our specific objectives
were to 1) characterize and compare floral odour variation within and among populations of A.
maculatum, 2) determine whether the pollinators trapped by A. maculatum vary spatially and/or
temporally and 3) use these results to infer potential drivers of floral VOC variation, namely
pollinator-driven balancing selection and local adaptation.

MATERIAL AND METHODS

Natural history and pollination ecology of Arum maculatum

Arum maculatum is a common European flowering plant, which is usually found in
shaded areas of deciduous woodlands, particularly beech woods (Bown 2000). Its pollination
cycle takes place over two days (reviewed in Gibernau et al. 2004). On the evening of the first
day, the appendix is thermogenic and emits a dung-like odour to attract dipteran pollinators;
heat alone is not sufficient to attract pollinators (Prime 1960), but likely aids in the dispersal
of VOCs such as indole, p-cresol and 2-heptanone, which are attractive to Psychoda species
when used in scented traps (Kite et al. 1998). Notably, the widely distributed Psychoda
phalaenoides and Psycha grisescens are both trapped by A. maculatum across most of Europe,
together representing 87.49% of all insects found within floral chambers (Espindola et al.
2010). Psychoda setigera, P. albipennis and P. trinodulosa are also infrequently observed
within inflorescences, together representing 0.46% of trapped insects in Espindola et al. (2010).
Other infrequently attracted dipterans include Chironomidae (Smittia pratorum),
Ceratopogonidae and Sphaeroceridae (Brachycera) (Rohacek et al. 1990, Diaz and Kite 2002,
Espindola et al. 2010).

Psychodidae are also known to be efficient carriers of Arum pollen (Diaz and Kite 2002,
Albre et al. 2003); one individual can carry 50-150 grains of pollen, and a significant fruit set
can develop from a single trapped pollinator (Lack and Diaz 1991). Based on their similar
behaviours and morphologies, the above-mentioned Psychoda species are all presumably
efficient pollinators of A. maculatum. However, antennal sensilla are known to vary among
Psychodidae (Faucheux and Gibernau 2011), and species may therefore vary in their responses

to VOCs. Although A. maculatum do not provide any nutritive rewards, this should not be
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detrimental to trapped P. phalaenoides and P. grisescens, as they do not feed during their short
adult lifespan (P. Withers, cited in Lack and Diaz 1991). The conservation status of P.
phalaenoides and P. grisescens has not been assessed; however, Psychoda populations are
known to be large and dense (up to thousands of individuals per m?; Arshad and Moh Leng
1991) due to their reliance on modern agriculture and human activities (e.g. manure and
decomposing organic matter) for reproduction (Satchell 1947, Vaillant 1971). Peak P.
phalaenoides abundances also appear to correspond with the peak flowering period of A.
maculatum (Ollerton and Diaz 1999).
Field sampling sites

We sampled ten populations of A. maculatum (Fig. 1, Supporting information),
including three in France (Forét du Gavre, Conteville and Chaumont), two in Switzerland
(Neuchatel and Cortaillod), one in Italy (Montese), one in Croatia (Visu¢), two in Serbia
(Gostilje and Sokobanja) and one in Bulgaria (Chiflik). This sampling covers the majority of
the A. maculatum species distribution range (Supporting information). During the typical
flowering period of A. maculatum (April-May), we conducted field sampling each year
between 2017 and 2019, visiting each site in at least two years during this timeframe.
Common garden experiment sites

We selected the Swiss population of Neuchatel and the French population Forét du
Gavre (on the Atlantic fringe) as our common garden sites, since they were respectively
dominated by Psychoda phalaenoides and Psycha grisescens. We conducted common garden
experiments in Neuchatel in 2018 and 2019, and in Forét du Gavre in 2019. These two sites
experienced a relatively similar climate; over the course of our sampling in 2019, the mean
temperature and humidity in Neuchatel at the time of sampling were 15.8°C and 61%
respectively, and in Forét du Gavre, the mean temperature and humidity were 17.2°C and 50%
respectively. Five to ten A. maculatum individuals with unopened inflorescences were potted
in soil from their native habitat, and then transplanted from all ten populations listed above to
the two common garden sites. Inflorescences from Neuchatel and Forét du Gavre were also
reciprocally transplanted as part of this experiment. The total numbers of inflorescences
sampled in situ and in both common garden sites are given in Supporting information.
Floral odour and pollinator sampling methods

During both the field surveys and common garden experiments, we collected dynamic
headspace VOCs using identical methods, and analysed them using gas chromatography
coupled to mass spectrometry (GC-MS; full details in the Supporting information). Briefly,

we collected VOCs from A. maculatum inflorescences undergoing anthesis in the early evening
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on polydimethylsiloxane (PDMS) coated Twister stir bars (Gerstel: Milheim an der Ruhr,
Germany), at an air flow rate of 200 ml min~! for 30 min. Twisters were kept on ice in sealed
glass containers until GC-MS analyses, where volatiles were thermally desorbed and separated
on a HP-5MS column. During the morning following VOC sampling, we collected all insects
trapped within inflorescences and preserved them in 70% ethanol until identification (full
identification methods detailed in Supporting information).
Characterizing and comparing floral odour variation across the range of A. maculatum

We compared total VOC emissions within and among populations of field-sampled
inflorescences (i.e. VOCs sampled in their native habitats) using Bray—Curtis distance
matrices, and visualized inter-individual variation using nonmetric multidimensional scaling
(NMDS). Then, to test for a significant effect of population (fixed effect factor) on the entire
VOC matrix, we performed pairwise permutational multivariate analysis of variance
(PERMANOVA, Bray—Curtis distance, n=999 permutations) with Bonferroni correction
using the adonis function in the R ver. 3.6.1 package vegan (Oksanen et al. 2019).
Characterizing temporal variation in pollinator community composition

We investigated inter-annual variation in pollinator community composition during our
study (i.e. 2017-2019) by calculating Bray—Curtis distance matrices, comparing the mean
quantities of pollinators trapped per inflorescence for all populations with in situ pollinator data
collected in two or more years. We then visualized the result using nonmetric multidimensional
scaling (NMDS) ordinations. Next, we repeated this process to investigate shifts in the
dominant pollinators trapped by A. maculatum over the past decade. Using Bray—Curtis
distance matrices and NMDS ordinations, we compared the mean quantities of 1) Psychodidae
species only, and 2) all insect families trapped per inflorescence in our study, with those
collected approximately a decade ago (2006-2008; Espindola et al. 2010).
Identifying VOCs associated with species-specific pollinator attraction

Since we collected paired VOCs and pollinator data for each sampled inflorescence, we
were able to correlate these two matrices and identify candidate compounds associated with
the attraction of either P. phalaenoides or P. grisescens. To this aim, we used the Random
forest implementation in the R package randomForest (Liaw and Wiener 2002), with
permutation importance enabled (ntree = 500, mtry = §; optimized using the tuneRF function).
We then calculated conditional feature contributions and identified combinations of
compounds which had the greatest influence on the predictive strength of the classifier, using
the Python package Treelnterpreter (Saabas 2019). As a measure of plasticity in these

candidate compounds when flowering in different habitats (i.e. transplant effects), we
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calculated and plotted population standard scores of these compounds for both in situ and
common garden samples. We then used Mann—-Whitney U-tests to test whether populations
with sufficient sample sizes (n > 8) emitted different quantities of candidate compounds when
transplanted to common garden sites.
Testing for local adaptation to pollinators using common garden experiments

We began by visualizing geographic patterns in mean pollinator attraction for each
population in situ, and following transplants to both common garden sites. Then, following the
‘local versus foreign' definition of local adaptation (Kawecki and Ebert 2004), we tested the
hypotheses that: in the Neuchatel common garden, transplanted A. maculatum inflorescences
which attract P. phalaenoides in their native population should catch 1) more P. phalaenoides
and/or 2) more pollinators in total than inflorescences which attract P. grisescens in their native
population. We expected to observe the inverse result in the Forét du Gavre common garden
(i.e. transplanted inflorescences that attract P. grisescens in their native population should
perform better on average in Forét du Gavre). These expectations were tested using a two-way
ANOVA on log+1 transformed pollinator counts, including ‘native pollinator' (i.e. P.
phalaenoides- or P. grisescens-dominated origin) and ‘common garden location' (i.e. whether
the common garden site was dominated by P. phalaenoides or P. grisescens) and their
interaction as fixed factors. Here, a significant interaction would indicate local adaptation,
which could be confirmed using contrasts comparing trait values between native and transplant
sites. Finally, we analysed ‘deme x habitat' interactions (Kawecki and Ebert 2004) for mean
attraction rates of P. phalaenoides, P. grisescens and all insects. Here, deme and habitat
respectively referred to an A. maculatum population and its local pollinator community
conditions. In this analysis, data were subset based on each inflorescence's native pollinator
and common garden location, as described above.
RESULTS
Floral odour is highly variable within and among A. maculatum populations

After filtering out compounds present in blank samples, we retained 18 A. maculatum
floral VOCs present in relative abundances above 1% (Table 1). All of the major compounds
we identified (e.g. indole, p-cresol, 2-heptanone, B-citronellene and three unnamed
sesquiterpenes) had been previously reported in studies of A. maculatum floral odour (Diaz and
Kite 2002, Chartier et al. 2013, Marotz-Clausen et al. 2018). We observed substantial variation
in floral odour both within (Fig. 1) and among populations (Fig. 2).
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Pollinator communities are variable at both annual and decadal scales

Our sampling allowed us to compare inter-annual (i.e. 2017/2018 versus 2019)
variation in Psychodidae trapped by A. maculatum in six populations. The dominant
Psychodidae species trapped by inflorescences appear to have shifted in three of these
populations (Conteville, FR, Neuchatel, CH and Visu¢, HRV) over this time period (Fig. 3).

We also observed temporal shifts in the average abundances of trapped Psychodidae in
several populations over the past decade (i.e. compared to Espindola et al. 2010). The relative
compositions of the complete pollinator communities trapped by A. maculatum appears to have
shifted in five out of six populations where comparisons could be made; only Forét du Gavre
remained consistent over the past decade (Supporting information). We also observed apparent
shifts in the dominant Psychodidae pollinator trapped within inflorescences in four out of six
populations over the past decade, in Chaumont FR, Conteville FR, Gostilje SRB and Visuc,
HRYV (Table 2, Supporting information).
Low population-level VOC divergence coincides with temporally variable pollinators

PERMANOVA pairwise contrasts did not identify any pairs of populations with
significant divergence in their proportional emissions of VOCs sampled in their native habitats,
after correction for multiple testing. This lack of population-level differentiation in VOC
blends is evident when visualizing Bray—Curtis similarities between field-sampled individuals
(Fig. 2), and appears to coincide with the temporal heterogeneity in pollinator communities
identified in the previous section (Fig. 3, Supporting information).
Arum maculatum populations typically are not locally adapted to specific pollinators

Through Random Forest analyses (Supporting information), we identified one
compound positively associated with P. phalaenoides attraction (B-humulene), and three
compounds positively associated with P. grisescens attraction (unnamed sesquiterpenes RI
1470 and 1681, and a-selinene). After evaluating combined feature contributions within the
Random forest classifier, we found that its predictive strength was most strongly influenced by
unnamed sesquiterpene (RI 1681) alone. Other strong combinations included unnamed
sesquiterpene RI 1681 paired with unnamed sesquiterpene RI 1470 or a-selinene, as well as -
humulene alone, mirroring our initial results (full Treeinterpreter results in the Supporting
information).

The four candidate compounds we identified (B-humulene, unnamed sesquiterpenes Rl
1470 and 1681, and a-selinene) were widely observed and not restricted to a specific region or
pollinator background. Average emissions of these compounds remained relatively consistent

between in situ collections and samples transplanted to Neuchatel, though some appeared to
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increase after inflorescences were transplanted to Forét du Gavre (Supporting information).
We only observed a significant transplant effect in one compound (an increase in unnamed
sesquiterpene RI 1470) within one population, Neuchéatel (Mann—Whitney tests; full result in
the Supporting information).

In both common garden sites, we observed that transplanted inflorescences typically
attracted the dominant local pollinator species as efficiently as native inflorescences (Fig. 1).
While common garden location had a significant effect on the quantity of P. phalaenoides and
P. grisescens caught by A. maculatum (i.e. the two transplant sites were dominated by different
Psychodidae species), no native pollinator x common garden location interaction effect was
observed (2-way ANOVA, Pr(>F) > 0.05; full results in the Supporting information). Together,
these results suggest that A. maculatum populations are generally not locally adapted to a single
pollinator species (Fig. 4), with notable exceptions in Forét du Gavre and the two Serbian
populations Gostilje and Sokobanja, which will be discussed below.

While we do not find general indications of populations being locally adapted to
specific pollinators, not all inflorescences were equally attractive to all pollinator species. One
population (Forét du Gavre) continued to exclusively attract their native pollinator P.
grisescens when transplanted to the Neuchatel common garden (Fig. 1). Remarkably, this
exclusive attraction of P. grisescens was maintained even though P. phalaenoides was also
present (and trapped by inflorescences from other populations) at the time when inflorescences
from Forét du Gavre opened (Supporting information). Additionally, transplanted
inflorescences occasionally attracted the ‘non-dominant' Psychodidae species in both common
garden sites, and a third Psychoda species (Psychoda trinodulosa) was also identified within
inflorescences in Croatia and Serbia during our field surveys. Psychoda trinodulosa was also
observed in the Neuchéatel common garden, but not in Forét du Gavre; inflorescences from both
Serbian populations (Gostilje and Sokobanja) continued to occasionally attract P. trinodulosa
when transplanted to the Neuchatel common garden (Fig. 1).

DISCUSSION

In this study, we identified substantial within-and among-population variation in A.
maculatum floral odour (Fig. 1, 2) and shifts in pollinator community composition in several
populations at both the inter-annual (Fig. 3) and decadal scales (Supporting information).
Although some A. maculatum populations continued to attract their native pollinators in
transplant sites (e.g. Forét du Gavre and Serbian populations), most populations did not
exclusively attract P. phalaenoides or P. grisescens when transplanted to ‘foreign' pollinator

backgrounds (Fig. 4). Since this result does not appear to be due to transplant
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effects/phenotypic plasticity (Supporting information), this leaves temporally heterogeneous
pollinator communities as a potential mechanism underlying the maintenance of high within-
population variation in floral odour.

The influence of temporally variable pollinators on A. maculatum floral odour

Overall, it appears that local pollinator availability at the time of anthesis plays a key
role in the quantity and composition of pollinators trapped within A. maculatum inflorescences.
Previous studies on A. maculatum pollination in England (Diaz and Kite 2002) and France
(Chartier et al. 2013) arrived at a similar conclusion. The difference in sex ratios, particularly
that no male P. phalaenoides or P. trinodulosa are attracted, may be due to differences in
copulation timing among Psychoda species (i.e. immediately after adult emergence), and
parthenogenetic reproduction (F. Vaillant, cited in Albre et al. 2003), or brood-site specific
VOCs which are only attractive to females of these two species. While we were unable to
reliably collect data on background pollinator communities as part of our sampling design,
Diaz and Kite (2002) found that Psychodidae species caught on sticky traps mirrored those
found within A. maculatum and A. italicum inflorescences. Therefore, our data should still
allow us to infer whether the patterns in pollinator attraction we observed within each
population were a consequence of balancing selection or local adaptation.

Balancing selection may maintain variation within populations through several
selective regimes, including relaxed selection, negative frequency-dependent selection due to
pollinator learning, or environmental heterogeneity (Delph and Kelly 2013). While relaxed
selection on floral odour has been observed in some angiosperms (Salzmann et al. 2007), this
is unlikely to be the case for deceptively pollinated A. maculatum, given that pollinator
attraction is driven by VOC emissions alone (Dormer 1960, Lack and Diaz 1991). Pollinator
learning has been shown to maintain polymorphism in floral colour (Gigord et al. 2001) and
odour (Ayasse et al. 2000), but this is also less likely to occur in the case of A. maculatum.
Psychodidae likely experience weak and inconsistent selective pressures caused by deception,
due to their large population sizes and short generation times (Prime 1960, Lachmann et al.
2000), and potentially sex-specific attraction in some cases. Araceae also exploit pre-existing
VOC detection abilities in their pollinators (Schiestl and Détterl 2012), which likely
contributes to their persistent inability to distinguish deceptive inflorescences (Renner 2006).
This leaves temporal heterogeneity in pollinator communities as the mechanism most likely
contributing to the maintenance of diverse floral odour bouquets in A. maculatum.

In this study, we demonstrated that pollinator communities can vary within populations

over relatively short time periods (i.e. over the years- to decade-scale) across most of the range
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of A. maculatum. Temporally heterogeneous pollinators have long been known to influence
floral traits (Schemske and Horvitz 1989), but to our knowledge, have not been investigated as
a mechanism underlying floral odour variation. Further research on temporal variation in
pollinators may provide clarity in other cases where floral trait variation in deceptively
pollinated species cannot be explained by pollinator learning (Pellegrino et al. 2005, Jersakova
et al. 2006). Temporally variable pollinators may have also contributed to the finding that,
contrary to expectations, deceptively pollinated species generally do not maintain more
variable floral odours than rewarding species (Ackerman et al. 2011, Delle-Vedove et al. 2017).

Currently, it is not known whether the phenologies of P. phalaenoides and P. grisescens
are influenced by environmental variation; our data indicate that at least in Forét du Gavre, P.
grisescens emerges slightly earlier than P. phalaenoides (Supporting information). A recent
environmental DNA survey of cow dung (Sigsgaard et al. 2021) also identified P.
phalaenoides, P. trinodulosa and P. grisescens all within a single site in Mols Bjerge,
Denmark. At the time the sample was taken (June 2019; i.e. later than our field surveys), P.
phalaenoides overwhelmingly predominated over all other insects in terms of read counts (i.e.
abundance). Taken together, these results corroborate two key points: all of the major
Psychodidae pollinators of A. maculatum are present across the range of A. maculatum (Jezek
et al. 2018), and their relative abundances may vary temporally over the course of the flowering
period.

If environmental variation influences pollinator phenology, then plasticity in floral
odour based on the same environmental cues might enhance pollinator attraction. With one
exception in a single population (i.e. unnamed sesquiterpene R1 1470 emitted by inflorescences
from Neuchétel), we did not observe significant shifts in the four candidate compounds linked
to species-specific pollinator attraction following transplants to common gardens (i.e.
phenotypic plasticity). However, as we transplanted mature inflorescences, some
environmental effects may have already been in place prior to transplanting (Wund 2012).
Growing A. maculatum for several generations in common garden sites would give a more
accurate result and eliminate maternal effects, but this was not feasible within the scope of our
study, as A. maculatum requires at least two years (and sometimes longer) from germination to
flowering (Bown 2000). Given the central role of VOCs in A. maculatum pollination (Kite
1995, Kite et al. 1998), it is unlikely that the high variation in floral odour we observed is the
result of plasticity alone. Further research tracking the VOC emissions of the same individual
over multiple flowering events would provide greater resolution into environmental influences

on floral odour variation.
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Since A. maculatum are rhizomatous, variation may also persist within populations for
longer periods of time compared to annual plants. Gene flow between populations may also
contribute to the maintenance of floral odour variation within populations. Pollen dispersal by
Psychodidae is likely limited due to their poor flying abilities and short adult lifespans (Lack
and Diaz 1991), but seed dispersal by frugivorous birds (Snow and Snow 1988) could lead to
gene flow among nearby populations. While there appears to be a strong barrier to gene flow
between populations from north/central Europe, and from Italy and the Balkans (Espindola and
Alvarez 2011), our data suggest that floral odour variation is widely maintained across this
barrier. This pattern suggests that — at least regionally — balancing selection is at work, possibly
in association with phenotypic plasticity and/or local adaptation in populations with consistent
pollinator communities.

The influence of spatially variable pollinators on A. maculatum floral odour

The results from our Europe-wide transplant and common garden experiment do not
support the hypothesis that all A. maculatum populations are (locally) adapted to attract
exclusively P. phalaenoides or P. grisescens. This contrasts with the patterns found in other
wide-ranging deceptively pollinated species such as the sexually deceptive orchids Ophrys
sphegodes (Breitkopf et al. 2013) and Ophrys insectifera (Triponez et al. 2013), but aligns with
the results of a previous reciprocal transplant experiment between two A. maculatum
populations in France (Chartier et al. 2013). However, we found that the Forét du Gavre
population in coastal NW France appears to have lost the ability to attract P. phalaenoides,
possibly due to local adaptation and/or genetic drift; the latter process is known to occur at the
limits of species ranges (Geber 2011, Gould et al. 2013). Interestingly, Forét du Gavre is also
the only population in this study with little recorded inter-annual and decade-scale variation in
pollinator communities. It is therefore possible that the pollinator attraction patterns we
observed are a result of selective pressures imposed by the likely stable population of P.
grisescens in this site. Further transplants of Forét du Gavre inflorescences to additional
populations are needed to test this hypothesis.

Our results also do not exclude the possibility that individual VOCs are differentially
attractive to certain Psychodidae species. First, we identified four sesquiterpenes that were able
to predict the attraction of P. phalaenoides (B-humulene) and P. grisescens (unidentified
sesquiterpenes RI 1470 and 1681, and a-selinene) through Random Forest analyses.
Additionally, both Serbian populations in this study (Gostilje and Sokobanja) attracted a third
Psychodidae species (P. trinodulosa) in situ and following transplants to the Neuchatel

common garden, suggesting that there may also be VOCs related to species-specific attraction
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of P. trinodulosa. These patterns suggest that specific compounds emitted by inflorescences
from Serbia may also be differentially attractive to P. trinodulosa. However, this species was
too infrequently observed in our study to make any firm conclusions; further studies of these
populations are needed to address this question.

In this study, the VOCs typically associated with Psychodidae brood sites (e.g. indole,
p-cresol and 2-heptanone) were not correlated with species-specific pollinator attraction. A
recent study by Gfrerer et al. (2021) also found that variation in the aforementioned foetid-
smelling VOCs were not among those which significantly influenced fruit sets in A.
maculatum. Given that blends of indole, p-cresol and 2-heptanone are known to be attractive
to Psychoda species (Kite et al. 1998), these compounds appear to be generally attractive to all
species. However, blends of VOCs (e.g. with specific sesquiterpenes) or the ratios at which
they are emitted may be differentially attractive. Behavioural assays, where different pollinator
species are presented with several A. maculatum inflorescences or individual VOCs, would be
useful in identifying which compounds or blends elicit general or species-specific responses.
Similarly, gas chromatography—electroantennography (GC-EAD; Cork et al. 1990) could be
used to identify all VOCs which elicit a physiological response in different pollinator species.
The A. maculatum populations with unique patterns in pollinator attraction identified in this
study may be useful targets for future research testing whether selection is acting on specific
compounds (Stensmyr et al. 2002, Urru et al. 2010), or on ‘super-attractive mixtures' (e.g. in
A. palaestinum; Stokl et al. 2010).

Conclusion

To date, almost all studies on floral odour and pollinator variation have been carried
out at a single timepoint — possibly contributing to the numerous cases where floral odour
diversity appears to exceed pollinator diversity (Delle-Vedove et al. 2017). As evidenced by
the extensive literature on local adaptation in plants (Leimu and Fischer 2008), spatially
varying selection is an undoubtedly important driver of floral odour divergence, and appears
to have influenced a few A. maculatum populations (e.g. Forét du Gavre) as well. However,
the variable floral odour bouquets emitted by A. maculatum may also represent an important
adaptation to temporally heterogeneous pollinator communities, if the pollinator shifts we
observed have been occurring over longer periods of time. In closing, we advocate for
increased attention on the temporal dimension of pollinator-mediated selection. By
simultaneously studying spatial and temporal variation in selection, we may further our
understanding of how and why flowering plants maintain high diversity in key functional traits

such as floral odour.
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Figure 1. Europe-wide variation in floral volatile organic compounds (VOCs) and pollinator attraction

of Arum maculatum. Stacked barplots present the relative quantities of VOCs in two terpene classes
(mono- and sesquiterpenes) and four dung-mimicking VOCs emitted by individual inflorescences. Pie
charts indicate the composition of Psychodidae trapped by A. maculatum inflorescences during field
surveys (on map), and following transplants to two common garden sites (below map), scaled to
represent mean quantities of Psychodidae per plant. Dotted lines link each field result with

corresponding transplant results. Note: empty chart =no Psychodidae attracted during our surveys.
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Figure 2. (A) Multivariate representation of Arum maculatum floral volatile organic compound (VOC)
emissions, using nonmetric multidimensional scaling (NMDS) of Bray—Curtis distances between
individuals. Points and ellipses are coloured according to individuals' population of origin. (B) Circle

plot visualizing the correlations between all VOCs and the NMDS axes.
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Figure 3. Interannual changes (2017/2018 versus 2019) in the average composition of Psychodidae
pollinators trapped by six Arum maculatum populations. [NMDS; Bray—Curtis distance; overall
stress = 0.005].

60



B) Number of P. grisescens trapped A) Number of P. phalaenoides trapped

C) Total number of pollinators trapped

(&)
o

30+

201

10+

o

50+

40+

30+

204

10

50+

40+

30+

204

10+

P. phalaenoides
(mean, per inflorescence)

Forét dij Gavre

Neuchatel

P. grisescens
(mean, per inflorescence)

Forét du Gavre

Neuchatel

Total Insects

(mean, per inflorescence)

Forét du Gavre

Neuchatel

Common Garden Location

Native Pollinator O P. grisescens @ P. phalaenoides

61

Figure 4. Pollinator attraction in the
reciprocal transplant experiment. Plots
show the mean (+ SE) numbers of (A)
Psychoda phalaenoides, (B) Psycha
grisescens and (C) all insects trapped by
inflorescences, transplanted from either
P. phalaenoides-dominated populations
(filled circles) or P. grisescens-
dominated populations (hollow circles).
No deme x habitat interactions
(indicative of local adaptation) were
identified.



TABLES

Table 1. Average proportional emissions (M) of volatile organic compounds (+/- SD) emitted by
populations of Arum maculatum. Compounds representing more than 5% of the average total blend are
highlighted in bold.

Forét du Gavre, Conteville, France Chaumont, France  (n Neuchatel, Switzerland Cortaillod, Switzerland

France (n = 14) (n=10) =8) (n=21) (n=29)
VoC RI M SD Freq M SD Freq M sD Freq M sD Freq M sD Freq
2-heptanone 891 1.09 1.69 50.0 7.74 16.54 40.0 4.68 10.37 25.0 0.14 0.29 28.6 1.12 2.01 41.4
B-citronellene 943 3.58 6.02 64.3 0.02 0.07 10.0 2.25 2.28 75.0 6.32 7.17 81.0 3.39 3.74 82.8
cis p-ocimene 1037 0.10 0.37 7.1 0.00 0.00 0.0 0.02 0.05 12.5 0.32 0.75 33.3 0.51 1.02 27.6
p-cresol 1076 4.04 7.54 429 571 10.15 30.0 0.04 0.12 12,5 0.79 211 143 0.00 0.00 0.0
indole 1289 2250 | 15.45 100 19.92 20.11 90.0 15.23 15.61 875 39.02 30.26 95.2 46.26 26.81 96.6
skatole 1383 1.89 2.84 50.0 1.44 213 50.0 421 2.28 875 1.59 1.84 571 1.62 141 69.0
o-copaene 1374 0.02 0.04 28.6 0.01 0.02 20.0 0.25 0.53 25.0 0.02 0.07 14.3 0.48 2.06 20.7
Z-caryophyllene 1405 9.26 11.07 714 1.87 4.44 30.0 211 2.00 62.5 8.39 7.52 85.7 3.94 4.74 75.9
B-caryophyllene 1416 1.48 214 50.0 7.87 9.84 70.0 1.92 2.30 62.5 1.37 1.93 47.6 2.82 5.68 724
a-humulene 1452 5.15 4.43 714 17.55 22.93 70.0 11.32 2.66 100 5.82 5.44 76.2 3.87 3.10 724

alloaromadendrene 1459 4.66 3.81 85.7 3.96 4.53 60.0 7.02 4.26 87.5 5.62 4.41 85.7 8.09 9.94 82.8

B-humulene 1473 5.46 7.02 64.3 1.24 1.95 40.0 10.13 5.87 87.5 4.97 6.45 85.7 2.72 191 82.8

a-selinene 1491 2.06 3.68 35.7 0.35 112 10.0 3.97 4.52 62.5 1.66 3.43 28.6 0.43 1.18 17.2

bicyclogermacrene 1493 0.58 1.02 429 0.87 275 10.0 1.18 1.70 50.0 2.64 4.07 57.1 6.46 9.51 75.9

d-cadinene 1520 0.48 1.09 35.7 1.63 4.66 20.0 9.59 12.96 100 3.75 6.47 57.1 1.55 2.14 58.6
Unnamed sesqui. 1404 0.63 121 429 0.04 0.14 10.0 0.20 0.37 375 4.94 10.48 571 2.49 6.65 379
Unnamed sesqui. 1470 4.62 6.00 714 217 3.98 30.0 11.17 5.59 100 3.48 3.27 76.2 3.96 2.82 793
Unnamed sesqui. 1681~ | 32.39 | 20.75 | 100 27.61 17.68 80.0 14.71 8.88 100 9.15 14.36 81.0 10.29 10.45 75.9
Montese, Italy Visué, Croatia Gostilje, Serbia Sokobanja, Serbia Chiflik, Bulgaria
(n=13) (n=6) (n=19) (n=11) (n=3)
VvoC RI M SD Freq M SD Freq M SD Freq M SD Freq M sD Freq
2-heptanone 891 8.28 14.17 615 29.36 27.79 100 0.00 0.00 0.0 0.00 0.00 0.0 0.00 0.00 0.0
B-citronellene 943 3.26 5.49 69.2 8.77 2.18 100 0.65 212 211 0.05 0.15 9.1 0.00 0.00 0.0
cis B-ocimene 1037 0.21 0.40 30.8 0.32 0.79 16.7 0.01 0.04 53 0.00 0.00 0.0 0.00 0.00 0.0
p-cresol 1076 7.58 11.99 61.5 4.34 5.81 66.7 0.00 0.00 0.0 0.00 0.00 0.0 2.85 4.94 333
indole 1289 22.38 16.81 92.3 7.99 9.73 83.3 5541 | 26.79 100 4341 | 37.98 90.9 54.24 | 27.05 100
skatole 1383 1.46 1.49 61.5 1.07 1.10 66.7 434 5.80 73.7 2.92 3.19 63.6 1.84 0.45 100
a-copaene 1374 0.32 0.64 46.2 0.10 0.20 50.0 161 451 68.4 4.46 10.94 727 2.52 2.65 66.7
Z-caryophyllene 1405 12.78 14.31 69.2 22.25 20.66 833 4.65 6.29 63.2 9.88 19.53 | 455 6.90 3.86 100
B-caryophyllene 1416 0.88 1.20 385 1.96 2.50 50.0 0.54 2.06 15.8 0.73 2.34 18.2 0.00 0.00 0.0
a-humulene 1452 6.25 8.75 76.9 6.11 5.24 100 6.91 10.62 57.9 1.81 3.34 27.3 0.70 1.21 33.3

alloaromadendrene 1459 2.89 2.70 69.2 2.04 1.65 83.3 1.86 3.22 36.8 4.71 5.97 54.5 0.73 1.26 333

B-humulene 1473 8.07 13.22 100 0.75 1.09 50.0 154 2.77 42.1 2.64 4.09 36.4 0.67 116 333

a-selinene 1491 0.88 155 30.8 0.00 0.00 0.0 1.38 3.12 316 0.47 111 18.2 0.00 0.00 0.0

bicyclogermacrene 1493 0.43 0.69 385 0.00 0.00 0.0 1.02 1.60 47.4 0.97 2.18 273 6.95 12.04 333

d-cadinene 1520 1.36 2.55 46.2 0.62 0.96 333 2.36 8.28 211 0.28 0.76 18.2 0.00 0.00 0.0
Unnamed sesqui. 1404 0.47 0.87 30.8 0.00 0.00 0.0 0.99 2.61 42.1 0.74 143 273 0.00 0.00 0.0
Unnamed sesqui. 1470 3.35 3.61 69.2 4.06 2.17 100 2.99 5.27 52.6 4.97 7.83 36.4 4.00 17 100
Unnamed sesqui. 1681" 19.15 18.28 84.6 10.23 12.36 100 13.73 13.14 84.2 21.96 20.18 81.8 18.60 15.25 100

RI = Kovats retention index (* = Rl 1716 in Diaz & Kite 2002).
Freq = proportion of chromatograms (%) in which the compound was identified in a given population.
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Table 2. Mean in-situ abundances of Psychoda phalaenoides and Psycha grisescens individuals trapped
per Arum maculatum inflorescence between 2006-2008 (data from Espindola et al. 2010), and in our
field surveys between 2017-2019. The number of individual inflorescences sampled in situ are indicated
in parentheses. NAs indicate that no inflorescences were open yet at the time populations were visited.

Poll. Species / P. P. grisescens P. P. grisescens
Year | phalaenoides (2008) phalaenoides (2019)
Population (2008) (2019)

Foéret du Gavre (France) 0(5) 6.4 (5) 0 (16) 25.7 (16)
Conteville (France) 47.6 (8) 2.3 (8) 0.4 (14) 1.3 (14)
Chaumont (France) 1.6 (6) 0.5 (6) 0(7) 0.6 (7)
Lausanne/Neuchétel 3.0(2) 0(2) 2.0 (44) 0.6 (44)

(Switzerland)
Montese (Italy) 0(5) 2 (5) NA NA
Visu¢ (Croatia) 0.1(7) 0.6 (7) 1.3 (6) 3.0 (6)
Gostilje (Serbia) 0(5) 2.4 (5) 0.4 (18) 0(18)
Sokobanja (Serbia) 0(5) 0.2 (5) 0(21) 0.1(21)
Chiflik (Bulgaria) 0.4 (7) 4.3 (7) NA NA
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APPENDIX S1 - SUPPLEMENTARY FIGURES & TABLES
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Figure S1. The species distribution of Arum maculatum (highlighted in grey), per Boyce (1993). Here,
sampling sites are indicated by pie charts, which visualize data on Psychodidae trapped by
inflorescences between 2007-2009 (Espindola et al. 2010), for comparison with our results in Figure 1.

Note: Graph sizes represent the square root (plus one to visualize species differences in small pies) of

the mean number of psychodids per plant in each population. Swiss pollinator data in this figure

represents Lausanne, replaced by Neuchatel and Cortaillod populations in the present study.
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Figure S2. Shifts in the total pollinator communities (upper plot) and Psychodidae only (lower plots)
trapped by Arum maculatum inflorescences over the past decade. The dominant Psychodid pollinator

species appears to have shifted in four out of six re-sampled populations.
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Figure S3. Variable importance plot, highlighting the Arum maculatum VOCs with the greatest effect
on the random forest classifier accuracy. Here, VOCs with the greatest mean decrease in accuracy
values are the strongest predictors of whether an inflorescence would catch predominantly Psychoda

phalaenoides (as opposed to Psycha grisescens).
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Figure S5a. Pollinators trapped by Arum maculatum inflorescences in the Neuchéatel common garden
(i.e. Psychoda phalaenoides-dominated) over two years of sampling. Both P. phalaenoides and P.

grisescens were present and trapped by inflorescences during most of the sampling season.

Note: Y-axis scale varies substantially between plots. Bar colours represent the populations of origin
for sampled inflorescences.
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Figure S5b. Pollinators trapped by Arum maculatum inflorescences in the Forét du Gavre common
garden (i.e. Psycha grisescens-dominated) in 2019. P. grisescens were trapped by inflorescences over
most of the sampling season, while P. phalaenoides were only trapped in the latter half of the season.

Note: Y-axis scale varies substantially between plots. Bar colours represent the populations of origin
for sampled inflorescences. No pollinator sampling was conducted between 25.Apr and 14.May.
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Table S1. List of study sites, GPS coordinates, number of Arum maculatum VOC samples passing all
quality filters, and number of inflorescences with insect data. VOC and insect sample sizes from 1) in
situ field surveys and 2) transplant / common garden experiments are separately indicated below.

8 |8E|cE|8 | 48|48
= G S| 3 DX | S
s 2 g g E 185183 |83 25| 23| 22
5 | 2| 2 | £ |3|B3|3: BE 23|zE|zE
& S 3 g - | EE|ES|ES| BE| 5| ES
o - < | 8 Sw| S<| § S| 8%
o #Z | #0 | #Z | *= 0
Forét du 5 3
atd FR | 4755066 | -186466 | 16 | 10 | 4 | NA | po | o | NA
. 0 1 1
Conteville FR 50.73731 1.73872 60 8 2 1 (5) @) ©)
1 2 1
Chaumont | FR | 4811508 | 509475 | 296 | 1 6 N - R
Neuchatel | CH | 47.00043 | 693790 |556| 18 | NA | 3 (380) NA (g)
Cortaillod | CH | 46.93205 | 683290 |430| 27 | NA | 2 (194) NA (é)
0 1 2
Montese IT | 4425523 | 1098371 | 707 | 6 6 2 | o |l o | @
. 3 2 0
Visué HRV | 4453128 | 1576134 |810| 6 2 o |l w | @ | @
- 4 3 2
Gostilie | SRB | 43.65561 | 19.83549 | 785 | 17 | 3 2 | ao | @ | @®
. 1 2 0
Sokobanja | SRB | 43.60373 | 21.88755 | 844 | 10 | 2 N N R
N 0 0 0
Chiflik BG | 428130 | 2452836 | 786 | 3 0 N S R

71



Table S2. The top ten combinations of Arum maculatum VOCs with the greatest contribution to the
predictive strength of the random forest classifier (see Figure S3). Unnamed sesquiterpene (RI 1681)
alone was the strongest predictor of the species composition of pollinators trapped by individual A.

maculatum inflorescences.

Compound Blend Feature
Contribution

unnamed sesquiterpene (RI 1681) 0.1947778
unnamed sesquiterpene (RI 1470) + unnamed sesquiterpene (R1 1681) 0.0592275
a-selinene + unnamed sesquiterpene (RI 1681) 0.0502504
B-humulene 0.0436112
B-citronellene 0.0361404
a-selinene 0.0320748
B-humulene + unnamed sesquiterpene (RI 1681) 0.0180302
B-citronellene + indole 0.0138245
unnamed sesquiterpene (RI 1404) + unnamed sesquiterpene (R1 1681) 0.0119733
unnamed sesquiterpene (Rl 1404) 0.0114971
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Table S3. Mann Whitney U (Wilcoxon rank-sum) test results, comparing the emissions of four VOCs
associated with species-specific Psychodidae attraction. To test for shifts in VOCs related to
environmental variation, comparisons were made between samples collected in the Forét du Gavre

common garden and in the Neuchatel common garden.

Pap. a-selinene B-humulene Sesquiterpene Sesquiterpene

(P) Z () z RI 1473 (p) z RI 1681 (p) z
GAV 0.0105 2.5584 0.0213 -2.302 0.3706 -0.895 0.1111 1.8557
NEU 0.0102 2.5700 0.7428 -0.328 0.0004 * 3.5475 0.3128 1.0094
CHA 0.2857 1.4652 0.8591 -0.177 0.5942 0.5327 0.8571 0.4637
MON 1.0000 0.0000 0.8591 0.1776 1.0000 0.0000 0.1798 1.3413

“ Significant after Bonferroni correction for multiple testing
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Table S4. Two-way ANOVA results for pollinators trapped by transplanted Arum maculatum growing
in two common garden sites, dominated by either Psychoda phalaenoides or Psycha grisescens.

ALL POLLINATORS df SumsSq MeanSq F value Pr(>F)
common garden loc. 1 2.34 2.3369 2.138 0.153
native poll. 1 0.16 0.162 0.148 0.703
common garden loc : native poll. 1 0.05 0.0538 0.049 0.826
Residuals 34 37.16 1.0928

P. PHALAENOIDES df SumsSq MeanSq F value Pr(>F)
common garden loc. *** 1 18.38 18.379 16.2 | 0.000301
native poll. 1 0.15 0.152 0.134 | 0.716174
common garden loc. : native poll. 1 0.01 0.008 0.007 | 0.931867
Residuals 34 38.57 1.134

P. GRISESCENS df SumSq MeanSq F value Pr(>F)
common garden loc. *** 1 36.28 36.28 55.84 | 1.14E-08
native poll. 1 0.19 0.19 0.287 0.596
common garden loc. : native poll. 1 0.1 0.1 0.155 0.696
Residuals 34 22.09 0.65

Factors: Native pollinator (whether an inflorescence traps P. phalaenoides or P. grisescens in their
native population) and Common Garden Location (Neuchatel, a site dominated P. phalaenoides, or
Forét du Gavre, a site dominated by P. grisescens). F-statistics are shown above (df = 1).

*** P<0.001, ** P<0.01, * P<0.05
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APPENDIX S2 — SUPPLEMENTARY METHODS

Floral odour collection and identification

Arum maculatum inflorescences open for an anthesis cycle of roughly 24h, with VOC
emissions peaking in the late afternoon / early evening of the first flowering day. We therefore
carried out all floral odour sampling between 18:00 at the earliest and 20:30 at the latest. We
sampled dynamic headspace volatile organic compounds (VOCs) using polydimethylsiloxane
(PDMS) coated Gerstel Twister® (Mulheim an der Ruhr, Germany) stir bar sorptive extraction.
Inflorescences were wrapped in inert oven bags (Tangan No34 distributed by Migros, Zurich,
Switzerland) cut open at least 8cm above the tip of the spathe to prevent condensation, due to
the strong thermogenesis of the appendix. Twisters® were inserted in a glass tube through the
oven bag at a height even with, but not contacting, the tip of the spadix. 6L of air was pumped
over Twisters® at a standard rate of 200mL per minute for 30 minutes — except for five samples
from Conteville, France, where sampling was carried out at the same rate over only 15 minutes.
At every sampling site, at least one empty oven bag was placed approximately 5 meters away
from any inflorescences, and ambient air was passed over Twisters® identically to A.
maculatum inflorescences; these samples were used as controls to filter out ambient air VOCs.
All samples were transported in glass vials on ice, and stored at -21°C until analysis.

Gas Chromatography

We applied 1pL of internal standard (5pug mg/mL naphthalene in dichloromethane)
directly to each Twister® immediately before processing. Using a Multipurpose Sampler
(Gerstel, Miilheim an der Ruhr, Germany), VOCs were thermally desorbed and separated on a
HP-5MS column, 30 m x 0.25mm x 0.25um at 40°C for 30 sec, increasing temperature by 5°C
per min to 160°C, which was held for 0.01 min before increasing 3°C per min to reach 200°C,
which was held for 4 min, finally increasing at 10°C per min. until reaching 250°C for 3 min.
Volatile Data Processing

We aligned peaks by retention time within each population. Major ions were recorded
for each integrated peak using Agilent Chemstation software. Putative compound
identifications were then derived from NIST 2.3 (library version 17) hits confirmed for the
same peak in several spectra; all names used in the final analysis should be considered
hypotheses. Compounds present in blank samples with a mean quantity anywhere near those
within A. maculatum samples were removed prior to further analyses. Quantitative values were
obtained by dividing compound peak areas by the internal standard, then multiplying by the
internal standard concentration, and finally scaling based on sampling time (for the few

samples run for less than 30 minutes).
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Pollinator identification

On the morning after floral odour collection, all trapped pollinators were collected from
within each inflorescence and preserved in 70% ethanol. All pollinators were identified to at
least the suborder level. Psychodidae were further identified to species level using taxonomic
information and illustrations (Jezek 1990). First, the number of antennal segments were
counted. 15 segments indicated specimens were likely P. phalaenoides or P. crassipennis. 16
segments indicated either P. grisescens or P. trinodulosa - wing venation patterns were then
examined for 16-segmented specimens, as P. trinodulosa has a characteristic disconnection in
one branched vein. To confirm the final species identity (particularly when intact antennae
were not available) and sex of all psychodids, the reproductive anatomy of specimens were
also examined: Psychodid abdomens were separated, flattened, cleared in a diluted solution of
potash, and mounted on a slide in glycerol beside their decapitated head, and wings laid out
flat.
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ABSTRACT

Deceptive pollination often involves volatile organic compound emissions that mislead insects
into performing nonrewarding pollination. Among deceptively pollinated plants, Arum
maculatum is particularly well-known for its potent dung-like volatile organic compound
emissions and specialized floral chamber, which traps pollinators—mainly Psychoda
phalaenoides and Psychoda grisescens—overnight. However, little is known about the genes
underlying the production of many Arum maculatum volatile organic compounds, and their
influence on variation in pollinator attraction rates. Therefore, we performed de novo
transcriptome sequencing of Arum maculatum appendix and male floret tissue collected during
anthesis and postanthesis, from 10 natural populations across Europe. These RNA-seq data
were paired with gas chromatography—mass spectrometry analyses of floral scent composition
and pollinator data collected from the same inflorescences. Differential expression analyses
revealed candidate transcripts in appendix tissue linked to malodourous volatile organic

compounds including indole, p-cresol, and 2-heptanone. In addition, we found that terpene
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synthase expression in male floret tissue during anthesis significantly covaried with sex- and
species-specific attraction of Psychoda phalaenoides and Psychoda grisescens. Taken
together, our results provide the first insights into molecular mechanisms underlying pollinator
attraction patterns in Arum maculatum and highlight floral chamber sesquiterpene (e.g.

bicyclogermacrene) synthases as interesting candidate genes for further study.

KEYWORDS
chemical ecology; GC-MS; molecular ecology; plant-pollinator interactions; RNA-seq;

sesquiterpenes

INTRODUCTION

Angiosperms have evolved to produce a wide array of specialized metabolites to

mediate their interactions with other organisms and their environment, including volatile
organic compounds (VOCs) emitted from flowers, leaves, fruits, and roots. While VOCs
represent a relatively small proportion of all plant metabolomic diversity (Knudsen and
Gershenzon 2020), they play important functional roles in defence against predators,
pathogens, and abiotic stresses (Pichersky and Gershenzon 2002; Holopainen 2004; Irwin et
al. 2004) and as cues for pollinator attraction (Pellmyr and Thien 1986; Knudsen and Tollsten
1993; Whitehead and Peakall 2009; Junker and Parachnowitsch 2015). Pollination, particularly
by insects, appears to be a major driver of angiosperm diversification (Van der Niet and
Johnson 2012; Schiestl and Johnson 2013; Hernandez-Hernandez and Wiens 2020). Recent
research has hypothesized and partially demonstrated that floral trait diversity is the result of
complex interactions between plant genomic diversity among populations, pollinator network
composition, and environmental conditions—all of which vary through space and time
(Thompson et al. 2013, 2017; Friberg et al. 2019). Large molecular and ecological datasets,
with wide spatial and temporal coverage, are therefore still needed in order to further our
understanding of the evolution of key traits such as floral scent.

Pollinator-mediated selection is known to influence floral morphology (Bréderbauer et
al. 2013; Gervasi and Schiestl 2017) and colour (Schemske and Bradshaw 1999; Newman et
al. 2012; Trunschke et al. 2021), and recent studies have also identified strong evidence for
variation in VOC emissions driven by pollinator preferences. Notably, comparative community
ecology data and gas chromatography—mass spectrometry (GC-MS) have been combined to
identify convergent VOC bouquets in unrelated plant species with similar pollinators (Fenster

et al. 2004; Schiestl and Johnson 2013; Junker and Parachnowitsch 2015), and divergent VOC
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bouquets in related species with different pollinators (Dobson et al. 1997; Urru et al. 2010;
Byers et al. 2014; Friberg et al. 2019). Moreover, the discovery of biochemical pathways
underlying floral VOCs has greatly accelerated by next-generation sequencing technologies
such as mMRNA sequencing (Dhandapani et al. 2017; Wong, Pichersky, et al. 2017; Xiao et al.
2019). Here, we aimed to combine these techniques, in order to understand how pollinator-
mediated selection influences transcriptomic variation underlying floral scent divergence
among populations of deceptively pollinated Arum maculatum L. (Araceae).

A. maculatum is a common European woodland flower with a long history of study,
due to its deceptive pollination strategy which involves olfactory deception through brood-site
mimicry (Schmucker 1925; Knoll 1926; Vogel 1965; Lack and Diaz 1991). Specifically, A.
maculatum emit VOCs (e.g. 2-heptanone, indole, and p-cresol) during anthesis which are also
present in cow manure (Kite 1995) and decomposing organic material (Gfrerer et al. 2021,
2022): the breeding substrates of Psychoda phalaenoides L. and Psychoda (Psycha) grisescens
(Tonnoir) (Espindola et al. 2011; Szenteczki et al. 2021). These 2 dipteran (Psychodidae) moth
flies are trapped at varying frequencies across the geographic distribution of A. maculatum
(Espindola et al. 2011; Szenteczki et al. 2021; Gfrerer et al. 2021). Geographic variation in A.
maculatum floral scent has also been observed, first in England (Kite et al. 1998; Diaz and Kite
2002) and France (Chartier et al. 2011, 2013), and recently, across most of the species
distribution range (Gfrerer et al. 2021; Szenteczki et al. 2021), and may be linked to variation
in pollinator attraction (Gfrerer et al. 2021; Szenteczki et al. 2021).

A. maculatum VOC emissions during anthesis are highly variable, and also include
several sesquiterpenes and other aliphatic, aromatic, monoterpene, and nitrogen-containing
minor compounds which may also contribute to pollinator attraction (Kite 1995; Gfrerer et al.
2021; Szenteczki et al. 2021). Intra- and interpopulation VOC variation mainly centers around
variation in the proportion of indole to terpenes (Chartier et al. 2013; Szenteczki et al. 2021),
which are respectively produced by aromatic amino acid (AAA,; i.e. phenylalanine, tyrosine,
and tryptophan) metabolism and terpene synthases (TPSs) via the mevalonate or
methylerythritol 4-phosphate (MEP) pathways. Experiments in England with scented bait traps
have shown that indole, 2-heptanone, and p-cresol are attractive to P. phalaenoides (Kite et al.
1998). Large-scale field studies have further demonstrated that sesquiterpenes may also play a
role in differential attraction of P. phalaenoides and P. grisescens (Szenteczki et al. 2021) and
influence fruit set size (Gfrerer et al. 2021).

Another recognizable feature of A. maculatum is its inflorescence morphology. Like

other monoecious Araceae, A. maculatum produce densely clustered, unisexual male and
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female florets arranged along a central spike (the spadix), which is surrounded by a leaf-like
bract (the spathe). The spathe surrounds the fertile flowers, creating a basal trap chamber with
only a narrow opening at the top of the chamber, which is surrounded by a ring of hair-like
sterile flowers. The scent of the floral chamber during anthesis appears to be dominated by 1
sesquiterpene, bicyclogermacrene (Kite et al. 1998), which was previously misidentified as
germacrene B (Kite 1995). The purple colour of the appendix (the sterile apex of the spadix)
and stamens is due to anthocyanin pigments (Williams et al. 1981). Purple pigmentation in the
appendix of Araceae appears to be attractive to Sphaeroceridae pollinators (Rohacek et al.
1990; Angioy et al. 2004), but it is not currently known whether it is also attractive to
Psychodidae, the main pollinators of A. maculatum. Tradeoffs between pigmentation and
VOCs could also exist; however these would be limited to benzenoids (e.g. p-cresol and
skatole) and not terpenes, which form a proportionally larger part of the floral scent bouquet in
A. maculatum (Chartier et al. 2016).

The A. maculatum reproductive cycle takes place over 2 days (reviewed in Gibernau
2004): on the evening of the first day, the appendix is thermogenic, heating up to 15°C above
ambient air temperature. Pollinators are attracted by VOCs emitted by the appendix, and fall
into the trap chamber, where they crawl over the male and female florets. No rewards are
provided to pollinators within the chamber. A small amount of stigmatic secretions have been
observed, but the low (9-12.5%) sucrose content suggests that this fluid is not nectar (Lack
and Diaz 1991), and more likely is produced to collect pollen grains (Paiva et al. 2021). The
following morning, after the female florets are no longer receptive, pollen is released onto the
trapped pollinators. Finally, pollinators are able to escape later in the day, as the sterile hairs at
the opening of the trap chamber begin to wither.

In the closely related Arum italicum, sesquiterpene biosynthesis appears to begin in the
male florets several days prior to anthesis, but the full range of characteristic floral VOCs such
as p-cresol and skatole are only detected on the day of anthesis, in appendix tissue (Leguet et
al. 2014). To date, the biosynthetic pathways underlying the production of p-cresol and skatole
have only been characterized in bacteria (Selmer and Andrei 2001; Liu et al. 2018), and it is
unclear whether A. maculatum and other angiosperms use similar AAA fermentation pathways
to produce these VOCs. Furthermore, tissue-specific RNA-seq of Arum concinnatum identified
more diverse transcript expression in male floret tissue on the day of anthesis rather than in the
appendix (Onda et al. 2015), even though A. concinnatum also emits dung-like VOCs from its
appendix (Urru et al. 2010). Consequently, many questions remain regarding the specific

biosynthetic pathways underlying A. maculatum VOCs, the localization of their expression,
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and whether mRNA expression related to VOC production varies with geographic distance or
pollinator community composition.

Here, we aim to address each of the aforementioned gaps in our knowledge. Our
specific objectives were to: (1) investigate variation in A. maculatum transcript expression
between appendix and male floret tissue during anthesis, (2) use these results to identify
differentially expressed transcripts putatively related to VOC biosynthesis, and (3) to
characterize and compare differential expression in these transcripts across Europe, with a
focus on populations with divergent pollinator attraction patterns. We predicted that during
anthesis, AAA metabolism would be highly expressed in appendix tissue, while sesquiterpene
synthases would be highly expressed in male floret tissue. We further expected to observe
differential expression of transcripts associated with AAA metabolism and TPSs in
inflorescences with dung-like (i.e. indole, 2-heptanone, and p-cresol) vs. sesquiterpene-
dominated floral bouquets, respectively. Finally, given that the A. maculatum population in
Forét du Gavre, France, appears to attract almost exclusively P. grisescens (Espindola et al.
2011; Szenteczki et al. 2021), we predicted that putative locally adapted transcripts associated
with particular VOCs may exist within this population. To test these predictions, we surveyed
VOC variation, pollinator attraction, and mMRNA expression in both appendix and male floret
tissue, across most of the A. maculatum species distribution range.

MATERIALS AND METHODS
Sampling design

We sampled 10 natural populations of A. maculatum between April and May 2019 (Fig.
1): 3 in France (Forét du Gavre, Conteville, and Chaumont), 1 in Switzerland (Neuchatel), 2 in
Italy (Montese and Rifreddo), 1 in Croatia (Visu¢), 2 in Serbia (Gostilje and Sokobanja), and
1 in Bulgaria (Chiflik). Full details on sample data and population coordinates are given in
Supplementary Table 1.

Before collecting tissue samples, we noninvasively sampled the dynamic headspace
VOCs emitted by each A. maculatum inflorescence, following the methods detailed in
(Szenteczki et al. 2021). Briefly, this involved placing polydimethylsiloxane coated Twister
stir bars (Gerstel) in glass tubes near the appendices of A. maculatum inflorescences on the
evening of the day of anthesis (18:00-19:00), and pumping air over them for 30 min at an air
flow rate of 200 ml/min. All samples were analyzed using a gas chromatography (Agilent
7890a) mass spectrometry (Agilent 5975c¢) system. Desorption of the VOCs was carried out in
a thermal desorption unit (TDU, Gerstel) with an initial temperature of 50°C, followed by a

ramp of 60°C/min until 250°C (followed by a 3.5-min hold time). Before injection, the VOCs
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were cryo-focused (CIS, Gerstel) at —80°C, then released with a ramp of 12°C/min until 260°C
(hold time 6 min). PTV solvent vent at 14 PSI and 50 ml/min flow was used for injection into
a HP5-MS column in constant flow mode (0.9 ml/min) with helium as the carrier gas. The Mass
Selective Detector (MSD) transfer line was set at 280°C. Scan mode was used for the MS
acquisition with a solvent delay (1 min), over a mass range of 33—-300 m/z; MS source and
quadrupole temperatures were set at 230 and 150°C, respectively. Electron ionization (70 eV)
was used. Major ions were recorded for each integrated peak using Agilent Chemstation, and
compound identifications were derived from NIST 2.3 (library v.17) and published Kovats
retention indices; all names used in our analyses should therefore be considered hypotheses.
Appendix temperatures were recorded at the time of VOC sampling using FLIR thermographic
imaging, and ambient air temperature was recorded using a thermistor.

Immediately following VOC sampling (i.e. during anthesis), we used sterile scalpel
blades to collect 1-mm thick slices of appendix and/or male floret tissue. As a control, male
floret tissue samples were also collected from inflorescences the following morning, after
pollinator attraction had ended. All samples were individually preserved in RNAlater (Thermo
Fischer Scientific) and stored at —80°C until extraction. After collecting each during-anthesis
male floret tissue sample, we closed and sealed the small window we cut in floral chamber, so
that pollinator trapping was not affected. During the morning following anthesis, we collected
all insects trapped within inflorescences, preserved them in 70% ethanol and identified them
to at least the suborder level. Psychodidae were further identified to species level (including
sex) following taxonomic descriptions and illustrations (Jezek 1990).

Preprocessing raw read data

We performed an initial quality filtering of all raw read files using fastp (Chen et al.
2018) to remove adapter sequences and polyA tails, trim reads with phred quality values below
30, and remove reads with >1 “N” bases. Then, we used rCorrector (Song and Florea 2015) to
remove reads containing erroneous k-mers (25-mers). Finally, we discarded unfixable read
pairs following quality filtering with FilterUncorrectablePEfastq.py
(https://github.com/harvardinformatics/TranscriptomeAssemblyTools).

De novo transcriptome assembly, annotation, and expression quantification

We merged all of the quality filtered reads and assembled a single de novo reference A.
maculatum transcriptome (i.e. from all samples, tissue types, and populations) using Trinity
v2.11.0 (Grabherr et al. 2011) with in silico normalization, a k-mer size of 25, minimum contig
size of 200 bp, and strand-specific assembly enabled. Then, we tested 2 methods to filter out

redundant transcripts with poor coding potential (i.e. minor isoforms resulting from incomplete
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assembly, sequencing errors, and/or heterozygosity introduced by our wide geographic
sampling range): (1) CD-HIT (Li and Godzik 2006; Fu et al. 2012) clustering at 95 % identity
with a word size of 5 and (2) the tr2aacds v4 pipeline from EvidentialGene (Gilbert 2019),
which classifies sequences into primary, alternate, and redundant sets based on coding
sequence length and similarity. When using EvidentialGene, we kept only the primary
transcripts, removing the alternate and redundant isoforms. We then calculated assembly scores
and assessed transcriptome completeness of both filtering methods with BUSCO v5.0.0, using
the Embryophyta_odb10 dataset (Seppey et al. 2019).

Next, we used dammit v1.2 (Scott et al. 2019) to annotate our deduplicated assembly.
This pipeline uses Transdecoder (https://github.com/TransDecoder/TransDecoder) to identify
candidate coding regions and searches the OrthoDB, Pfam-A, Rfam, and uniref90 protein
databases for transcript annotations, with an E-value threshold of 1 x 107°. Unannotated
transcripts were not removed from the final A. maculatum reference transcriptome. We also
uploaded the EvidentialGene output to the Kyoto Encyclopedia of Genes and Genomes
(KEGG) Automatic Annotation Server (Moriya et al. 2007) to generate KEGG Orthology (KO)
annotations and pathway maps. Finally, we mapped the cleaned raw reads of each sample to
our annotated reference transcriptome using Bowtie2 v2.3.5.1 (Langmead and Salzberg 2012)
and quantified transcript expression using RSEM v1.3.2 (Li and Dewey 2011).
Differential expression analyses

RSEM outputs were imported into R v.4.1.0 (R Core Team 2021) using tximport 1.20
(Soneson et al. 2015). Transcripts expressed below 0.75 counts per million (CPM) in at least 7
samples (i.e. the smallest sample size for a group in our analyses) were then filtered out prior
to subsequent analyses in in DESeq2 1.3.2 (Love et al. 2014), using the apeglm log2fold
change shrinkage estimation algorithm (Zhu et al. 2019). Transcripts with False Discovery
Ratio (FDR)-corrected P-values <0.05 and log2fold changes greater than 1.0 or less than —1.0
were considered as significantly differentially expressed among groups. We further identified
significantly enriched gene sets in each tissue type using Gene Ontology (GO) term analysis
with the R package TopGO (Alexa and Rahnenfuhrer 2010) and visualized the result using the
R package rrvgo 1.4 (Sayols 2020), an implementation of the semantic similarity-based GO
summary tool REVIGO (Supek et al. 2011).

We performed 3 sets of differential expression analyses, each addressing one of the
main aims of our study. Our first comparison was between appendix (n=7) and male floret
(n=16) tissue collected during anthesis (i.e. at the same phenological time point). Second, we

compared male floret tissue collected during anthesis (n=14) against their paired control
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samples from the morning following anthesis (n=14). Paired control samples were not
collected for 2 inflorescences from Sokobanja, Serbia; these individuals were excluded from
this analysis. Finally, we compared transcript expression in during-anthesis male floret tissue
sampled in the Forét du Gavre population against all other populations, to identify transcripts
putatively linked to this population’s exclusive attraction of P. grisescens. To account for some
of the effects of isolation by distance, we further split this analysis along the 2 main neutral
genetic clusters (Espindola and Alvarez 2011): specifically, we compared during-anthesis male
floret tissue from Forét du Gavre (n=5) against during-anthesis male floret tissue from (1)
France, Switzerland, and Italy (n=7) and (2) Serbia (n=4).
Identifying transcripts underlying VOC biosynthesis

Building on the results of our differential expression analyses, we characterized and
compared the expression of metabolic pathways underlying key A. maculatum VOCs known
to be involved in the attraction of Psychodidae pollinators (Kite et al. 1998): indole, p-cresol,
2-heptanone, and sesquiterpenes. First, we reconstructed entire metabolic pathways using
automated annotations, GO terms, and KEGG pathway maps generated from (1) our complete
reference transcriptome and (2) sets of significantly differentially expressed genes. Since the
genes responsible for the production of 2-heptanone and p-cresol in A. maculatum are unclear
and unknown respectively, we also used homology searches to identify additional candidate
genes. Here, we performed BLASTp searches of genes known involved in the biosynthesis of
the aforementioned VOCs in other plants and bacteria, against a database of all of our
Transdecoder predicted peptide sequences using, with an e-value cutoff of 1 x 107°. After all
candidate transcripts were identified, we visualized variation in their average expression across
all tissue types and populations using the R package pheatmap (Kolde 2019).
Coinertia analysis—TPSs correlated with VOCs and pollinator attraction

We extracted the coding sequences and DESeg2 normalized expression of all TPSs in
our transcriptome (i.e. using uniref annotations, GO/KO terms, and PFAM domains),
performed a multiple sequence alignment of these sequences using Clustal Omega (Sievers et
al. 2011), created a Maximum Likelihood phylogeny using automatic substitution model
selection and default parameters in 1Q-TREE (Nguyen et al. 2015), and visualized the result
using iITOL v5 (Letunic and Bork 2021). Then, we investigated whether TPS expression was
correlated with (1) total terpene emissions during anthesis or (2) the composition (i.e. sex
and/or species) of trapped pollinators within inflorescences. Specifically, we performed
coinertia analysis using the R packages vegan (Oksanen et al. 2020), RVAideMemoire (Hervé

2021), and ade4 (Thioulouse et al. 2018), comparing the TPS expression matrix produced
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above to corresponding matrices of (1) proportional emissions of terpene VOCs and (2)
proportions of Psychodidae species trapped by the same A. maculatum inflorescences. Prior to
this analysis, the gene-level TPS expression matrix was log-transformed and scaled, while the
VOC and pollinator matrices were centered log ratio transformed and scaled.

RESULTS

Assembly and annotation quality

Between 27°933°352 and 66°825°898 (median: 40°354°964) paired-end reads from
individual tissue samples passed all quality filtering steps (Appendix S1, Table S1). These were
subsequently assembled into 273’346 Trinity genes, comprising 593’392 transcript isoforms.
Trinity quality statistics (e.g. N50 of 1699 bp) are given in Appendix S1, Table S2.
EvidentialGene filtered out a larger number of transcripts from this raw assembly (Appendix
S1, Table S3) while maintaining a higher BUSCO scores than CD-HIT clustering (e.g. 95.6%
complete versus 92.2% complete; full result in Appendix S1, Table S4). The EvidentialGene
output was therefore annotated and used for all subsequent analyses. A total of 18’411 unique
annotations were generated. 17’435 annotations mapped to Eukaryota (94.7%); 12°676 of these
annotations further mapped to Mesangiospermae (68.9%); a relatively small number of
annotations mapped to bacterial genes (692 results; 3.8%).

A total of 49°779 transcripts remained in our expression matrix following pre-filtering
in DESeq2 (i.e. >0.75CPM in at least seven samples). Principal components analysis of filtered
transcript expression (Appendix S1, Figure S1) revealed highly divergent transcript expression
among male floret and appendix tissue during anthesis along the first PCA axis. Along the
second PCA axis, samples were further divided between two main geographic regions —
namely, northern populations (i.e. France, Switzerland, and northern Italy) and Balkan
populations (i.e. Croatia, Serbia, and Bulgaria). This regional split is consistent with the two
main genetic clusters identified using neutral (AFLP) markers (Espindola and Alvarez 2011).
Differential transcript expression between appendix and male floret tissue

Differential expression analysis comparing appendix and male floret tissue (both
collected during anthesis) revealed 8683 transcripts with significantly greater expression in
appendix tissue, and 6581 transcripts with significantly greater expression in male floret tissue
(FDR corrected p-values <0.05; log2fold change 1), after controlling for population effects.
Furthermore, we found that VOC biosynthetic activity is significantly elevated in A. maculatum
appendix tissue during anthesis. Many major biosynthetic pathways (e.g. tryptophan/indole

synthesis, terpene synthesis, and phenylpropanoid synthesis) were significantly enriched in the
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appendix tissue during anthesis, whereas transcripts related to pollen production were
significantly enriched in male floret tissue (Figure 2).
Differential transcript expression in male florets during- versus post-anthesis

When comparing during- and post-anthesis male floret tissue samples in a differential
expression analysis that incorporated the paired nature of these samples, we identified 3847
transcripts with significantly greater expression during anthesis, and 2920 transcripts with
significantly greater expression post-anthesis (FDR corrected p-values <0.05; log2fold change
+1). While tryptophan (i.e. indole) biosynthesis was elevated in male florets during anthesis,
we did not identify increased expression of other putative VOC biosynthetic pathways (Figure
3). The full list of significantly enriched GO terms from both our first and second set of
differential expression analyses are available in Appendix S2.

Differential transcript expression associated with exclusive attraction of P. grisescens

Our third and final set of differential expression analyses, comparing male floret tissue
during anthesis among populations, revealed that i) 84 and 9 transcripts were respectively
differentially expressed in Forét du Gavre versus all other French, Swiss, and northern Italian
populations (FDR corrected p-value <0.05; log2fold change +1) and ii) 327 and 175 transcripts
were respectively differentially expressed in Forét du Gavre versus Serbian populations (FDR
corrected p-value <0.05; log2fold change +1). However, no transcripts putatively linked to
VOC biosynthesis were identified among these transcripts.

Candidate genes underlying A. maculatum floral VOCs

Consistent with recent large-scale surveys of A. maculatum floral scent (Szenteczki et
al. 2021; Gfrerer et al. 2021) we observed considerable within-population variation in VOC
bouquet composition among our samples (Appendix S1, Figure S2 and Table S5). We further
identified candidate genes putatively linked to the biosynthesis of several dung-mimicking A.
maculatum VOCs. First, we identified transcripts in both appendix and male floret tissue
homologous with tryptophan synthase alpha subunit (TSA), which catalyses the conversion of
indole-3-glycerolphosphate to indole.

Second, we identified homologs of two proteins which catalyse the degradation of
tyrosine to  4-hydroxyphenyllactate: ~ aromatic ~ aminotransferase  (ISS1) and
hydroxyphenylpyruvate reductase (HPPR). Pearson correlation tests further identified several
transcripts correlated with HPPR expression in appendix tissue during anthesis (Appendix S1,
Table S6); notably, this included a putative dehydratase/shikimate dehydrogenase (Pearson r
= 0.988, p < 0.001). This enzyme may further catalyse the conversion of 4-

hydroxyphenyllactate to p-coumaric acid. However, we did not identify any homologs of
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bacterial proteins linked to the production of 4-hydroxyphenylacetate and/or p-cresol (Saito et
al. 2018), such as hydroxyphenylacetate decarboxylase (4-Hpd).

Third, while phenylalanine-derived precursor molecules for several common floral
benzenoid/phenylpropanoid (FBP) compounds — particularly p-coumaric acid — appear to be
produced by A. maculatum, transcripts responsible for the production of benzenoid and
phenylpropanoid VOCs generally appeared to be absent or weakly expressed in A. maculatum.
Finally, we identified putative homologs of methylketone synthases (MKS1 and MKS2), which
are known to be involved in 2-heptanone biosynthesis (Ben-Israel et al. 2009; Khuat et al.
2019). Heatmaps of the expression patterns for all of the aforementioned candidate transcripts
are shown in Figure 4.

We identified A. maculatum transcripts putatively encoding all proteins in both the
mevalonate and methyl-D-erythritol 4-phosphate (MEP) pathways. During anthesis, the MEP
pathway appears to be more highly expressed than the mevalonate pathway, particularly in
appendix tissue (Appendix S1, Figure S3). The first enzyme of the MEP pathway, 1-deoxy-D-
xylulose-5-phosphate synthase (DXS), which was highly expressed in appendix tissue, also
featured the greatest isoform diversity among all terpene backbone synthesis genes.
Furthermore, we identified 108 putative TPS transcripts expressed in appendix and male floret
tissue during anthesis. A phylogeny of all putative A. maculatum terpene synthases is given in
Appendix S1, Figure S4, and expression patterns of TPS transcripts which passed our initial
CPM filtering threshold are visualized in Figure 5.

Some of the putative terpene synthases we identified are homologs of proteins known
to produce common A. maculatum VOCs (e.g. humulenes and germacrenes); others, such as 2-
methylisoborneol (2-MIB) synthase, catalyse the production of terpenes not previously
described in A. maculatum. However, in the case of the latter, the transcript we identified likely
encodes a novel TPS, given that we identified an uncharacterized Colocasia esculenta
(Araceae) gene which shares 92.5% identity with our transcript, as opposed to approximately
22.8% identity with the bacterial 2-MIB synthase (Appendix S1, Figure S5). Transcripts
annotated as trimethyltridecatetraene synthase (Cyt P450 92C6) may represent another such
novel TPS. This gene was the only putative VOC synthase we identified that was significantly
overexpressed (FDR corrected p-values <0.05; log2fold change >1) in appendix tissue samples
emitting high quantities of an unnamed sesquiterpene with a non-polar Kovats Retention Index
of 1681, which is known to be a strong predictor of P. grisescens attraction (Szenteczki et al.
2021).
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Male floret terpene synthase transcript expression is correlated with pollinator attraction

Coinertia analyses did not identify covariation between putative TPS expression in
male floret tissue, and proportional emissions of terpenes in VOC bouquets (p = 0.964, Monte-
Carlo test, 999 replicates). However, we did identify significant concordance between putative
TPS expression in male floret tissue and Psychodidae pollinator composition trapped within
inflorescences (p = 0.047, Monte-Carlo test, 999 replicates); the first coinertia axis split TPS
expression based on species (i.e. P. grisescens vs P. phalaenoides), while the second coinertia
axis split TPS expression based on sex (Appendix S1, Figure S6). Consequently, while our
coinertia analyses could not disentangle covariation in TPS expression and specific terpene
VOC emissions, it appears that TPS expression in male florets is correlated with sex- and/or
species-specific attraction of Psychodidae.
DISCUSSION

High-throughput transcriptome sequencing is rapidly advancing our understanding of
the biosynthesis of floral volatile compounds. In this study, we were able to overcome some of
the challenges associated with studying the genes underlying VOC biosynthesis in non-model
systems (Wong et al. 2017b), by surveying transcript expression variation in multiple VOC-
emitting floral tissues, across the Europe-wide distribution range of A. maculatum (Figure 1).
This allowed us to identify i) elevated VOC biosynthetic activity in the appendix of A.
maculatum during anthesis (Figure 2), ii) candidate transcripts for the production of several
VOCs such as p-cresol, 2-heptanone, and sesquiterpenes (Figures 4 and 5), and iii) covariation
between male floret terpene synthase expression and the relative proportions of Psychoda
phalaenoides and P. grisescens trapped within inflorescences (Appendix S1, Figure S6).
Differential expression analyses

During anthesis, diverse VOC metabolic processes were significantly enriched in A.
maculatum appendix tissue when compared against male floret tissue. This result is consistent
with previous research, suggesting that the thermogenic appendix plays a central role in
diffusing the potent VOC bouquets of Araceae (Meeuse 1975; Angioy et al. 2004; Barthlott et
al. 2009). Although we expected to observe elevated TPS activity in male florets during
anthesis compared to the morning following anthesis, it appears that many terpene synthases
continued to be expressed at approximately equal levels in paired control samples collected the
following morning; several factors may explain this pattern. First, given that sesquiterpenes are
known to be synthesized and stored in A. italicum male floret tissue during the days leading up
to anthesis (Leguet et al. 2014), mevalonate pathway and TPS expression may have peaked

prior to our during-anthesis tissue sampling. However, Araceae are known to emit particularly
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concentrated VOC blends during anthesis (Skubatz et al. 1995, 1996), which should require
continuous biosynthesis and emission (Widhalm et al. 2015). It is therefore likely that the large
number of terpene synthases we identified in the A. maculatum transcriptome include those
which are most relevant to pollinator attraction.

The timing of our post-anthesis tissue sampling may have also influenced the above
result. Post-anthesis sampling occurred within one hour after we collected and preserved all
pollinators within the floral chamber; it is therefore likely that most pollinators normally would
have still been trapped at this time. Both early (Dormer 1960; Prime 1960; Lack and Diaz 1991)
and more recent studies (Broderbauer et al. 2013) of A. maculatum have highlighted
morphological features related to pollinator retention, namely the sterile flowers partially
blocking the exit of the trap, and downward-pointing papillate cells on the inner wall of the
spathe. However, continued expression of some TPS transcripts during the morning following
anthesis may also highlight sesquiterpenes putatively involved in pollinator retention within
the trap chamber. Consequently, our paired ‘post-anthesis’ samples may not have acted as a
negative control for comparison to during-anthesis samples, as we initially intended. Further
research is needed to confirm whether the end of male floret VOC emissions may also serve as
a cue for pollinator release, which occurs during the afternoon on the second day of the
pollination cycle (Prime 1960; Lack and Diaz 1991; Chartier et al. 2013).

After comparing male floret transcript expression among populations during anthesis,
we did not identify any putative VOC synthases which were unique to Forét du Gavre, France.
High inter-individual variation in VOC emissions has been widely observed in A. maculatum
(Szenteczki et al. 2021; Gfrerer et al. 2021) and this variability is also evident in our
transcriptomic dataset. Although our differential expression analyses were unable to identify
unique VOC synthases in the Forét du Gavre population, targeted investigations into candidate
genes underlying key compound classes did provide further insights into species-specific
pollinator attraction in A maculatum.

Candidate transcripts linked to A. maculatum VOCs

Most inter-individual variation in A. maculatum floral scent centres around variation in
the ratio of aromatic amino acid-derived VOCs to sesquiterpenes (Szenteczki et al. 2021).
Correspondingly, we identified abundant expression of transcripts putatively involved in the
biosynthesis of these two compound classes. As predicted, indole synthesis via the tryptophan
synthase alpha subunit (TSA) was highly expressed in appendix tissue in all studied
populations. Some of the TSA transcripts we identified also appear to be homologs of BX1,

which more efficiently cleaves indole-3-glycerol phosphate without any interaction with the
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beta subunit (Frey et al. 1997; Kriechbaumer et al. 2008). Conversely, TSB was more
abundantly expressed in male floret tissue, which would limit indole emissions within the floral
trap chamber.

Skatole (3-methylindole) has also been reported in A. maculatum VOC emissions
(Szenteczki et al. 2021; Gfrerer et al. 2021), but we did not identify any homologs of
indoleacetate decarboxylase in the A. maculatum transcriptome, which would produce this
compound (Whitehead et al. 2008). This may be due to low emissions of skatole by
inflorescences sampled in this study; ultimately, the mechanism by which A. maculatum
produces skatole remains unclear. Prior to this study, it was also unclear whether A. maculatum
produced p-cresol (4-methylphenol) via a pathway homologous to tyrosine degradation in
bacteria (Selmer and Andrei 2001; Saito et al. 2018), or using one or more novel proteins. We
were able to identify candidate transcripts (i.e. ISS1 and HPPR homologs) which may catalyse
the conversion of tyrosine to p-coumaric acid, but were ultimately unable to identify transcripts
which could further produce p-cresol from p-coumaric acid.

Homologs of phenylalanine ammonia-lyase (PAL) and cinnamate 4-hydroxylase
(C4H), which produce p-coumaric acid from phenylalanine, where also abundantly expressed
in the appendix during anthesis. However, downstream proteins producing common floral
benzenoid/phenylpropanoid (FBP) VOCs (e.g. eugenol, isoeugenol, benzyl benzoate,
benzaldehyde, and phenylacetaldehyde; Muhlemann et al. 2014) were largely absent or lowly
expressed in both our VOC and transcriptomic datasets. Typically, p-coumarate-3-hydroxylase
(C3H) would further modify p-coumaric acid into precursors for the aforementioned FBP
VOCs, but this gene was expressed at relatively low levels in appendix tissue. Interestingly,
experimental knock-outs of C3H in Petunia x hybrida have demonstrated that downregulation
of this gene also leads to unexpected production of p-cresol (Kim et al. 2019). Given that we
observed similar patterns in A. maculatum, it appears that flowering plants may have a novel
mechanism for producing p-cresol involving p-coumaric acid, which is distinct from known
bacterial proteins such as hydroxyphenylacetate decarboxylase.

While not derived from amino acids, 2-heptanone is another abundant A. maculatum
VOC with a ‘fermented’ scent. In this study, we were able to identify several methylketone
synthase homologs (MKS1 and MKS2), which produce 2-heptanone and related compounds
in tomato plants (Ben-Israel et al. 2009; Khuat et al. 2019). 2-heptanone is known to be
attractive to fruit flies (Prokopy et al. 1998) and beetles (Torto et al. 2007); however, it has not
yet been linked with the attraction of specific pollinators of A. maculatum (Espindola et al.

2011; Szenteczki et al. 2021). While this compound is infrequent in VOC bouquets, it can be
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a proportionally large component of VOC emissions when it is produced (Szenteczki et al.
2021); further research is therefore needed to determine whether this compound is also under
selection (e.g. by Drosophilidae).

We also found that 1-deoxy-D-xylulose-5-phosphate synthase (DXS) activity was
elevated in A. maculatum appendix tissue during anthesis. An identical expression pattern was
also identified in Arum concinnatum, where it was hypothesized that DXS is the rate-limiting
step in monoterpene synthesis (Onda et al. 2015). If DXS is also a rate-limiting enzyme in A.
maculatum, then this may explain the proportionally smaller quantities of monoterpenes in its
floral blend, in comparison to other VOC chemical families.

Finally, we identified many putative terpene synthases in the A. maculatum
transcriptome, the majority of which appear to produce sesquiterpene VOCs. These include
cytochrome P450 enzymes (P450s), which can further modify volatile terpenes through
oxidation, methylation, or acylation (Hamberger and Bak 2013). P450s were the first proteins
identified in Arum appendices (Yahiel et al. 1974), and our transcriptomic data further confirm
that a diverse suite of P450s are expressed in A. maculatum appendix and male floret tissue
during anthesis. Notably, we found that a trimethyltridecatetraene synthase (Cyt P450 92C6)
homolog appears to be correlated with the production of at least one unnamed A. maculatum
sesquiterpene (Kovats R1 1681). This unnamed sesquiterpene was the single strongest predictor
of P. grisescens attraction in a large-scale survey of A. maculatum pollinators (Szenteczki et
al. 2021). Until now, it has not been possible to experimentally test whether this compound
alone is attractive to Psychodidae. However, the candidate gene we identified could be useful
in future research aiming to produce this compound through heterologous expression in yeasts
(Dhandapani et al. 2017; Kutyna and Borneman 2018).

Our results also confirm that bicyclogermacrene synthase (Crocoll et al. 2010) is
consistently and almost exclusively expressed in male floret tissue during anthesis, in
accordance with the dominance of this sesquiterpene in A. maculatum floral chamber scent
(Kite et al. 1998). Interestingly, previous studies have demonstrated that 9-methyl germacrene
B is a sex pheromone produced by male Lutzomyia longipalpis (Psychodidae) to attract females
(Hamilton et al. 1996; Gordon C. Hamilton et al. 1999). Consequently, A. maculatum may emit
bicyclogermacrene, or a closely related sesquiterpene compound as a as part of their deceptive
pollination strategy (i.e. as a pheromone mimic). Such terpene emissions in the floral chamber
could stimulate the movement of trapped Psychodidae over the male and female florets, aiding
in pollination and pollen dispersal; however, further experiments are needed to test these

hypotheses. A recent gas chromatography—electroantennography (GC-EAD; Schiestl and
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Marion-Poll 2002) study demonstrated that P. phalaenoides antennae responded most strongly
to p-cresol, germacrene D, and several other unnamed mono- and sesquiterpenes (Gfrerer et
al. 2022); these findings are consistent with our transcriptomic results. However, P. grisescens
antennal responses were not tested as part of this study. Consequently, the results of our
coinertia analyses could be used to formulate hypotheses for future GC-EAD research.

Male floret-specific terpene synthases and their influence on pollinator attraction

There is growing evidence to suggest that tissue-specific transcript expression of VOC
synthases is a common characteristic of deceptive pollination systems (Wong et al. 2017a, and
references therein), and our results confirm similar patterns in A. maculatum. Specifically, our
coinertia analyses identified significant covariation between male floret terpene synthase
expression, and the communities of Psychodidae pollinators trapped by inflorescences. While
the floral scent of A. maculatum is often described as dung-like due to abundant emissions of
amino acid-derived VOCs, our results suggest that terpene VOCs may be subject to pollinator-
mediated selection as well. Recent large-scale ecological studies also support this hypothesis,
with sesquiterpene compounds, rather than so-called “dung-mimicking” compounds, being a
better predictor of variation in pollinator attraction patterns (Szenteczki et al. 2021) and fruit
set size (Gfrerer et al. 2021) in A. maculatum.

Some of the main compounds related to sex- and species-specific attraction in our
coinertia analysis included humulene (covarying with female P. phalaenoides), and the
aforementioned trimethyltridecatetraene synthase homolog, which may produce an unnamed
sesquiterpene with a Kovats Retention Index of 1681 (covarying with P. grisescens). Notably,
these same compounds were highlighted as key predictors of pollinator species trapped by A.
maculatum inflorescences in a random forest analysis with a larger sample size (Szenteczki et
al. 2021). Further research is therefore needed in order to assess the importance of male floret
VOCs for pollinator attraction in A. maculatum, and to confirm the true identities of the
compounds produced by the candidate terpene synthases we identified.

Conclusion

Our data provide a deeper understanding of the relationships between transcript
expression, floral scent, and pollinator attraction in A. maculatum, and may lead to the
identification of new VOC biosynthetic genes in the future. It appears that A. maculatum
inflorescences employ a combination of highly diverse appendix VOCs including 2-heptanone,
indole, and p-cresol to attract a broad range of coprophilous dipterans to their inflorescences,
and specialized sesquiterpene emissions to further lure specific Psychodidae into the floral trap

chamber. Male floret-specific VOCs, particularly bicyclogermacrene, may also play a role in
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retaining pollinators until the pollination cycle is complete. While Kite and colleagues (Kite
1995; Kite et al. 1998) separately characterized A. maculatum appendix and trap chamber VOC
emissions, all subsequent studies analysed total headspace profiles (i.e. a blend of appendix
and trap chamber VOCs). Our results highlight a need for further focused study of VOCs within
the trap chamber, given that specific sesquiterpenes appear to be an important aspect of this

highly specialized lure-and-trap pollination system.
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Figure 1. Overview of the sampling design, bioinformatic pipeline, and differential expression analyses

in this study. Inset photo: A. maculatum inflorescence, with the lower spathe chamber dissected to reveal

the male and female florets. Inset map: population codes, placed over their approximate locations.
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Figure 2. Significantly enriched GO terms when comparing A. maculatum appendix (n=7) and male
floret (n = 16) transcript expression during anthesis. Nonredundant GO terms are visualized in semantic
similarity space (allowed similarity = 0.8); the full list of GO terms represented above is available in
Supplementary Appendix 2.

[*] indicates parent groups linked to the biosynthesis of volatile compounds and [*] indicates parent
groups linked to pollen production
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Figure 3. Significantly enriched GO terms when comparing A. maculatum transcript expression in male
floret tissue during anthesis (n = 14), vs. approximately 18 h after anthesis (n = 14). Nonredundant GO
terms are visualized in semantic similarity space (allowed similarity = 0.8); the full list of GO terms
represented above is available in Supplementary Appendix 2.

[*] indicates parent groups linked to the biosynthesis of volatile compounds
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Figure 4. A simplified overview of key proteins involved in producing aromatic amino acid-derived A.
maculatum VOCs, and a heatmap of their vst-transformed expression during anthesis. Color scale
represents whether expression in a given group (i.e. tissue type and population) is above or below the
transcript’s mean expression across all samples. Genes in gray are absent from the A. maculatum
BEBT =
acid/salicylic acid carboxyl methyltransferase; DHQ, 3-dehydroquinate dehydratase/shikimate

transcriptome. Gene names: benzyl alcohol O-benzoyltransferase; BSMT, benzoic

dehydrogenase; EGS, eugenol synthase; MKS, methylketone synthase; PAAS, phenylacetaldehyde
synthase; TSA/B, tryptophan synthase alpha/beta subunit; ?, unknown gene(s).
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Figure 5. Heatmap of vst-transformed expression of putative terpene synthases in A. maculatum.
Colour scale represents whether expression in a given group (i.e. tissue type, stage of anthesis, and

population) is above or below the transcript’s mean expression across all samples.
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APPENDIX S1
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Figure S1. Principal components analysis visualizing Arum maculatum transcript expression among all
populations (denoted by color) and tissue types/sampling times (denoted by shape) in this study. This
analysis included all 49’779 transcripts remaining following filtering in DESeq?2 (i.e. >0.75CPM in at

least seven samples).
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Figure S2. Nonmetric multidimensional scaling (NMDS; Bray—Curtis dissimilarity, stress = 0.0582)
plot of floral scent differentiation among individual Arum maculatum inflorescences sequenced as part
of this study. Analyses were performed on a matrix of the proportional abundances of all 18 volatile
organic compounds identified in A. maculatum bouquets (see Table S5, below).
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Figure S3. Heatmaps visualizing expression of the methyl-D-erythritol 4-phosphate (MEP; above) and
mevalonate pathway (following page) for terpenoid precursor biosynthesis in Arum maculatum. Color
scale represents the vst-transformed mean expression of transcripts across tissue types, populations, and

stages of anthesis.
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Figure S4. Unrooted phylogeny of all putative Arum maculatum terpene synthase isoforms expressed
in appendix and male floret tissue during anthesis.

Note: Gene names were derived from automated annotation alone, and should therefore be considered
hypotheses
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Figure S5. Multiple sequence alignment of 1) Streptomyces lasaliensis 2-methylisoborneol synthase,

2) the TransDecoder predicted peptide sequence of an Arum maculatum (Araceae) transcript in our

dataset, and 3) an unknown gene identified in the Colocasia esculenta (Araceae) genome. While the

latter two proteins share 92.5% identity, both share approximately 23% identity with the bacterial 2-

methylisoborneol synthase gene.
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Table S1. Summary of Arum maculatum samples collected in this study, and the number of initial

(raw) and post-filtering (clean) 150bp paired-end RNA-seq reads generated for each sample.

Sample ID Tissue Collection # reads # reads Population Lat. Long.
Type Time (raw) (clean)

GAV_010 Appendix During-Anthesis | 72'325'850 66'717'458 Forét du Gavre, France | 47.55066 | -1.86466
CON 016 Appendix During-Anthesis | 70'056'626 64'913'424 Conteville, France 50.73731 1.73872
MON_001 Appendix During-Anthesis | 62'848'894 57'520'886 Montese, Italy 44.25523 | 10.98371
RIF 006 Appendix During-Anthesis | 59'312'732 54'350'550 Rifreddo, Italy 40.57235 | 15.82473
VIS_001 Appendix During-Anthesis | 65'991'730 60'876'804 Visuc, Croatia 44.53128 | 15.76134
VIS 003 Appendix During-Anthesis | 72'409'196 66'825'898 Visuc, Croatia 44.53128 | 15.76134
CHI_003 Appendix During-Anthesis | 63'427'166 58'606'672 Chiflik, Bulgaria 42.8130 24.52836
GAV_004SA Male Floret | During-Anthesis | 36'812'088 27'933'352 Forét du Gavre, France | 47.55066 | -1.86466
GAV_004CO | Male Floret | Post-Anthesis 35'212'458 29'293214 Forét du Gavre, France | 47.55066 | -1.86466
GAV_005SA Male Floret | During-Anthesis | 39'396'020 32'399'440 Forét du Gavre, France | 47.55066 | -1.86466
GAV_005CO | Male Floret | Post-Anthesis 40'842'454 33212278 Forét du Gavre, France | 47.55066 | -1.86466
GAV_007SA Male Floret | During-Anthesis | 39'637'246 32'386'282 Forét du Gavre, France | 47.55066 | -1.86466
GAV_007CO | Male Floret | Post-Anthesis 40'504'024 32'982'626 Forét du Gavre, France | 47.55066 | -1.86466
GAV_008SA Male Floret | During-Anthesis | 40'045'110 32'600'164 Forét du Gavre, France | 47.55066 | -1.86466
GAV_008CO | Male Floret | Post-Anthesis 42'181'532 33'104'832 Forét du Gavre, France | 47.55066 | -1.86466
GAV_111SA Male Floret | During-Anthesis | 45280290 39'923'042 Forét du Gavre, France | 47.55066 | -1.86466
GAV_111CO | Male Floret | Post-Anthesis 46'879'738 41'891'194 Forét du Gavre, France | 47.55066 | -1.86466
CHA_00ISA Male Floret | During-Anthesis | 46'799'844 42'716'744 Chaumont, France 48.11508 | 5.09475
CHA 001CO | Male Floret | Post-Anthesis 49'827'838 46'503'400 Chaumont, France 48.11508 | 5.09475
CON_003SA | Male Floret | During-Anthesis | 39'875'808 39'875'808 Conteville, France 50.73731 1.73872
CON_003CO | Male Floret | Post-Anthesis 37'195'130 29'515"252 Conteville, France 50.73731 1.73872
CON_005SA Male Floret | During-Anthesis | 47'294'348 41'537'476 Conteville, France 50.73731 1.73872
CON _005CO | Male Floret | Post-Anthesis 49'998'560 44'422'700 Conteville, France 50.73731 1.73872
NEU_002SA Male Floret | During-Anthesis | 37'467'370 29'802'078 Neuchatel, Switzerland | 47.00043 | 6.9379
NEU 002CO | Male Floret | Post-Anthesis 42'504'012 34'460'112 Neuchatel, Switzerland | 47.00043 | 6.9379
NEU_008SA Male Floret | During-Anthesis | 49'278'902 43'503'888 Neuchatel, Switzerland | 47.00043 | 6.9379
NEU 008CO | Male Floret | Post-Anthesis 45'181'684 39'358'012 Neuchatel, Switzerland | 47.00043 | 6.9379
MON_002SA | Male Floret | During-Anthesis | 44'700'402 39'507'032 Montese, Italy 4425523 | 10.98371
MON _002CO | Male Floret | Post-Anthesis 52'575'366 46'259'886 Montese, Italy 44.25523 10.98371
MON_005SA | Male Floret | During-Anthesis | 45'849'700 40'354'964 Montese, Italy 4425523 | 10.98371
MON 005CO | Male Floret | Post-Anthesis 50'195'542 43'370'534 Montese, Italy 44.25523 10.98371
GOS_001SA Male Floret | During-Anthesis | 47'615'578 42'110'792 Gostilje, Serbia 43.65561 19.83549
GOS_001CO | Male Floret | Post-Anthesis 47'897'388 41'765298 Gostilje, Serbia 43.65561 19.83549
GOS_008SA Male Floret | During-Anthesis | 42'165'118 34'880'800 Gostilje, Serbia 43.65561 19.83549
GOS_008CO | Male Floret | Post-Anthesis 41'497'178 33'537'420 Gostilje, Serbia 43.65561 19.83549
SOK 104SA Male Floret | During-Anthesis | 48'025'822 41'973'970 Sokobanja, Serbia 43.60373 | 21.88755
SOK_005SA Male Floret | During-Anthesis | 36'079'684 29'352'734 Sokobanja, Serbia 43.60373 | 21.88755
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Table S2. Basic assembly quality metrics for our complete Arum maculatum transcriptome (all contigs).
The single Trinity assembly was constructed from all of the appendix and male floret samples listed in
Table S1.

Median Average Assembled
[
Method NS0 (bp) GC (%) length (bp) | length (bp) bases
Trinity 1699 45.1 503 949 563°420°622

Table S3. Results from two de-duplication techniques, used to reduce the quantity of redundant
isoforms in the raw assembly output by Trinity.

# of # of
Method transcripts transcripts | N50 | GC Average
(raw trinity | (post-filtering | (bp) | (%) | length (bp)
assembly) output)
EvidentialGene 593°392 195’892 1195 | 44.5 1140
CD-HIT (95% ID) 593°392 240’758 7908 | 47.1 925

Table S4. BUSCO v5.0.0 completeness of the raw Trinity assembly, and two de-duplicated assemblies.
EvidentialGene removed a larger quantity of sequences while also better preserving transcriptome
completeness, and was therefore used for all subsequent analyses in DESeg?2.

Complete | Single-Copy | Duplicated | Fragmented Missing
Method [C] [S] [D] [F] [M]
Trinity (raw) 95.9% 6.6% 89.3% 2.0% 2.1%
EvidentialGene 95.6% 19.5% 76.1% 2.2% 2.2%
CD-HIT 92.2% 48.3% 43.9% 5.2% 2.6%
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Table S5. Average proportional emissions of volatile organic compounds (VOCs) emitted by individual
Arum maculatum in this study. Additional sample metadata are given in Table S1.

Forét du Givre, FR Conteville, FR Chaumont, | Neuchitel, CH
(GAV) (CON) FR (CHA) (NEU)
vVocC RI|ID | 010 004 005 007 008 111 016 003 005 001 002 008
2-heptanone 891 0.0476 0 0 0 0 0.0227 | 0.0793 0 0 0 0 0.0004
S-citronellene 943 0.0922 0 02170 0 0 0.0033 0 0 0.0022 0 0.0638 | 0.0055
(Z)-f-ocimene 1037 | 0.0144 0 0 0 0 0 0 0 0 0 0 0.0008
p-cresol 1076 | 0.0606 0 0 0.0327 0 0 02411 0 0 0 0 0
indole 1289 | 0.5034 | 0.0946 | 02218 | 0.0395 | 0.0267 | 0.0406 | 0.2183 0 0.0107 0 0.0039 | 0.2660
skatole 1383 | 0.0002 0 0 0 0 0 0.0006 0 0 0 0 0.0011
g-copaene 1374 0 0 0 0.0660 0 0.0870 | 0.0159 | 0.0673 | 0.0293 0.0396 0.0422 | 0.0414
(Z)-f-caryophyllene 1405 0 0 0 0.0686 | 0.0253 | 0.0484 | 0.0718 | 0.0951 | 0.1044 0.0271 0 0.0154
(E)-B-caryophyllene 1416 | 0.0222 | 0.0651 0 0 0.1480 | 0.0674 | 0.1500 | 0.3467 0 0.1440 0.0206 | 0.1260
o-humulene 1452 | 0.0213 | 0.0593 0 0 0.1287 | 0.0066 | 0.0473 | 0.0846 | 0.0901 0.1122 0.0027 | 0.1089
alloaromadendrene 1459 | 0.0235 0 0 0.1302 0 0.1954 | 0.0102 0 0.0558 0.0808 0.1671 | 0.0180
S-humulene 1473 0 0 0 0 0 0.0326 0 0 0.0868 0 0.0191 | 0.0021
o-selinene 1491 0 0 0 0 0 0.03%0 0 0 0.0145 0.4102 0.0240 | 0.0552
bicyclogermacrene 1493 0 0 0 0 0 0.0434 | 0.1654 0 0.0043 0 0.0083 | 0.0020
d-cadinene 1520 0 0 0 0.0415 | 0.0821 | 0.0688 0 0 0.0871 0.0951 0.0221 | 0.0695
Unnamed sesqui. 1404 | 0.0762 0 0 0 0.1330 | 01211 0 0.0212 | 0.0240 0.0439 0 0.0458
Unnamed sesqui. 1470 0 0 0 0 0.1189 0 0 0 0.0354 0 0 0.1138
Unnamed sesqui. 1681~ | 0.1384 | 0.7810 | 0.5612 | 0.6214 | 03372 | 02238 0 0.3852 | 0.4550 0.0471 0.6262 | 0.1282
Montese, IT Rifreddo, Visué, HRV Gostilje, SRB Sokobanja, SRB Chiflik,
(MON) IT (RIF) (VIS) (GOS) (SOK) BG (CHI)
vocC RI|ID 001 002 005 006 001 003 001 008 005 104 003
2-heptancne 891 | 0.1615 0 0 0 05202 | 0.0911 0 0 0 0 0
[S-citronellene 943 0.0544 | 0.0154 | 0.0303 0.0199 0.1044 | 0.0554 0 0.0065 | 0.0051 0 0
(Z)-p-ocimene 1037 0 0.0028 0 0 0 0.0195 0 0 0 0 0
p-cresol 1076 | 0.0216 | 0.006% 0 0 0 0.1493 0 0 0 0 0.0856
Indole 1289 | 0.2245 | 0.2631 0 0.0102 | 0.1572 | 0.2417 | 0.0910 | 0.0007 | 0.0571 0 0.2703
skatole 1383 | 0.0025 0 0 0 0 0.0051 | 0.0024 0 0 0 0
o-copasns 1374 | 0.0210 | 0.0302 | 0.0300 | 0.0151 0 0.0178 | 0.0129 | 0.0626 | 0.0246 | 0.0845 0.0135
(2)3-5- 1405
caryophyllene 0.0205 | 0.0165 | 0.0260 | 0.2302 0 0.0274 0 0.0087 | 0.0027 0 0
(E)-5- 1416
caryophyllene 0.0518 | 0.0833 | 0.0431 | 04863 | 0.0817 | 0.0183 | 0.0383 | 0.0554 | 0.0514 | 0.0612 0.0210
o-humulene 1452 | 0.0278 | 0.0693 | 0.0461 | 0.0519 0 0.0354 | 0.0319 | 0.0682 | 0.0416 | 0.0163 0.0218
alloaromadendrene | 1459 | 0.0294 | 0.0525 | 0.0736 0 0 0.0132 | 0.013% | 0.0633 | 0.0321 | 0.1367 0.0200
S-humulene 1473 0 0.0086 0 0 0 0 0.0034 | 0.0539 | 0.0028 0 0.2086
o-selinene 1451 | 0.0086 | 0.0136 0 0.0159 0 0.0177 | 0.3609 | 0.0559 | 0.0061 | 0.0474 0
bicyclogermacrene | 1493 | 0.0152 | 0.0173 0 0 0 0 0.003% | 0.0057 | 0.0106 | 0.0308 0
&-cadinene 1520 0 0.0695 | 0.1123 0 0.0458 | 0.0706 | 0.0291 | 0.1766 | 0.0462 | 0.0505 0.0203
Unnamed sesqui. 1404 | 0.221% | 0.1379 | 0.4402 | 0.0256 0 0.1808 | 0.0435 | 0.0337 | 0.6572 0 0.0266
Unnamed sesqui. 1470 0 0.0431 0 0 0 0 0.0043 | 0.1000 | 0.0165 0 0
Unnamed sesqui. 1681~ | 0.1395 | 0.1698 | 0.1585 | 0.1445 | 0.0907 | 0.0568 | 0.3643 | 0.3086 | 0.0456 | 0.5726 03124

RI = Kovats retention index, non-polar, HP-5MS (* = Rl 1716 in Diaz & Kite 2002)
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Table S6. Transcripts highly correlated with Hydroxyphenylpyruvate reductase (HPPR) expression in
A. maculatum appendix tissue during anthesis (Pearson correlation test, p < 0.0001).

Trinity ID PCC p value annotation

DN4259 c0 g1 i27 | 0.998 | 0.000000171 | P41893 Low molecular weight

phosphotyrosine protein phosphatase

DN10943 c0_g2_i9 |0.992 | 0.000010198 | Q10359  Alpha-1,2-galactosyltransferase
gmh3

DN11383 c0_g1 i18 | 0.989 | 0.000023743 | Q9FVZ7 Membrane steroid-binding protein
1

DN17083 c0 gl i4 |0.988 | 0.000027273 | [unannotated transcript]

DN24139 c0_g1 i18 | 0.988 | 0.000029805 | Q9SQT8 Bifunctional 3-dehydroquinate
dehydratase/shikimate dehydrogenase

DN3154 c0_gl1_i24 | -0.985 | 0.000055587 | Q8VZG7 Ribonuclease @~ TUDOR 1
(AtTudorl)

DN4046 _c2 gl i6 -0.984 | 0.000062665 | Q2KICO Nuclear speckle splicing regulatory

protein 1

DN7988 c5 g1 i1l |-0.983 | 0.000074481 | Q24206 Broad-complex core protein

isoform 6

DN9669 c0 gl i5 0.982 | 0.000074962 | Q9SI61 Amidophospharibosyltransferase 1

DN2090_c20 gl i2 |-0.982 | 0.000083468 | Q9LDD1  Probable BOl-related E3
ubiquitin-protein ligase 3

PCC = Pearson correlation coefficient
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APPENDIX S2

Supplementary Table S7a. Significantly enriched GO terms when comparing transcript expression

between A. maculatum appendix and male floret tissue during anthesis (FDR-corrected P < 0.05;

log2fold change +/- 1). Both the original annotation (Term) and topGO condensed term used in Figure

2 (parent_Term) are given below.

input GO Term parent GO parent_Term Condition
1-deoxy-D-xylulose 5- 1-deoxy-D-xylulose 5-phosphate biosynthetic

G0:0052865 | phosphate biosynthetic process G0:0052865 | process Appendix
aromatic amino acid family

G0:0009073 | biosynthetic process G0:0009073 | aromatic amino acid family biosynthetic process Appendix
protein catabolic process in the

G0:0007039 | vacuole G0:0009083 | branched-chain amino acid catabolic process Appendix
calcium import into the

G0:0036444 | mitochondrion G0:0036444 | calcium import into the mitochondrion Appendix
regulation of potassium ion

G0:0043266 | transport G0:0036444 | calcium import into the mitochondrion Appendix
carboxylic acid metabolic

G0:0019752 | process G0:0019752 | carboxylic acid metabolic process Appendix
protein kinase C-activating G
protein-coupled receptor

G0:0007205 | signaling pathway G0:0043617 | cellular response to sucrose starvation Appendix
cellular response to sucrose

G0:0043617 | starvation G0:0043617 | cellular response to sucrose starvation Appendix

G0:0009423 | chorismate biosynthetic process | GO:0009423 | chorismate biosynthetic process Appendix

G0:0009690 | cytokinin metabolic process G0:0010617 | circadian regulation of calcium ion oscillation Appendix

G0:0009851 | auxin biosynthetic process G0:0010617 | circadian regulation of calcium ion oscillation Appendix
regulation of auxin biosynthetic

G0:0010600 | process G0:0010617 | circadian regulation of calcium ion oscillation Appendix
circadian regulation of calcium

G0:0010617 | ion oscillation G0:0010617 | circadian regulation of calcium ion oscillation Appendix

G0:0042593 | glucose homeostasis G0:0010617 | circadian regulation of calcium ion oscillation Appendix
mitochondrial calcium ion

G0:0051560 | homeostasis G0:0010617 | circadian regulation of calcium ion oscillation Appendix
negative regulation of
mitochondrial calcium ion

G0:0051562 | concentration G0:0010617 | circadian regulation of calcium ion oscillation Appendix
cellular sphingolipid

G0:0090156 | homeostasis G0:0010617 | circadian regulation of calcium ion oscillation Appendix
regulation of auxin metabolic

G0:0090354 | process G0:0010617 | circadian regulation of calcium ion oscillation Appendix
regulation of membrane lipid

G0:0097035 | distribution G0:0010617 | circadian regulation of calcium ion oscillation Appendix

G0:0031128 | developmental induction G0:0031128 | developmental induction Appendix

G0:0016311 | dephosphorylation G0:0050992 | dimethylallyl diphosphate biosynthetic process Appendix

G0:0046777 | protein autophosphorylation G0:0050992 | dimethylallyl diphosphate biosynthetic process Appendix
dimethylallyl diphosphate

G0:0050992 | hiosynthetic process G0:0050992 | dimethylallyl diphosphate biosynthetic process Appendix

G0:0008299 | isoprenoid biosynthetic process G0:0010241 | ent-kaurene oxidation to kaurenoic acid Appendix
abscisic acid biosynthetic

G0:0009688 | process G0:0010241 | ent-kaurene oxidation to kaurenoic acid Appendix
ent-kaurene oxidation to

G0:0010241 | kaurenoic acid G0:0010241 | ent-kaurene oxidation to kaurenoic acid Appendix

G0:0019605 | butyrate metabolic process G0:0010241 | ent-kaurene oxidation to kaurenoic acid Appendix

G0:0034434 | sterol esterification (G0:0010241 | ent-kaurene oxidation to kaurenoic acid Appendix

G0:0046345 | abscisic acid catabolic process G0:0010241 | ent-kaurene oxidation to kaurenoic acid Appendix

G0:0046464 | acylglycerol catabolic process G0:0010241 | ent-kaurene oxidation to kaurenoic acid Appendix
medium-chain fatty acid

G0:0051791 | metabolic process G0:0010241 | ent-kaurene oxidation to kaurenoic acid Appendix

G0:0009649 | entrainment of circadian clock G0:0043153 | entrainment of circadian clock by photoperiod Appendix
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circadian regulation of gene

G0:0032922 | expression G0:0043153 | entrainment of circadian clock by photoperiod Appendix
positive regulation of circadian

G0:0042753 | rhythm G0:0043153 | entrainment of circadian clock by photoperiod Appendix
entrainment of circadian clock

G0:0043153 | by photoperiod G0:0043153 | entrainment of circadian clock by photoperiod Appendix

G0:0006986 | response to unfolded protein G0:0036498 | IRE1-mediated unfolded protein response Appendix

G0:0009723 | response to ethylene G0:0036498 | IRE1-mediated unfolded protein response Appendix
auxin-activated signaling

G0:0009734 | pathway G0:0036498 | IRE1-mediated unfolded protein response Appendix

G0:0009753 | response to jasmonic acid G0:0036498 | IRE1-mediated unfolded protein response Appendix
cellular response to unfolded

G0:0034620 | protein G0:0036498 | IRE1-mediated unfolded protein response Appendix
IRE1-mediated unfolded protein

GO0:0036498 | response G0:0036498 | IRE1-mediated unfolded protein response Appendix

G0:0071456 | cellular response to hypoxia G0:0036498 | IRE1-mediated unfolded protein response Appendix
negative regulation of cytokinin-

G0:0080037 | activated signaling pathway G0:0036498 | IRE1-mediated unfolded protein response Appendix
cellular aldehyde metabolic isopentenyl diphosphate biosynthetic process,

G0:0006081 | process G0:0019288 | methylerythritol 4-phosphate pathway Appendix
isopentenyl diphosphate
biosynthetic process,
methylerythritol 4-phosphate isopentenyl diphosphate biosynthetic process,

G0:0019288 | pathway G0:0019288 | methylerythritol 4-phosphate pathway Appendix
energy reserve metabolic

G0:0006112 | process G0:0046951 | ketone body hiosynthetic process Appendix

G0:0010230 | alternative respiration G0:0046951 | ketone body biosynthetic process Appendix
ketone body biosynthetic

G0:0046951 | process G0:0046951 | ketone body biosynthetic process Appendix

G0:0009098 | leucine biosynthetic process G0:0009098 | leucine biosynthetic process Appendix

G0:0009809 | lignin biosynthetic process G0:0009809 | lignin biosynthetic process Appendix

G0:0019674 | NAD metabolic process G0:0019674 | NAD metabolic process Appendix

G0:0006741 | NADP biosynthetic process G0:0006741 | NADP biosynthetic process Appendix
regulation of abscisic acid- negative regulation of intrinsic apoptotic

G0:0009787 | activated signaling pathway G0:2001243 | signaling pathway Appendix

negative regulation of intrinsic apoptotic
G0:0019722 | calcium-mediated signaling G0:2001243 | signaling pathway Appendix
negative regulation of intrinsic apoptotic

G0:0035556 | intracellular signal transduction G0:2001243 | signaling pathway Appendix
regulation of leaf

G0:1901371 | morphogenesis G0:0051511 | negative regulation of unidimensional cell growth | Appendix
ubiquitin-dependent ERAD

G0:0030433 | pathway G0:1904294 | positive regulation of ERAD pathway Appendix

G0:1902065 | response to L-glutamate G0:1904294 | positive regulation of ERAD pathway Appendix
positive regulation of ERAD

G0:1904294 | pathway G0:1904294 | positive regulation of ERAD pathway Appendix

G0:0015976 | carbon utilization G0:0043609 | regulation of carbon utilization Appendix

G0:0043609 | regulation of carbon utilization G0:0043609 | regulation of carbon utilization Appendix

G0:0040009 | regulation of growth rate G0:0040009 | regulation of growth rate Appendix

G0:0010390 | histone monoubiquitination G0:1900109 | regulation of histone H3-K9 dimethylation Appendix
regulation of histone H3-K9

G0:1900109 | dimethylation G0:1900109 | regulation of histone H3-K9 dimethylation Appendix
regulation of phenylpropanoid

G0:2000762 | metabolic process G0:2000762 | regulation of phenylpropanoid metabolic process | Appendix

G0:0031001 | response to brefeldin A G0:0080021 | response to benzoic acid Appendix
steroid hormone mediated

G0:0043401 | signaling pathway G0:0080021 | response to benzoic acid Appendix

G0:0080021 | response to benzoic acid G0:0080021 | response to benzoic acid Appendix

G0:1902347 | response to strigolactone G0:0080021 | response to benzoic acid Appendix

G0:0043157 | response to cation stress G0:0043157 | response to cation stress Appendix

G0:0009751 | response to salicylic acid G0:0009751 | response to salicylic acid Appendix
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G0:0016127 | sterol catabolic process G0:0019632 | shikimate metabolic process Appendix

G0:0019632 | shikimate metabolic process G0:0019632 | shikimate metabolic process Appendix

G0:0016114 | terpenoid biosynthetic process G0:0016114 | terpenoid biosynthetic process Appendix

G0:0000162 | tryptophan biosynthetic process | GO:0000162 | tryptophan biosynthetic process Appendix
flavin adenine dinucleotide

G0:0072387 | metabolic process G0:0010253 | UDP-rhamnose biosynthetic process Appendix
vesicle-mediated transport to the vesicle-mediated transport to the plasma

G0:0098876 | plasma membrane G0:0098876 | membrane Appendix

G0:0006813 | potassium ion transport G0:0036444 | calcium import into the mitochondrion Male_Floret
negative regulation of iron ion

G0:0034757 | transport G0:0036444 | calcium import into the mitochondrion Male_Floret
regulation of calcium ion

G0:0051924 | transport G0:0036444 | calcium import into the mitochondrion Male_Floret

G0:0055085 | transmembrane transport G0:0036444 | calcium import into the mitochondrion Male_Floret
positive regulation of

G0:1905885 | triglyceride transport G0:0036444 | calcium import into the mitochondrion Male_Floret
cellular response to phosphate

G0:0016036 | starvation G0:0043617 | cellular response to sucrose starvation Male_Floret

G0:0006885 | regulation of pH G0:0010617 | circadian regulation of calcium ion oscillation Male_Floret

G0:0006505 | GPI anchor metabolic process G0:0010241 | ent-kaurene oxidation to kaurenoic acid Male_Floret
phosphatidylinositol metabolic

G0:0046488 | process G0:0010241 | ent-kaurene oxidation to kaurenoic acid Male_Floret

G0:0007164 | establishment of tissue polarity G0:0007164 | establishment of tissue polarity Male_Floret

G0:0010208 | pollen wall assembly G0:0007164 | establishment of tissue polarity Male_Floret

G0:1905393 | plant organ formation G0:0007164 | establishment of tissue polarity Male_Floret

G0:0010496 | intercellular transport G0:0010496 | intercellular transport Male_Floret

G0:0009735 | response to cytokinin G0:0036498 | IRE1-mediated unfolded protein response Male_Floret

G0:0009744 | response to sucrose G0:0036498 | IRE1-mediated unfolded protein response Male_Floret
sugar mediated signaling

G0:0010182 | pathway G0:0036498 | IRE1-mediated unfolded protein response Male_Floret
cellular response to sucrose

G0:0071329 | stimulus G0:0036498 | IRE1-mediated unfolded protein response Male_Floret

G0:0005977 | glycogen metabolic process G0:0046951 | ketone body biosynthetic process Male_Floret

G0:0005978 | glycogen biosynthetic process G0:0046951 | ketone body biosynthetic process Male_Floret

G0:0005975 | carbohydrate metabolic process | GO:0010493 | Lewis a epitope biosynthetic process Male_Floret

G0:0005991 | trehalose metabolic process G0:0010493 | Lewis a epitope biosynthetic process Male_Floret
(1->3)-beta-D-glucan

G0:0006075 | biosynthetic process G0:0010493 | Lewis a epitope biosynthetic process Male_Floret

G0:0006096 | glycolytic process G0:0010493 | Lewis a epitope biosynthetic process Male_Floret
Lewis a epitope biosynthetic

G0:0010493 | process G0:0010493 | Lewis a epitope biosynthetic process Male_Floret

G0:0019252 | starch biosynthetic process G0:0010493 | Lewis a epitope hiosynthetic process Male_Floret

G0:0030244 | cellulose biosynthetic process G0:0010493 | Lewis a epitope biosynthetic process Male_Floret

G0:0045490 | pectin catabolic process G0:0010493 | Lewis a epitope hiosynthetic process Male_Floret
mucilage pectin biosynthetic

G0:0048358 | process G0:0010493 | Lewis a epitope biosynthetic process Male_Floret

G0:0009435 | NAD biosynthetic process G0:0009435 | NAD hiosynthetic process Male_Floret

negative regulation of intrinsic apoptotic

G0:0023051 | regulation of signaling G0:2001243 | signaling pathway Male_Floret
negative regulation of intrinsic negative regulation of intrinsic apoptotic

G0:2001243 | apoptotic signaling pathway G0:2001243 | signaling pathway Male_Floret
regulation of flower

G0:0009909 | development G0:0051511 | negative regulation of unidimensional cell growth | Male Floret
regulation of meristem

G0:0048509 | development G0:0051511 | negative regulation of unidimensional cell growth | Male Floret
negative regulation of post-

G0:0048581 | embryonic development G0:0051511 | negative regulation of unidimensional cell growth | Male Floret
negative regulation of

G0:0051511 | unidimensional cell growth G0:0051511 | negative regulation of unidimensional cell growth | Male Floret

121




G0:0009555 | pollen development G0:0009846 | pollen germination Male_Floret

G0:0009846 | pollen germination G0:0009846 | pollen germination Male_Floret
vegetative to reproductive phase

G0:0010228 | transition of meristem G0:0009846 | pollen germination Male_Floret
short-day photoperiodism,

G0:0048575 | flowering G0:0009846 | pollen germination Male_Floret

G0:0009860 | pollen tube growth G0:0009860 | pollen tube growth Male_Floret

G0:0060416 | response to growth hormone G0:1904294 | positive regulation of ERAD pathway Male_Floret
embryo development ending in

G0:0009793 | seed dormancy G0:0010068 | protoderm histogenesis Male_Floret

G0:0010068 | protoderm histogenesis G0:0010068 | protoderm histogenesis Male_Floret

G0:0010154 | fruit development G0:0010068 | protoderm histogenesis Male_Floret

G0:0046874 | quinolinate metabolic process G0:0046874 | quinolinate metabolic process Male_Floret

G0:0080143 | regulation of amino acid export G0:0080143 | regulation of amino acid export Male_Floret

G0:0140352 | export from cell G0:0080143 | regulation of amino acid export Male_Floret

G0:0009932 | cell tip growth G0:0040009 | regulation of growth rate Male_Floret

G0:0040008 | regulation of growth G0:0040009 | regulation of growth rate Male_Floret

G0:0080092 | regulation of pollen tube growth | GO:0040009 | regulation of growth rate Male_Floret

G0:0080117 | secondary growth G0:0040009 | regulation of growth rate Male_Floret

G0:0032508 | DNA duplex unwinding G0:1900109 | regulation of histone H3-K9 dimethylation Male_Floret
mitotic cell cycle phase

G0:0044772 | transition G0:0060236 | regulation of mitotic spindle organization Male_Floret

G0:0055047 | generative cell mitosis G0:0060236 | regulation of mitotic spindle organization Male_Floret
regulation of mitotic spindle

G0:0060236 | organization (G0:0060236 | regulation of mitotic spindle organization Male_Floret
regulation of superoxide anion

G0:0032928 | generation G0:0032928 | regulation of superoxide anion generation Male_Floret
regulation of vacuole fusion,

G0:0032889 | non-autophagic G0:0032889 | regulation of vacuole fusion, non-autophagic Male_Floret
cellular response to steroid

G0:0071383 | hormone stimulus G0:0080021 | response to benzoic acid Male_Floret

G0:0009739 | response to gibberellin G0:0009739 | response to gibberellin Male_Floret

G0:0019310 | inositol catabolic process G0:0019632 | shikimate metabolic process Male_Floret

G0:0009407 | toxin catabolic process G0:0009407 | toxin catabolic process Male_Floret

G0:0006011 | UDP-glucose metabolic process | G0:0010253 | UDP-rhamnose biosynthetic process Male_Floret
UDP-rhamnose biosynthetic

G0:0010253 | process G0:0010253 | UDP-rhamnose biosynthetic process Male_Floret
dTDP-rhamnose biosynthetic

G0:0019305 | process G0:0010253 | UDP-rhamnose biosynthetic process Male_Floret
UDP-L-arabinose biosynthetic

G0:0033358 | process G0:0010253 | UDP-rhamnose biosynthetic process Male_Floret
de novo AMP biosynthetic

G0:0044208 | process G0:0010253 | UDP-rhamnose biosynthetic process Male_Floret
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Supplementary Table S7b. Significantly enriched GO terms when comparing transcript expression

between A. maculatum male floret tissue during anthesis and post-anthesis

(FDR-corrected P < 0.05; log2fold change +/- 1). Both the original annotation (Term) and topGO

condensed term used in Figure 3 (parent_Term) are given below.

input GO Term parent GO parent_Term Condition

G0:0006813 | potassium ion transport G0:0032328 | alanine transport Male_Anthesis

G0:0006817 | phosphate ion transport G0:0032328 | alanine transport Male_Anthesis

G0:0008272 | sulfate transport G0:0032328 | alanine transport Male_Anthesis

G0:0008643 | carbohydrate transport G0:0032328 | alanine transport Male_Anthesis

G0:0015798 | myo-inositol transport G0:0032328 | alanine transport Male_Anthesis

G0:0010044 | response to aluminum ion G0:0071281 | cellular response to iron ion Male_Anthesis

G0:0042542 | response to hydrogen peroxide G0:0071281 | cellular response to iron ion Male_Anthesis

G0:0071461 | cellular response to redox state G0:0071461 | cellular response to redox state Male_Anthesis

G0:0009625 | response to insect G0:0043617 | cellular response to sucrose starvation Male_Anthesis
plant-type hypersensitive

G0:0009626 | response G0:0043617 | cellular response to sucrose starvation Male_Anthesis

G0:0010183 | pollen tube guidance G0:0043617 | cellular response to sucrose starvation Male_Anthesis
cellular response to phosphate

G0:0016036 | starvation G0:0043617 | cellular response to sucrose starvation Male_Anthesis

G0:0042594 | response to starvation G0:0043617 | cellular response to sucrose starvation Male_Anthesis
cellular response to sucrose

G0:0043617 | starvation G0:0043617 | cellular response to sucrose starvation Male_Anthesis

G0:0050832 | defense response to fungus G0:0043617 | cellular response to sucrose starvation Male_Anthesis
cellular response to potassium

G0:0051365 | ion starvation G0:0043617 | cellular response to sucrose starvation Male_Anthesis
phenylpropanoid metabolic

G0:0009698 | process G0:0009805 | coumarin biosynthetic process Male_Anthesis

G0:0009809 | lignin biosynthetic process G0:0009805 | coumarin biosynthetic process Male_Anthesis
defense response by callose defense response by callose deposition in

G0:0052544 | deposition in cell wall G0:0052544 | cell wall Male_Anthesis
sporopollenin biosynthetic defense response by callose deposition in

G0:0080110 | process G0:0052544 | cell wall Male_Anthesis
red, far-red light

G0:0009585 | phototransduction (G0:0016048 | detection of temperature stimulus Male_Anthesis

G0:0009720 | detection of hormone stimulus G0:0016048 | detection of temperature stimulus Male_Anthesis

G0:0010086 | embryonic root morphogenesis G0:0010086 | embryonic root morphogenesis Male_Anthesis

G0:0048527 | lateral root development G0:0010086 | embryonic root morphogenesis Male_Anthesis

G0:0007623 | circadian rhythm G0:0009649 | entrainment of circadian clock Male_Anthesis

G0:0009649 | entrainment of circadian clock G0:0009649 | entrainment of circadian clock Male_Anthesis

G0:0009835 | fruit ripening G0:1990059 | fruit valve development Male_Anthesis

G0:0009414 | response to water deprivation G0:0009757 | hexose mediated signaling Male_Anthesis
auxin-activated signaling

G0:0009734 | pathway G0:0009757 | hexose mediated signaling Male_Anthesis

G0:0009741 | response to brassinosteroid G0:0009757 | hexose mediated signaling Male_Anthesis

G0:0009757 | hexose mediated signaling G0:0009757 | hexose mediated signaling Male_Anthesis
regulation of abscisic acid-

G0:0009787 | activated signaling pathway G0:0009757 | hexose mediated signaling Male_Anthesis

G0:0010167 | response to nitrate G0:0009757 | hexose mediated signaling Male_Anthesis

G0:0010555 | response to mannitol G0:0009757 | hexose mediated signaling Male_Anthesis

G0:0006265 | DNA topological change G0:0043971 | histone H3-K18 acetylation Male_Anthesis
chromatin assembly or

G0:0006333 | disassembly G0:0043971 | histone H3-K18 acetylation Male_Anthesis
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phosphorelay signal

G0:0000160 | transduction system G0:0048016 | inositol phosphate-mediated signaling Male_Anthesis
inositol phosphate-mediated
G0:0048016 | signaling G0:0048016 | inositol phosphate-mediated signaling Male_Anthesis
sulfur amino acid biosynthetic
G0:0000097 | process G0:0070981 | L-asparagine biosynthetic process Male_Anthesis
G0:0006542 | glutamine biosynthetic process G0:0070981 | L-asparagine biosynthetic process Male_Anthesis
unsaturated fatty acid
G0:0006636 | biosynthetic process G0:0070981 | L-asparagine biosynthetic process Male_Anthesis
polyphosphate biosynthetic
GO:0006799 | process G0:0070981 | L-asparagine biosynthetic process Male_Anthesis
L-phenylalanine biosynthetic
G0:0009094 | process G0:0070981 | L-asparagine biosynthetic process Male_Anthesis
G0:0009694 | jasmonic acid metabolic process | GO:0070981 | L-asparagine hiosynthetic process Male_Anthesis
proline catabolic process to
G0:0010133 | glutamate G0:0070981 | L-asparagine biosynthetic process Male_Anthesis
G0:0033611 | oxalate catabolic process G0:0070981 | L-asparagine biosynthetic process Male_Anthesis
very long-chain fatty acid
G0:0042761 | biosynthetic process G0:0070981 | L-asparagine biosynthetic process Male_Anthesis
L-asparagine biosynthetic
G0:0070981 | process G0:0070981 | L-asparagine biosynthetic process Male_Anthesis
positive regulation of flower
G0:0009911 | development G0:0010338 | leaf formation Male_Anthesis
primary shoot apical meristem
G0:0010072 | specification G0:0010338 | leaf formation Male_Anthesis
(G0:0010223 | secondary shoot formation G0:0010338 | leaf formation Male_Anthesis
G0:0048481 | plant ovule development G0:0010338 | leaf formation Male_Anthesis
regulation of shoot system
G0:0048831 | development G0:0010338 | leaf formation Male_Anthesis
G0:0005975 | carbohydrate metabolic process | G0:0010493 | Lewis a epitope biosynthetic process Male_Anthesis
G0:0015936 | coenzyme A metabolic process G0:0009435 | NAD biosynthetic process Male_Anthesis
negative regulation of hormone
G0:0006873 | cellular ion homeostasis G0:0032353 | biosynthetic process Male_Anthesis
negative regulation of hormone
G0:0006885 | regulation of pH G0:0032353 | biosynthetic process Male_Anthesis
negative regulation of hormone
G0:0009691 | cytokinin biosynthetic process G0:0032353 | biosynthetic process Male_Anthesis
negative regulation of hormone
G0:0009851 | auxin biosynthetic process G0:0032353 | biosynthetic process Male_Anthesis
negative regulation of hormone
G0:0010268 | brassinosteroid homeostasis G0:0032353 | biosynthetic process Male_Anthesis
brassinosteroid metabolic negative regulation of hormone
G0:0016131 | process G0:0032353 | biosynthetic process Male_Anthesis
negative regulation of lipid
G0:0010888 | storage G0:0010888 | negative regulation of lipid storage Male_Anthesis
positive regulation of protein
G0:0046827 | export from nucleus G0:0010888 | negative regulation of lipid storage Male_Anthesis
negative regulation of unidimensional cell
G0:0040008 | regulation of growth G0:0051511 | growth Male_Anthesis
negative regulation of unidimensional cell
G0:0040009 | regulation of growth rate G0:0051511 | growth Male_Anthesis
negative regulation of negative regulation of unidimensional cell
G0:0051511 | unidimensional cell growth G0:0051511 | growth Male_Anthesis
regulation of monopolar cell negative regulation of unidimensional cell
G0:0051513 | growth G0:0051511 | growth Male_Anthesis
G0:0010207 | photosystem Il assembly G0:0010207 | photosystem Il assembly Male_Anthesis
G0:0042549 | photosystem Il stabilization G0:0042549 | photosystem Il stabilization Male_Anthesis
photosystem stoichiometry
G0:0080005 | adjustment G0:0042549 | photosystem Il stabilization Male_Anthesis
positive regulation of positive regulation of anthocyanin
G0:0031539 | anthocyanin metabolic process G0:0031539 | metabolic process Male_Anthesis
positive regulation of nucleic positive regulation of anthocyanin
G0:1903508 | acid-templated transcription G0:0031539 | metabolic process Male_Anthesis
positive regulation of cellular response to
GO:0006970 | response to osmotic stress G0:1900036 | heat Male_Anthesis
positive regulation of cellular response to
G0:0009416 | response to light stimulus G0:1900036 | heat Male_Anthesis
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positive regulation of cellular response to

G0:0009637 | response to blue light G0:1900036 | heat Male_Anthesis
regulation of positive regulation of cellular response to
G0:0010099 | photomorphogenesis G0:1900036 | heat Male_Anthesis
positive regulation of cellular response to
G0:0010114 | response to red light G0:1900036 | heat Male_Anthesis
positive regulation of cellular response to
G0:0010224 | response to UV-B G0:1900036 | heat Male_Anthesis
regulation of long-day positive regulation of cellular response to
G0:0048586 | photoperiodism, flowering G0:1900036 | heat Male_Anthesis
regulation of response to salt positive regulation of cellular response to
G0:1901000 | stress G0:1900036 | heat Male_Anthesis
positive regulation of positive regulation of development,
G0:0045962 | development, heterochronic G0:0045962 | heterochronic Male_Anthesis
positive regulation of nitrogen
G0:0045848 | utilization G0:0045848 | positive regulation of nitrogen utilization Male_Anthesis
G0:0018105 | peptidyl-serine phosphorylation | GO:0046777 | protein autophosphorylation Male_Anthesis
G0:0046777 | protein autophosphorylation G0:0046777 | protein autophosphorylation Male_Anthesis
PSII associated light-harvesting PSII associated light-harvesting complex 11
G0:0010304 | complex Il catabolic process G0:0010304 | catabolic process Male_Anthesis
PSII associated light-harvesting complex 11
G0:0015996 | chlorophyll catabolic process G0:0010304 | catabolic process Male_Anthesis
PSII associated light-harvesting complex 11
G0:0016236 | macroautophagy G0:0010304 | catabolic process Male_Anthesis
hydrogen peroxide catabolic PSII associated light-harvesting complex 11
G0:0042744 | process G0:0010304 | catabolic process Male_Anthesis
regulation of histone regulation of protein serine/threonine
G0:0031063 | deacetylation G0:0080163 | phosphatase activity Male_Anthesis
regulation of histone H3-K9 regulation of protein serine/threonine
G0:1900109 | dimethylation G0:0080163 | phosphatase activity Male_Anthesis
G0:0016117 | carotenoid biosynthetic process | G0:1901601 | strigolactone biosynthetic process Male_Anthesis
G0:0019433 | triglyceride catabolic process (G0:1901601 | strigolactone biosynthetic process Male_Anthesis
dimethylallyl diphosphate
G0:0050992 | biosynthetic process G0:1901601 | strigolactone biosynthetic process Male_Anthesis
strigolactone biosynthetic
G0:1901601 | process G0:1901601 | strigolactone biosynthetic process Male_Anthesis
G0:0010148 | transpiration G0:0010148 | transpiration Male_Anthesis
G0:0055085 | transmembrane transport (G0:0010148 | transpiration Male_Anthesis
G0:0002939 | tRNA N1-guanine methylation G0:0002939 | tRNA N1-guanine methylation Male_Anthesis
G0:0000162 | tryptophan biosynthetic process | G0:0000162 | tryptophan biosynthetic process Male_Anthesis
G0:0006596 | polyamine biosynthetic process | G0:0000162 | tryptophan biosynthetic process Male_Anthesis
G0:0009308 | amine metabolic process G0:0000162 | tryptophan biosynthetic process Male_Anthesis
negative regulation of actin
G0:0030837 | filament polymerization G0:0007021 | tubulin complex assembly Male_Anthesis
G0:0010411 | xyloglucan metabolic process G0:0010411 | xyloglucan metabolic process Male_Anthesis
G0:0042546 | cell wall biogenesis G0:0010411 | xyloglucan metabolic process Male_Anthesis
amino acid transmembrane
G0:0003333 | transport G0:0032328 | alanine transport Male_Post_Anthesis
G0:0008645 | hexose transmembrane transport | GO:0032328 | alanine transport Male_Post_Anthesis
protein import into
G0:0030150 | mitochondrial matrix G0:0032328 | alanine transport Male_Post_Anthesis
G0:0032328 | alanine transport G0:0032328 | alanine transport Male_Post_Anthesis
G0:0035344 | hypoxanthine transport G0:0032328 | alanine transport Male_Post_Anthesis
triose phosphate transmembrane
G0:0035436 | transport G0:0032328 | alanine transport Male_Post_Anthesis
G0:0080168 | abscisic acid transport G0:0032328 | alanine transport Male_Post_Anthesis
adenine import across plasma
G0:0098702 | membrane G0:0032328 | alanine transport Male_Post_Anthesis
guanine import across plasma
G0:0098710 | membrane G0:0032328 | alanine transport Male_Post_Anthesis
uracil import across plasma
G0:0098721 | membrane G0:0032328 | alanine transport Male_Post_Anthesis
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G0:0071281 | cellular response to iron ion G0:0071281 | cellular response to iron ion Male_Post_Anthesis
regulation of systemic acquired

G0:0010112 | resistance G0:0043617 | cellular response to sucrose starvation Male_Post_Anthesis

G0:0010020 | chloroplast fission G0:0010020 | chloroplast fission Male_Post_Anthesis

G0:0009805 | coumarin hiosynthetic process G0:0009805 | coumarin biosynthetic process Male_Post_Anthesis

G0:0042335 | cuticle development G0:0042335 | cuticle development Male_Post_Anthesis
plant-type cell wall defense response by callose deposition in

G0:0009827 | modification G0:0052544 | cell wall Male_Post_Anthesis

G0:0070988 | demethylation G0:0070988 | demethylation Male_Post_Anthesis
detection of temperature

G0:0016048 | stimulus G0:0016048 | detection of temperature stimulus Male_Post_Anthesis

G0:0080022 | primary root development G0:0010086 | embryonic root morphogenesis Male_Post_Anthesis

G0:1990059 | fruit valve development G0:1990059 | fruit valve development Male_Post_Anthesis
gene silencing by RNA-directed gene silencing by RNA-directed DNA

G0:0080188 | DNA methylation G0:0080188 | methylation Male_Post_Anthesis
abscisic acid-activated signaling

G0:0009738 | pathway G0:0009757 | hexose mediated signaling Male_Post_Anthesis

G0:0043200 | response to amino acid G0:0009757 | hexose mediated signaling Male _Post_Anthesis
regulation of jasmonic acid

G0:2000022 | mediated signaling pathway G0:0009757 | hexose mediated signaling Male_Post_Anthesis

G0:0016584 | nucleosome positioning G0:0043971 | histone H3-K18 acetylation Male _Post_Anthesis

G0:0043971 | histone H3-K18 acetylation G0:0043971 | histone H3-K18 acetylation Male _Post_Anthesis

G0:0043972 | histone H3-K23 acetylation G0:0043971 | histone H3-K18 acetylation Male_Post_Anthesis
prostaglandin biosynthetic

G0:0001516 | process G0:0070981 | L-asparagine biosynthetic process Male Post_Anthesis

G0:0006107 | oxaloacetate metabolic process G0:0070981 | L-asparagine biosynthetic process Male_Post_Anthesis

G0:0006108 | malate metabolic process G0:0070981 | L-asparagine biosynthetic process Male_Post_Anthesis

G0:0006526 | arginine biosynthetic process G0:0070981 | L-asparagine biosynthetic process Male_Post_Anthesis

G0:0009696 | salicylic acid metabolic process | GO:0070981 | L-asparagine biosynthetic process Male_Post_Anthesis
beta-alanine biosynthetic

G0:0019483 | process G0:0070981 | L-asparagine biosynthetic process Male_Post_Anthesis

G0:0019676 | ammonia assimilation cycle G0:0070981 | L-asparagine biosynthetic process Male_Post_Anthesis
galacturonate biosynthetic

G0:0033481 | process G0:0070981 | L-asparagine biosynthetic process Male_Post_Anthesis
Kdo2-lipid A biosynthetic

G0:0036104 | process G0:0070981 | L-asparagine biosynthetic process Male_Post_Anthesis

G0:0042126 | nitrate metabolic process G0:0070981 | L-asparagine biosynthetic process Male_Post_Anthesis

G0:0055129 | L-proline biosynthetic process G0:0070981 | L-asparagine biosynthetic process Male_Post_Anthesis
L-glutamate biosynthetic

G0:0097054 | process G0:0070981 | L-asparagine biosynthetic process Male_Post_Anthesis

G0:0010338 | leaf formation G0:0010338 | leaf formation Male_Post_Anthesis
anther wall tapetum

G0:0048658 | development G0:0010338 | leaf formation Male_Post_Anthesis

G0:0006004 | fucose metabolic process G0:0010493 | Lewis a epitope biosynthetic process Male_Post_Anthesis

G0:0006097 | glyoxylate cycle G0:0010493 | Lewis a epitope biosynthetic process Male_Post_Anthesis
Lewis a epitope biosynthetic

G0:0010493 | process G0:0010493 | Lewis a epitope biosynthetic process Male_Post_Anthesis

G0:0006096 | glycolytic process G0:0009435 | NAD biosynthetic process Male_Post_Anthesis

G0:0009435 | NAD biosynthetic process G0:0009435 | NAD hiosynthetic process Male_Post_Anthesis
glucose 6-phosphate metabolic

G0:0051156 | process G0:0009435 | NAD hiosynthetic process Male_Post_Anthesis
negative regulation of hormone negative regulation of hormone

G0:0032353 | biosynthetic process G0:0032353 | biosynthetic process Male_Post_Anthesis

G0:0006099 | tricarboxylic acid cycle G0:0010207 | photosystem Il assembly Male_Post_Anthesis
regulation of transcription, positive regulation of anthocyanin

G0:0006355 | DNA-templated G0:0031539 | metabolic process Male_Post_Anthesis

positive regulation of cellular response to
G0:0010286 | heat acclimation G0:1900036 | heat Male_Post_Anthesis
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positive regulation of cellular

positive regulation of cellular response to

G0:1900036 | response to heat G0:1900036 | heat Male_Post_Anthesis
post-chaperonin tubulin folding

G0:0007023 | pathway G0:0007023 | post-chaperonin tubulin folding pathway Male_Post_Anthesis

G0:0016567 | protein ubiguitination G0:0046777 | protein autophosphorylation Male_Post_Anthesis

PSlI associated light-harvesting complex 11

G0:0006402 | mRNA catabolic process G0:0010304 | catabolic process Male_Post_Anthesis
regulation of protein
serine/threonine phosphatase regulation of protein serine/threonine

G0:0080163 | activity G0:0080163 | phosphatase activity Male_Post_Anthesis

G0:0009611 | response to wounding G0:0009611 | response to wounding Male_Post_Anthesis
establishment of mitotic spindle retrograde transport, endosome to plasma

G0:0040001 | localization G0:1990126 | membrane Male_Post_Anthesis
retrograde transport, endosome retrograde transport, endosome to plasma

G0:1990126 | to plasma membrane G0:1990126 | membrane Male_Post_Anthesis

G0:0008610 | lipid hiosynthetic process G0:1901601 | strigolactone hiosynthetic process Male_Post_Anthesis
phospholipid biosynthetic

G0:0008654 | process G0:1901601 | strigolactone biosynthetic process Male _Post_Anthesis

G0:0019432 | triglyceride biosynthetic process | GO:1901601 | strigolactone biosynthetic process Male_Post_Anthesis
tetrahydrobiopterin biosynthetic

G0:0006729 | process G0:0006729 | tetrahydrobiopterin biosynthetic process Male _Post_Anthesis

G0:0006730 | one-carbon metabolic process G0:0006729 | tetrahydrobiopterin biosynthetic process Male_Post_Anthesis

G0:0051179 | localization G0:0010148 | transpiration Male_Post_Anthesis

G0:0140352 | export from cell G0:0010148 | transpiration Male _Post_Anthesis

G0:0007021 | tubulin complex assembly G0:0007021 | tubulin complex assembly Male_Post_Anthesis
purine nucleobase metabolic

G0:0006144 | process G0:0006212 | uracil catabolic process Male_Post_Anthesis

G0:0006166 | purine ribonucleoside salvage G0:0006212 | uracil catabolic process Male Post_Anthesis

G0:0006168 | adenine salvage G0:0006212 | uracil catabolic process Male_Post_Anthesis

G0:0006212 | uracil catabolic process G0:0006212 | uracil catabolic process Male_Post_Anthesis

G0:0044209 | AMP salvage G0:0006212 | uracil catabolic process Male_Post_Anthesis

G0:0010025 | wax biosynthetic process G0:0010025 | wax biosynthetic process Male_Post_Anthesis

127







CHAPTER 4 - The evolution of floral scent in the genus Arum (Araceae): insights from

phylogenetic and chemical ecology data

Mark A. Szenteczkil”, Adrienne L. Godschalx!, Julia Bilat?, Marc Gibernau®, Sergio

Rasmann'*, Nadir Alvarez?4*

1 Université de Neuchétel, Institut de Biologie, Rue Emile-Argand 11, 2000 Neuchétel,
Switzerland

2 Geneva Natural History Museum, Route de Malagnou 1, 1208 Genéve, Switzerland

3CNRS — University of Corsica, Laboratory Sciences for the Environment (SPE - UMR 6134),
Natural Resources Project, Vignola — Route des Sanguinaires, 20000 Ajaccio, France

* Department of Genetics and Evolution, University of Geneva, Quai Ernest-Ansermet 30, 1211
Geneva, Switzerland

® Natural Sciences Museum, Place de la Riponne 6, 1006 Lausanne, Switzerland

“ Corresponding author: M.A. Szenteczki mark.szenteczki@unine.ch Tel. + 41 32 718 23 16

* Authors participated equally and are considered joint senior authors

ABSTRACT

Floral scents are shaped by the interplay between selection from mutualistic and antagonistic
interactions, environmental conditions, and phylogenetic history. However, disentangling the
influences of these processes on the complex blends of volatile organic compounds (VOCs)
that make up floral scents remains a challenge. Species which are deceptively pollinated via
olfactory mimicry — such as the majority of the genus Arum — therefore represent a useful
model for studying floral scent evolution, given the presumably strong links between VOC
emissions and pollinator attraction. However, traits may also be phylogenetically constrained
(i.e. when specific VOCs have not yet evolved or have been lost). Here, we investigated
whether floral VOCs were phylogenetically constrained at both microevolutionary (i.e. within
Arum maculatum) and macroevolutionary (i.e. across the entire genus Arum) scales. To this
aim, we combined gas chromatography—mass spectrometry (GC-MS) characterizations of
floral scents with genotyping by sequencing (GBS) data collected from i) twelve populations
of Arum maculatum from across Europe, and ii) nine species across the genus Arum. Using
ploidy-aware genotype calling methods, we were able to overcome the challenges associated
with mixed-ploidy and polyploid genomic datasets. We generated a total of 6271 loci (13’320

SNPs) for the genus-wide dataset, and 3748 loci (7651 SNPs) for A. maculatum alone. We used
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these data to produce a phylogeny of the genus Arum, which confirmed the monophyly of A.
maculatum across Europe. Our data further refined the population genetic structure of Arum
maculatum, which consists of two or three genetic clusters which reflect the species’
phylogeographic history. Finally, we observed relatively weak phylogenetic signal in VOC
variation within A. maculatum and across the entire genus; only indole showed some
indications of phylogenetic constraints at both scales. Taken together, these results indicate
that most VOC diversity is not constrained by the evolutionary history of the genus, and may
be a result of pollinator-mediated selection.

KEYWORDS
Arum maculatum; ddRAD-seq; GC-MS; deceptive pollination; phylogenetic signal;

phylogeography

INTRODUCTION

Pollinators have been hypothesized to be a key driver of adaptive radiations in

angiosperms since Darwin (1862). Today, there is growing evidence that pollinator preferences
influence both floral trait microevolution (Harder and Johnson 2009, Gervasi and Schiestl
2017) and macroevolutionary patterns among flowering plant species (Whittall and Hodges
2007, Van der Niet and Johnson 2012, Friberg et al. 2019). While antagonistic interactions
such as herbivory exert selective pressures on floral traits (Strauss and Whittall 2006, Schiestl
2010, Ramos and Schiestl 2019), pollinators — the vast majority of which are insects — appear
to be a key contributor to angiosperm diversity (Van der Niet and Johnson 2012, Hernandez-
Hernandez and Wiens 2020). Some of this diversity is the result of ecological speciation
(Simpson 1953, Schluter 2001, Rundle and Nosil 2005, Nosil 2012), whereby divergent
selection resulting from ecological factors (e.g. varying pollinator preferences) leads to
reproductive isolation and ultimately speciation. However, relatively few studies have
successfully linked pollinator-mediated microevolution to broader macroevolutionary patterns
among species (e.g. Ramsey et al. 2003). One proposed method for bridging this gap between
micro- and macroevolution in plants involves merging high-resolution genetic, ecological, and
phenotypic data within an ecological speciation framework (Van der Niet et al. 2014).
Flowering plants produce diverse olfactory and visual signals, which are often
perceived by pollinators as multimodal traits (reviewed in Junker and Parachnowitsch 2015).
Consequently, floral scent, colour, morphology, and/or nectar and pollen may be subject to

pollinator-mediated selection (Schiestl and Johnson 2013). Floral advertisements are typically
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honest indicators of rewards for pollinators. However, around 3.7% of angiosperms utilize
deceptive pollination strategies (Renner 2006), signalling the presence of a reward without
providing one (Sprengel 1793, Dafni 1984, Schiestl and Johnson 2013). Rewards such as food,
shelter, mating opportunities, and/or oviposition sites are all known to be mimicked by floral
volatile organic compound (VOC) emissions (reviewed in Jersdkova et al. 2006). Here, we will
focus on the evolution of deceptive floral VOCs in the genus Arum (Araceae).

Arum inflorescences have long fascinated botanists (Theophrastus 350BC, Lamarck
1783, Schmucker 1925, Vogel 1965, Boyce 1993) due to their thermogenic activity (Onda et
al. 2015, Marotz-Clausen et al. 2018) and potent VOC emissions, which can range from sweet
and fruity to fermented, dung-, or urine-like scents (reviewed in Gibernau 2004). Molecular
phylogenies of the genus Arum have been completed using plastid (Espindola et al. 2010) and
nuclear/amplified fragment length polymorphism (AFLP) data (Linz et al. 2010). However,
some aspects of the phylogeny, such as the placement and monophyly of Arum maculatum
(Espindola et al. 2010) and the evolutionary relationships between species in the most recently
diverged clade (Linz et al. 2010, Espindola et al. 2010) have not yet been fully resolved.
Modern high-throughput sequencing techniques such as double-digest restriction site
associated DNA sequencing (ddRAD-seq; Peterson et al. 2012, Mastretta-Yanes et al. 2015)
could therefore be useful for resolving shallow phylogenetic relationships between closely
related Arum species.

Arum maculatum, the well-studied type species for the genus Arum, is a common
woodland plant with a Europe-wide species distribution range. Arum maculatum floral scent
(Kite 1995, Diaz and Kite 2002, Chartier et al. 2011, 2013, Szenteczki et al. 2021, Gfrerer et
al. 2021) and pollinators (Espindola et al. 2011, Szenteczki et al. 2021, Laina et al. 2022) have
been widely studied, as well as its morphology (Broderbauer et al. 2013), genetic diversity
(Espindola and Alvarez 2011), and hybridization with Arum italicum (Chartier et al. 2016).
Specific VOCs (e.g. indole, p-cresol, and several sesquiterpenes) which appear to mediate
interactions with its two main pollinators — Psychoda (Psychoda) phalaenoides and Psychoda
(Psycha) grisescens (Diptera: Psychodidae) have also been identified, through studies on insect
antennal responses to A. maculatum floral VOCs (Gfrerer et al. 2022), and transcript expression
patterns in floral tissues (Szenteczki et al. 2022). However, phylogenetic constraints (here
synonymous with phylogenetic signal or effects) could also influence floral VOC variation,
both i) within A. maculatum and ii) across the entire genus Arum. Molecular genetic data are
therefore still needed in order to understand the extent to which pollinator-mediated selection

and/or phylogenetic constraints have influenced floral VOC variation.
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If floral scent is relatively diverse and evolutionarily labile across the entire genus
Arum, as observed in A. maculatum (Szenteczki et al. 2021), phylogenetic constraints on floral
scent composition should be limited at both micro- and macroevolutionary scales. Such a result
would be consistent with previous studies on multivariate floral scent variation (Levin et al.
2003, Prieto-Benitez et al. 2016). However, some VOCs or compound classes may be
influenced by phylogenetic constraints (Prieto-Benitez et al. 2016, Milet-Pinheiro et al. 2021).
Therefore, we might predict that phenotypic selection will play a larger role than phylogenetic
constraints in shaping VOC variation in the genus Arum for two main reasons. First, Araceae
are also known to attract diverse pollinators (Gibernau 2003, 2011, 2016); Arum spp. are
known to attract beetles (Bruchidae, Scarabaeideae, and Staphylinidae) and flies
(Drosophilidae, Sphaeroceridae, and Psychodidae) (Gibernau 2004). Additionally, skatole and
other putatively deceptive compounds (e.g. p-cresol, indole, and fatty acid esters) have evolved
independently up to 3-4 times in the Araceae family (Schiestl and Johnson 2013), presumably
through convergence following repeated pollinator shifts.

In addition to strengthening our understanding of the impact of pollinator-mediated
selection on floral scent, high resolution ddRAD-seq data would also address several
longstanding questions on the population genetics of A. maculatum. First, how many spatial
genetic clusters of A. maculatum exist across Europe? Second, are A. maculatum from western
Europe (France, Switzerland, and Italy) and the Balkans (Croatia and Serbia) monophyletic, or
does the previously observed lack of monophyly (Espindola et al. 2010) represent major splits
requiring taxonomic revision? We expect to observe two main genetic clusters corresponding
to the aforementioned geographic regions, potentially with additional sub-structuring arising
from the resolution offered by high-throughput sequencing. This result would be consistent
with the patterns observed using AFLP (Espindola and Alvarez 2011) and transcriptomic
(Szenteczki et al. 2022) data. Moreover, we expect that ddRAD-seq data will better resolve the
Arum phylogeny with fewer polyphyletic taxa, particularly for more recently diverged species
such as A. maculatum.

To address these hypotheses, we characterized and compared microevolutionary (i.e.
within-species) and macroevolutionary (i.e. genus-wide) divergence at the molecular and
chemical levels in the genus Arum. Specifically, we generated a large SNP dataset for the genus
Arum and 12 populations of A. maculatum using ddRAD-seq. We paired these data with GC-
MS characterizations of floral scents for all studied species. This allowed us to address whether
floral scent evolution has been influenced by phylogenetic constraints, selection from plant—

pollinator interactions, or both mechanisms.
132



MATERIALS AND METHODS
Sampling design

We sampled fresh leaf tissue from nine Arum species across all sections of the genus
(Appendix S1, Table S1) plus Dracunculus vulgaris as an outgroup. Individuals of the different
species were sampled from the living collections at the Royal Botanic Gardens Kew, the Jardin
Botanique de Lyon, and the Jardin Botanique de Neuchatel. We also sampled fresh leaf tissue
from twelve natural populations of Arum maculatum: three in France (Forét du Gavre,
Conteville, and Chaumont), two in Switzerland (Cortaillod and Neuchétel), four in Italy
(Montese, Morro Reatino, Jenne, and Rifreddo), one in Croatia (Visu¢), and two in Serbia
(Gostilje and Sokobanja). In total, thirty A. maculatum plants were sampled; full sampling
details and population coordinates are given in Appendix S1, Table S2. Leaves were placed in
coffee filter paper and stored individually in silica gel at room temperature until molecular
analyses.
ddRAD-seq library preparation

We extracted DNA from 10mg of dried leaf tissue using a Qiagen DNeasy Plant Mini
Kit, following the manufacturer’s recommended protocol, except that i) RNase treatment was
omitted, and ii) 100 microlitres (uL) of elution buffer was pre-heated to 56°C and left for on
the spin column for two minutes prior to elution to increase DNA yields. We followed a
standard ddRAD-seq protocol (Peterson et al. 2012, Mastretta-Yanes et al. 2015); briefly, 6 pL
of each sample (with concentrations ranging from 43-184 ng/uL) were restriction digested
using Msel and Pstl (NEB) as the frequent and rare cutters, respectively. P1 and P2 adapters
were ligated using T4 DNA ligase (NEB); we used P1 adapters with six different barcode
sequences, and P2 adapters with the same sequence for all samples. The ligation products were
then purified using CleanNGS Solid Phase Reversible Immobilization (SPRI) beads
(CleanNA) at a 1.5:1 ratio of bead solution to DNA.

Following a double indexing approach, we performed PCR amplification using
[llumina primers with 8 unique barcode sequences and the following thermal cycling profile:
98° C for 30 seconds; 30 cycles of 98°C for 10 seconds followed by 72°C for 45 seconds; a
final extension at 72°C for 5 minutes. Each sample was amplified in three separate reactions to
reduce PCR biases; these triplicate PCR products were then pooled and purified with SPRI
beads at a 0.8:1 ratio. Finally, samples were quantified using a PicoGreen Fluorometer, pooled
in an equimolar ratio, and size selected with PippinPrep (Sage Science) around 350-600bp.
Quiality controls using a Fragment Analyser (Agilent) were carried out after PCR, pooling, and

size selection steps. A final purification and concentration was completed using SPRI beads at
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a 1:1 ratio, and samples were then sequenced at the Lausanne Genomics Technologies Facility
(LGTF) using an Hllumina HISEQ2500 to obtain 150bp single-end reads.
Ploidy-aware assembly and SNP calling

Following an initial quality check with FastQC (Andrews 2010), we performed quality
filtering and trimmed adapter sequences from the raw Illumina reads using AdapterRemoval
v2.3.3 (Schubert et al. 2016) and demultiplexed samples using Cutadapt v4.1 (Martin 2011).
Only reads with zero barcode mismatches and zero uncalled bases (Ns) were retained. De novo
assembly and SNP calling was performed using ipyrad v0.9.84 (Eaton and Overcast 2020),
with default settings and the following modifications based on preliminary analyses: a
clustering threshold of 0.88, a minimum read depth of 6, a minimum of 6 samples with data to
retain a locus, and a maximum of 20 shared polymorphic sites per locus. As our data contained
a mix of diploid, tetraploid, and hexaploid taxa, we used a branched ipyrad workflow with the
parameters described above in both the i) diploid and ii) polyploid branches. The maximum
number of SNPs in a locus was increased from two to four in the polyploid branch. Joint
estimation of heterozygosity and error rate and consensus base calling were performed
separately for diploids and polyploids, and the branches were then merged for clustering,
mapping, and aligning reads and the final filtering and output file export.

The ipyrad assembly and read depth data (in VCF format) were imported into R (R
Core Team 2021) for analysis with polyRAD v1.6 (Clark et al. 2019), a Bayesian genotype
calling pipeline which can differentiate putatively Mendelian markers from collapsed
paralogous loci using the Hing/He statistic (Clark et al. 2022). Two python scripts —
ipyrad2polyrad.py and polyVCFtoStructure.py — (https://github.com/tkchafin/polyrad_scripts)

were used to create a input VCF file compatible with polyRAD, and to convert the polyRAD
output to a STRUCTURE input file, respectively (Chafin et al. 2021). We filtered out loci with
aminor allele frequency below 5%, and loci which were not statistically consistent with diploid
expectations (i.e. loci where Hing/He > 0.5) following analysis in polyRAD. The resulting bi-
allelic SNP matrix was exported in VCF format for further phylogenetic analysis.
Phylogenetic analysis

We converted the polyRAD output to a fasta alignment with IUPAC encoding for
heterozygous sites, and used RAXML-NG v1.1.0 (Kozlov et al. 2019) to infer a maximum
likelihood (ML) phylogeny for the entire genus Arum, including all available A. maculatum
samples. We tested three models, using default parameters and standard/slow bootstrapping
with 200 replicates to estimate support values for each analysis. We tested both the DNA model

without ascertainment bias correction (i.e. GTR+G), and genotype model with ASC correction
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(i.e. GTGTR4+G+ASC_LEWIS) and without it (i.e GTGTR4+G). Finally, the best supported
tree in terms of post-hoc bootstrap convergence and supports was visualized using iTOL v6
(Letunic and Bork 2021) and retained for subsequent analyses.
Population genetic structure in Arum maculatum

To characterize the population genetic structure within A. maculatum, we re-ran
polyRAD with only A. maculatum individuals. We used identical parameters as described
above (e.g. only retaining loci found in at least six A. maculatum individuals prior to analysis),
except that loci which were statistically consistent with tetraploidy (i.e. Hina/He < 0.75) were
retained in the output, and tetraploid loci were permitted. We then used STRUCTURE v2.3.4
(Pritchard et al. 2000), as it is more robust than other model-based methods for resolving
clusters in polyploid datasets (Meirmans et al. 2018, Stift et al. 2019). We performed ten
replicate analyses for each K value (i.e. number of assumed populations) from K = 1 to K = 10,
using a total MCMC length of 1°000°000 iterations with a 100’000 iteration burn-in period.
We then determined the optimal K value using the Evanno (AK) method (Evanno et al. 2005)
in Structure Harvester (Earl and vonHoldt 2012). We summarized the replicate analyses for
each K using CLUMPP (Jakobsson and Rosenberg 2007) and visualized the major clusters for
optimal K values at the individual and population levels.
Floral scent analysis

The dynamic headspace VOCs for 17 A. maculatum individuals sequenced in this study
were characterized during previous research (Szenteczki et al. 2021); these data covered all
populations in this study except Visu¢, Croatia and Jenne, Italy. In this study, we further
characterized the dynamic headspace VOCs for the seven other Arum species, plus D. vulgaris
(n = 13 new samples in total). We followed identical methods to Szenteczki et al. (2021),
including identical thermal desorption and processing parameters on the same GC- (Agilent
7890a) MS (Agilent 5975¢) system and column (HP-5MS). However, Tenax TA® (2,6-
diphenylene oxide polymer resin) was used as the adsorptive material in place of Gerstel
Twister® stir bars (polydimethylsiloxane). Since the quantities of VOCs detected varied
between Twister and Tenax results, we converted the absolute measurements to proportional
abundances (i.e. relative to the sum of all compounds in a given sample) when the two datasets
were combined. Following the recommendations of Hervé et al. (2018), we i) used fourth-root
transformed absolute concentrations when analysing A. maculatum data alone, and ii) centered

log ratio (clr) transformed the combined compositional dataset prior to further analysis.
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3.7 — Phylogenetic PCA analyses

Phylogenetic PCA (pPCA) analysis (Revell 2009) can be used to test for phylogenetic
signal, which occurs when traits of interest — here, floral VOCs — are more similar in closely
related taxa than would be expected by chance. The first (i.e. strongest positive autocorrelation)
and last (i.e. strongest negative autocorrelation) PC axes represent global and local
phylogenetic structures, respectively (Jombart et al. 2010); global structures highlight where
closely related taxa have more similar traits (i.e. an indication of phylogenetic signal), while
local structures highlight where closely related taxa have more divergent traits compared to
randomly selected taxa (i.e. a possible indication of recent divergent selective pressures). We
performed two pPCA analyses using the adephylo package in R (Jombart and Dray 2010). For
the first pPCA analysis, we analysed the 17 A. maculatum individuals with fourth-root
transformed VOC concentration data. The second pPCA analysis further included the data from
our genus-wide molecular and VOC sampling, increasing the sample size to 30 individuals in
a clr transformed compositional VOC matrix. Following both pPCA analysis, we also
calculated Blomberg’s multivariate K (Adams 2014) as an additional measure of phylogenetic
signal in the complete VOC matrix.

We also tested for phylogenetic signal at the individual compound level, in the both the
A. maculatum and genus Arum datasets, using univariate analyses. Specifically, we calculated
Abouheif's Cmean and Pagel's A for the subset of VOCs with the greatest indications of
phylogenetic signal in the two preceding analyses (i.e. the top and bottom 5% of loadings on
pPCA PC1) using the abouheif.moran and phylosig functions in adephylo (Jombart and Dray
2010) and phytools (Revell 2009), respectively. These statistics were chosen based on their
ability to detect phylogenetic signal at the sample sizes used in this study (Minkemdiller et al.
2012).
RESULTS
ddRAD-seq assembly and genotyping

We obtained 229°200°000 raw reads from our Illumina sequencing runs. Following
initial quality filtering steps, 186°800°000 adapter-trimmed reads remained; read counts ranged
from 806’014 to 7°731°500 reads per individual (median: 1°640°455 reads). ipyrad recovered
527203 loci following all filtering steps; the number of loci per individual ranged from 1176 to
29°297 (median: 11’360 loci). Individual-level read and loci count data are provided in
Appendix S1, Table S1 and S2. After processing in polyRAD, 6271 loci (13’320 SNPs) were
retained for the genus-wide dataset, and 3748 loci (7651 SNPs) were retained for the A.

maculatum-only dataset.
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Genus Arum phylogeny

Among the models tested in RAXML-NG, the genotype model produced trees with
better log likelihoods than the DNA model; the genotype model without ASC correction
produced the tree with the best final log likelihood and node supports (Figure 1). Our results
strongly support the monophyly of A. maculatum (98% support), which is an improvement
over previous research (Espindola et al. 2010); we found that the species is further divided into
three main sub-clades with strong (100%) support. These subclades comprise i) western
European populations (Forét du Gavre, Conteville, Chaumont, Neuchétel, Cortaillod) plus the
northernmost Italian population (Montese), ii) central/southern Italian populations (Morro
Reatino, Jenne, and Rifreddo) plus Visu¢, Croatia, and iii) Serbian populations (Gostilje and
Sokobanja).
Population genetic structure within Arum maculatum

The AK table for STRUCTURE runs from K=1 to K=10 indicated that K=2 was the
most probable number of populations (AK = 229.96), while mean LnP(K) values plateaued
around K=4 (Appendix S1, Table S3). At K=2, the first cluster included populations from
France, Switzerland, and northern lItaly population (Montese), while the second cluster
included southern Italy, Croatia, and Serbia (Figure 2, Appendix S1, Figure S1). Although less
supported by the Evanno method results, K=3 further subdivided populations in southern Italy
and Croatia from Serbia, mirroring the three clades identified in our phylogeny (Figure 3a).
These three clusters were also present following probabilistic PCA analysis of the posterior
genotype probabilities of loci passing all filtering steps in polyRAD (Appendix S1, Figure S2).
Phylogenetic PCA (pPCA) analyses

Through our genus-wide sampling of Arum floral odours, we identified a total of 54
VOCs (visualized in Appendix S1, Figure S3) which passed all filtering criteria (i.e. not present
at high concentrations in blank / ambient air samples, and present at relative abundances below
1% in all samples). 19 of these VOCs were present in A. maculatum. These VOC data were
combined with our molecular phylogeny for two phylogenetic PCA analyses, at the within (i.e.
A. maculatum) and among species (i.e. genus-wide) levels.

Arum maculatum

Consistent with other large-scale surveys of A. maculatum floral scent (Gfrerer et al.
2021), we found that volatile compounds were widely distributed and highly variable at the
within-population level. Consequently, no compounds were unique to a specific subclade in
our phylogeny (Figure 3b). Within A. maculatum, the multivariate Bloomberg's K indicated

the presence of phylogenetic signal, but the result was not significant (K = 0.9160, p = 0.167),
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meaning that phylogenetic signal within the species is relatively weak overall. In our pPCA
analysis of A. maculatum VOCs (Figure 4), high global and local phylogenetic signal in
southern Italian populations was driven by sesquiterpenes, namely cedrol, while indole had the
strongest contribution to global phylogenetic signal in French and Swiss populations
(Appendix S1, Figure S4). Univariate analyses further identified one VOC — indole — with a
significant Abouheif’s Cmean SCOre (P = 0.048; Table 1). Indole was the only compound where
Pagel’s A was also equal to 1.
Genus Arum

Across the entire genus Arum, the multivariate Bloomberg's K score indicated weak
phylogenetic signal (K = 0.2033, p = 0.047); in other words, closely related taxa had more
divergent VOC bouquets than expected. In our pPCA analysis of genus-wide VOC variation
(Figure 4), the first axis separated A. maculatum from the rest of the genus with comparable
global phylogenetic signal in the two groups. Indole and unnamed sesquiterpene (Kovats Rl
1404) were among the strongest contributors to positive scores for A maculatum. High local
phylogenetic signal was also identified in the clade containing A. balansanum, A. apulum, and
A. cyrenaicum, which were split based on proportionally high emissions of i) 3,7-dimethyl-1-
octene and B-citronellene or benzoic acid, and ii) 2-(methylamino)-, propyl ester and 6-methyl-
2-heptanone (Appendix S1, Figure S5). Through univariate analyses, we further identified one
VOC in the genus-wide dataset — unnamed sesquiterpene (Kovats R1 1404) — with a significant
Abouheif's Cmean score (P = 0.011; Table 2).
DISCUSSION

Using genome-wide SNPs identified through ddRAD-seq and ploidy-aware genotyping
methods, we were able to investigate the extent to which Arum floral scent variation was
constrained by phylogenetic history. Our molecular dataset provided the resolution required to
i) confirm that A. maculatum is monophyletic, and ii) can be divided into either two or three
geographically structured genetic clusters. Phylogenetic PCA analyses further demonstrated
that iii) floral scent variation in the genus Arum is relatively unconstrained by phylogeny, with
a few notable exceptions. Specifically, iv) indole appears to contribute to global phylogenetic
signal both within A. maculatum, and among Arum species.
Genus Arum phylogeny

The topology of our tree derived from 13’320 ddRAD-seq SNPs is consistent with
previous plastid (Espindola et al. 2010) and AFLP (Linz et al. 2010) phylogenies of the genus
Arum. Our phylogeny also supports the monophyly of Arum maculatum from northern France

to Serbia (i.e. the majority of its distribution range except Turkey and the Caucasus, which we
138



did not sample). The only notable difference in our phylogeny is the placement of A.
palaestinum as a sister species to A. creticum, rather than being in a sister clade. Given the
stark contrast in morphology and floral scents between sweet-smelling and bee-pollinated A.
creticum (Urru et al. 2010) and fruity-fermented scented, Drosophila-pollinated A. palaestinum
(Stokl et al. 2010), the placement of A. palaestinum in our phylogeny may be due to our low
species coverage of this section of the genus. Additional ddRAD-seq data from closely related
species (e.g. A. dioscoridis) should be able to better resolve the placement of A. palaestinum.
Population genetic structure within A. maculatum

In both our STRUCTURE analysis of 7651 A. maculatum SNPs at K=3 and in our
phylogeny, we identified genetic clusters corresponding to i) France, Switzerland and northern
Italy, ii) central / southern Italy and Croatia, and iii) Serbia. However, K=2 — which merged
the second and third clusters described above — was better supported by our AK (Evanno)
results. An identical result was obtained by Espindola and Alvarez (2011) using AFLP data,
where K=2 was most strongly supported, but K-means analysis identified sub-structuring
among southern European populations east and west of the Carpathians. In the aforementioned
study, however, it was not clear whether A. maculatum in northern / western Europe formed a
single contiguous genetic cluster; our results suggest that this is in fact the case.

Although more advanced analyses for estimating demographic parameters (e.g.
effective population size, divergence time, and migration rate) using approximate Bayesian
computation (ABC; Beaumont et al. 2002, Csilléry et al. 2012) and/or ancestral state
reconstruction (e.g. RASP; Yu et al. 2015, 2020) were beyond the scope of this study, our data
still allowed us to investigate the phylogeography of A. maculatum. As reported by Espindola
and Alvarez (2011), we found that A. maculatum has a well-defined spatial genetic structure,
that appears to reflect its two likely glacial refugia and subsequent re-colonization of northern
Europe at the end of the last glacial retraction ca. 13ka BP (Hewitt 1999). The admixture
patterns we identified in Croatia at K=3 also likely reflects its biogeographical history. During
the last glacial maximum (LGM; ca. 24ka BP), the northern Adriatic Sea had receded and a
land bridge was present (Mussi 1990, Seguinot et al. 2018); this may have facilitated migration
and admixture of populations from southern Italy and east of the Carpathians in this region.

The Alps mountain range has been proposed to be a barrier leading to differentiation in
floral scent and/or pollinator communities in A. maculatum (Gfrerer et al. 2021, Laina et al.
2022). However, our results indicate that all of the populations in the aforementioned studies
—which did not sample further south than Montese, Italy — belong to the same (northern) clade

and STRUCTURE genetic cluster. Consequently, the reported chemical differentiation in scent
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north and south of the Alps is not reflected in the species’ evolutionary history. The high
contemporary variation in floral scent may therefore be partially driven by phenotypic
plasticity in response to environmental variation (Majetic et al. 2009), and/or continuous and
varied selection pressure from pollinator communities over short timescales (Szenteczki et al.
2021).

Finally, our results also support the extension of the range of A. maculatum towards
southern Italy. While key taxonomic literature (Boyce 1993, 2006) defined the range limit of
A. maculatum in northern Italy, both our field surveys (Szenteczki et al. 2021) and previous
research by (Espindola et al. 2011) sampled A. maculatum up to ca. 570 km south of Montese
(straight line distance). Our samples from Morro Reatino, Jenne, and Rifreddo appeared to be
part of the larger A. maculatum clade in our phylogeny, and not in a sister clade with A.
concinnatum — as we would expect if these individuals were in fact A. italicum according to
Espindola et al. (2010). Thus, it appears that all of these populations indeed contain A.
maculatum. Since A. italicum is co-distributed with A. maculatum in Italy and across most of
its distribution range, and the two species readily hybridize (Chartier et al. 2016), these
southern Italian populations may represent interesting areas for future research into the effects
of ancient (i.e. during the LGM) and contemporary hybridization between the two species.
Phylogenetic PCA across the genus Arum and within A. maculatum

As expected, we found relatively weak multivariate phylogenetic signal in floral scent
using both concentration and proportional VOC datasets within A. maculatum and among nine
Arum species, respectively. Several factors likely contributed to this result. Weak phylogenetic
signal is expected for traits which are under selection and/or have undergone adaptive
radiations (Felsenstein 1985), and floral scents in annual plants are known to rapidly evolve
within the span of a few generations response to pollinator-mediated selection (Zu et al. 2016,
Gervasi and Schiestl 2017). Repeated gains and losses of key VOCs have also been identified
over the evolution of Araceae (Schiestl and Détterl 2012). Furthermore, floral VOC blends are
also known to vary both in terms of composition and proportional emissions as a result of
environmental conditions (Majetic et al. 2009, Farré-Armengol et al. 2014, Glenny et al. 2018).
However, we would expect that the deceptive pollination strategy of all Arum spp. in this study
except A. creticum would have a greater influence on floral scent evolution than plasticity in
response to environmental variation, given the importance of producing an effective mimic to
attract pollinators through deception (Renner 2006).

In our pPCA analyses, some indications of phylogenetic signal were identified for A.

maculatum; notably, A. maculatum was separated from all other species along the first axis of
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the pPCA in the genus-wide analysis. This is likely a result of the high diversity in compounds
produced by A. maculatum, its wide geographic range compared to other species in this study,
and its specialization on Psychodidae pollinators (mainly Psychoda phalaenoides and P.
grisescens). However, a wider and more balanced sampling across the genus is still needed to
confirm whether A. maculatum VOC bouquets are exceptionally diverse within the genus.

Within A. maculatum, indole was the only compound with global multivariate
phylogenetic signal which was also significant under both univariate tests (i.e. Abouheif's Cmean
and Pagel’s A). This result suggests that indole emissions are restricted to specific clades, or
subclades in the case of A. maculatum — likely as a result of either recent divergence events
(i.e. due to pollinator-mediated selection) or loss/silencing of indole synthases. Indole is a
ubiquitous compound in nature, which mediates inter-kingdom interactions among bacteria,
plants, and insects (Lee et al. 2015, Tomberlin et al. 2017). It has also recently been shown to
elicit electroantennographic responses in both Psychodidae and Sphaeroceridae flies (Gfrerer
et al. 2022), validating prior studies which used traps baited with indole to attract a wide range
of dung-breeding dipterans, including Psychoda spp. (Mulla et al. 1977, Kite et al. 1998).
However, if variation in indole emissions is more influenced by phylogenetic constraints as
opposed to selection (i.e. if it serves as a general lure, rather than a specific lure shaped by
selection), then this result may further support the importance of sesquiterpenes in sex- and
species-specific pollinator attraction in A. maculatum (Szenteczki et al. 2022).

Future directions

In this study, we were able to gain insights into the constraints on floral scent evolution
in Arum using a combination of samples from across the genus, as well as population-level
sampling of A. maculatum across Europe. As mentioned above, our primary limitation
compared to previous phylogenetic studies of the genus Arum (Linz et al. 2010, Espindola et
al. 2010) was the relatively small number of species we sequenced using ddRAD-seq (i.e. 9
out of ca. 35 species; Peter Boyce, pers. comm.). Nonetheless, we were able to produce a
phylogeny that is consistent with the aforementioned studies, and confirms the monophyly of
A. maculatum.

One key species missing from our current dataset is A. italicum, which overlaps
considerably with A. maculatum across its range (Linz et al. 2010). Since these two species are
capable of hybridizing, we have carefully selected A. maculatum individuals to limit the
possibility of sampling hybrids, following the descriptions of hybrid VOCs and morphology
given in Chartier et al. (2016). Since none of our A. maculatum samples were placed near A.

concinnatum — the sister species to A. italicum — in our phylogeny, it would appear that we did
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not unintentionally sequence any hybrids as part of this study. However, high-throughput
sequencing data would be useful for accessing the extent of hybridization between these two
species in the wild, and investigating whether hybridization may have played a role in
establishing both of their wide geographic ranges (Moore et al. 2021)

Finally, while our phylogenetic PCA results yielded the expected results (i.e. relatively
low phylogenetic signal), our dataset contained many more A. maculatum individuals than
other species. Therefore, as more species are added, we might expect the number of A.
maculatum VOCs displaying global phylogenetic signal to decrease. In order to partially
account for this issue, we made use of multiple methods (e.g. multivariate Bloomberg’s K,
pPCA, Abouheif's Cmean, and Pagel’s 1) to identify compounds of interest, and ensured that the
methods we used were compatible with the sample sizes of our phylogenetic trees
(Minkemduller et al. 2012). Pairing our results with a phylogenetically aligned component
analysis (PACA,; Collyer and Adams 2021) to distinguish between weak phylogenetic signal
and strong phylogenetic signal may be another approach to account for our relatively
unbalanced sampling. As in all pPCA analyses, we also only considered two axes of variation;
this may yield an incomplete or biased sample of the true multivariate pattern (Uyeda et al.
2015). Phylogenetic comparative methods which are truly multivariate would address some of
these problems (Adams and Collyer 2017), but additional research is still needed to develop
these tools (Collyer et al. 2022).

Conclusion

This study demonstrates that phylogenomic and population genomic analyses of non-
model flowering plants with a mix of ploidies is possible, as long as SNP identification is
carried out in a ploidy-aware manner and downstream analyses are compatible with
heterozygous and/or polyploid datasets. Even though relatively few species across the genus
were included in the present study, we were still able to gain insights into phylogenetic
constraints on scent variation, and identify VOCs such as indole which appear to differentiate
A. maculatum subclades, as well as A. maculatum from other Arum species. Our results also
highlight the exceptional diversity of floral scent in A. maculatum, which may have both been
influenced by and contributed to its comparatively large Europe-wide geographic range. The
relatively weak phylogenetic signal we identified at both the within- and among-species scale
also supports the importance of pollinator-mediated selection in the genus. Taken together,
these results provide useful context for understanding the evolution of Arum floral scent: a key

trait underlying deceptive plant-pollinator interactions across the genus.
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Figure 1. Phylogenetic relationships in the genus Arum constructed from 13’320 ddRAD-seq SNPs.
Topology and branch lengths were calculated using maximum likelihood inference in RAXML-NG;
node supports were calculated from 200 bootstrap trees.

Note: All taxa with no species name given are Arum maculatum; instead, the population where each A.

maculatum individual was sampled is indicated above.
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to one of K unique genetic clusters) for Arum maculatum populations across Europe. Left and right

barplots respectively visualize K=2 and K=3 results over the approximate locations of each population.
Population averages, calculated in CLUMPP across 10 replicate STRUCTURE runs per K, are shown
above. Individual-level STRUCTURE results are shown in Figures 3 and S1. Inset photo: A. maculatum

inflorescence.
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Figure 3. (A) Maximum likelihood inference tree (described in Figure 1) for Arum maculatum;
STRUCTURE results for each individual at K=3, represented as pie charts, have been added to their
corresponding branches. (B) Bar charts representing the relative quantities of monoterpene (purple),
sesquiterpene (green) and putative dung-mimicking VOCs (earth tones) emitted by individual

inflorescences.
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Figure 4. Phylogenetic PCA results for Arum maculatum alone. Left: maximum likelihood inference
tree (described in Figure 1); patterns of global (PC1) and local (PC16) phylogenetic structuring are
highlighted on the dot chart. Right: loadings for all volatile compounds on PC1 and PC16, indicating
compounds which contributed the most to global and local structures, respectively.
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Figure 5. Phylogenetic PCA results for the genus Arum. Left: maximum likelihood inference tree

(described in Figure 1); patterns of global (PC1) and local (PC16) phylogenetic structuring are

highlighted on the dot chart. Right: loadings for all volatile compounds on PC1 and PC16, indicating

compounds which contributed the most to global and local structures, respectively.

Note: All taxa with no species name given are Arum maculatum; instead, the population where each

individual was sampled is indicated above.
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TABLES

Table 1. Arum maculatum floral VOCs with the greatest indications of phylogenetic signal (i.e. top and
bottom 5% of loadings on pPCA PC1). Following phylogenetic autocorrelation tests (Abouheif's Cmean),

a significant correlation was only observed for indole.

Compound Obs Std.Obs p value
indole 0.23576602 2.2327654 0.048
cedrol -0.06311524 -0.4084823 0.504

Table 2. Floral VOCs across the genus Arum with the greatest indications of phylogenetic signal (i.e.
top and bottom 5% of loadings on pPCA PC1). Following phylogenetic autocorrelation tests
(Abouheif's Ciean), a significant correlation was observed for unnamed sesquiterpene (Kovats RI 1404).

Compound Obs Std.Obs p value
3-hydroxy 2-butanone 0.19212376 2.33149433 0.057
6-methyl 2-heptanone 0.11237433 1.43310325 0.103
benzyl alcohol -0.0346071 -0.0820108 0.291
p-cresol -0.0475328 -0.3352295 0.464
indole 0.04957567 0.67024104 0.225
unk. sesquiterpene (R 1404) | 0.2555952 3.05230478 0.011
B-caryophyllene 0.12332618 1.38399436 0.104
a-selinene 0.06190385 0.91830806 0.131
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Figure S5. Phylogenetic PCA (pPCA) loadings on the first and last axes, which respectively correspond
to global and local phylogenetic signal in our analysis floral scents across the genus Arum (see Figure
5).
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Table S1. Summary of Arum tissue samples collected for this study, and the number of ddRAD-seq
reads generated for each sample.

Sample ID Source # reads est. # loci

(clean) heterozyg. | ipyrad
Dracunculus_vulgaris_01 J. Bot. Neuch. 1 694 429 0.0072 4770
Dracunculus_vulgaris 02 J. Bot. Neuch. 1 640 455 0.0079 4161
A pictum_SAG 1 Marc Gibernau 3321651 0.0070 6872
A pictum_SAG 2 Marc Gibernau 2 883578 0.0049 4060
Arum_apulum_01 RBG Kew 2 405 549 0.0101 4610
Arum_apulum_02 RBG Kew 1514 887 0.0145 16 988
Arum_balansanum_01 RBG Kew 1562 768 0.0082 7453
Arum_balansanum_02 RBG Kew 1515716 0.0141 16 321
Arum_concinnatum_01 RBG Kew 3026 037 0.0168 25 845
Arum_creticum_01 RBG Kew 1555199 0.0071 9648
Arum_cyrenaicum_01 RBG Kew 148 1226 0.0183 19 333
Arum_megobrebi_01 J. Bot. Lyon 3503 941 0.0129 1176
Arum_palaestinum_01 RBG Kew 1790 180 0.0069 8817
Arum_palaestinum_02 RBG Kew 3436902 0.0073 16 715
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CHAPTER 5 - Conclusion and perspectives

Arum maculatum pollination biology: a brief synthesis

In Lords and Ladies, Prime (1960) concluded that even though A. maculatum had long
interested botanists, many aspects of its pollination biology remained unknown. Since then,
additional studies have continued to advance our understanding of this fascinating deceptive
pollination system. Early research focused mainly on aspects of the physical trapping
mechanism (Dormer 1960, Jones 1977) and the consumption of A. maculatum fruits by
blackbirds (Snow and Snow 1988). Then, Lack and Diaz (1991) began the modern era of A.
maculatum research with their comprehensive study of its pollination ecology in England.
Notably, their finding that even a single pollen-carrying Psychoda phalaenoides could produce
a substantial fruit set highlighted why selection may have favored specialization on
Psychodidae, rather than the more general deceptive system utilized by A. italicum (Diaz and
Kite 2002, Chartier et al. 2011). Ollerton and Diaz (1999) also found evidence supporting
stabilizing selection on flowering time. Given the short eight- and twelve-day adult lifespan of
P. phalaenoides and P. grisescens respectively (Satchell 1947), a coordinated bloom would
facilitate greater pollen transfer between inflorescences. In parallel with this research, the first
GC-MS analyses of A. maculatum floral VOCs (Kite 1995) and a follow-up comparative study
of several Arum and Amorphophallus species’ VOCs (Kite et al. 1998) identified the chemical
constituents of the “urine-” or “dung-like” scent characteristic of A. maculatum: indole, p-
cresol, and 2-heptanone. Kite (1995) also identified bicyclogermacrene emissions in the basal
spathe chamber and high sesquiterpene emissions from the appendices of some inflorescences.

In the years that followed, the geographic scale of studies on A. maculatum pollination
increased. Espindola et al. (2011) studied A. maculatum across nearly its entire distribution
range, highlighting geographic variation in pollinators: Psychoda phalaenoides were
predominantly trapped in northern and western Europe (e.g. England, France, Switzerland,
Austria, and Germany), while P. grisescens were predominantly trapped in southern and
eastern Europe (e.g. Italy, Croatia, Serbia, and Bulgaria). These patterns coincided with neutral
genetic divergence among populations of A. maculatum, which could be divided into two
spatial genetic clusters in northern and southern Europe (Espindola and Alvarez 2011). Taken
together, these two studies indicated that the regional genetic clusters may be adapted to their
local pollinator communities. During this time, phylogenies of the genus Arum derived from
plastid (Espindola et al. 2010) and nuclear (Linz et al. 2010) markers were also completed.

Studies on geographic variation in VOCs continued as well. Notably, Chartier and

colleagues i) compared the inflorescence odors and pollinators of A. maculatum and A. italicum
165



(Chartier et al. 2011), ii) performed a transplant experiment among three populations in France,
which found no effect of population origin on VOCs or pollinator attraction patterns (Chartier
et al. 2013), and iii) studied the VOC bouquets and morphologies of A. maculatum x A.
italicum hybrids (Chartier et al. 2016). These three studies highlighted high diversity in A.
maculatum floral scent, between populations which were relatively close to one another. They
also indicated that the pollinators trapped by A. maculatum were at least partially driven by
local insect availability. Over the last few years, several other studies on A. maculatum VOCs
and pollination ecology have been published (Marotz-Clausen et al. 2018, Gfrerer et al. 2021,
2022, Laina et al. 2022). These studies will be discussed in parallel with our findings below.

Building on this long history of study, we were interested in characterizing A.
maculatum floral VOC variation across Europe, and linking genotype, phenotype (i.e. floral
scent), and selection (i.e. pollinator preferences) for the most complete understanding of A.
maculatum pollination yet. We identified three main areas of research which had yet to be
addressed; these became the primary aims of the preceding research chapters. First, we aimed
to identify geographic variation in floral scent and pollinator attraction across most of the
species distribution of A. maculatum, and to test whether these variations represented
adaptations to local pollinator communities (Chapter 2; Szenteczki et al. 2021). Second, we
aimed to identify the genetic bases (i.e. candidate genes) for individual A. maculatum VOCs,
and identify links between transcript expression and pollination interactions which may have
been shaped by natural selection (Chapter 3; Szenteczki et al. 2022). Third, we aimed to use
the high resolution of next-generation sequencing (i.e. ddRAD-seq) data to investigate the
extent to which phenotypic selection and/or phylogenetic constraints influenced VOC
evolution within A. maculatum, and among nine Arum species (Chapter 4). From this work, a
few key patterns emerged, which we will discuss below in the context of the past and present
research on A. maculatum.

General Discussion

First and foremost, it is clear that A. maculatum floral scent is highly variable, both
within populations and across its range. Intra-population variation in A. maculatum VOCs has
been consistently detected, regardless of the location(s) studied or VOC sampling methods
used. This diversity can be discussed in terms of the total number of VOCs — which can be
measured in the hundreds if minor compounds are not excluded (Gfrerer et al. 2021) — and in
terms of the proportional blends of compounds emitted, particularly the ratio of indole to
sesquiterpenes (Kite 1995, Chartier et al. 2013, Szenteczki et al. 2021, Gfrerer et al. 2021). In

spite of this high variation, signs of pollinator-mediated selection on some compounds are
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present. Notably, sesquiterpene VOC emissions appear to be correlated with in situ pollinator
attraction (Szenteczki et al. 2021) and fruit set (Gfrerer et al. 2021). These results suggest that
P. phalaenoides and P. grisescens may have different VOC preferences and detection
capabilities, but natural selection has not fixed these differences in floral VOC variation within
populations of A. maculatum. Several factors are likely responsible for this pattern, which will
be discussed in the general conclusion to this chapter.

Second, temporally replicated data are important for understanding spatial patterns (or
the lack thereof) between species interactions and traits. Our work is not the first to come to
this conclusion (Endler 1986, Herrera 1988, Schemske and Horvitz 1989, Fishbein and
Venable 1996, Thompson and Fernandez 2006, Ollerton et al. 2007), and interest in short- and
long-term temporal replicates of pollination interactions remains high (CaraDonna and Waser
2020, Schwarz et al. 2020) in spite of the difficulty in collecting temporal data. Here, we
identified temporal heterogeneity in Psychoda pollinators trapped by A. maculatum
inflorescences over relatively short time scales (i.e. over 1-2 years, and approximately 10 years
since Espindola et al. 2011). If the dominant pollinator available to A. maculatum
inflorescences varies regularly, then this may explain the lack of local adaptation to a specific
Psychoda species observed in Chapter 2. Furthermore, since A. maculatum are rhizomatous
perennials, shorter bursts of selection are less likely to result in rapid evolution as observed in
annual plants (e.g. Gervasi and Schiestl 2017). However, it is interesting to note that the A.
maculatum population in Forét du Gavre, France was the only population where the dominant
pollinator (P. grisescens) was consistent over both inter-annual and decadal scales, and floral
scent showed signs of local adaptation in our transplant experiment. However, further
transplants of inflorescences from Forét du Gavre to other locations are needed. Our results
appear to indicate that temporally heterogeneous pollinators are a mechanism to maintaining
VOC diversity within A. maculatum populations.

Third, collecting total headspace VOCs may obscure adaptations to the scent of specific
floral tissues. VOCs are known to vary between petals, stamens, pistils, sepals, pollen and/or
nectar (reviewed in Muhlemann et al. 2014) and tissue-specific variation exists in A.
maculatum as well. Kite (1995) separately quantified the VOC profiles of A. maculatum
appendices and basal spathe chambers, and found that the highly diverse appendix VOC
bouquet was contrasted by specific emissions of bicyclogermacrene from the male florets.
However, all studies on A. maculatum VOCs since then — including the present work — utilized
headspace sampling alone; this method samples a mix of appendix and male floret VOCs. Our

transcriptomic results (Chapter 3) highlighted that at least two VOCs — bicyclogermacrene and
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an unknown sesquiterpene possibly related to 2-methylisoborneol — are produced exclusively
by the male florets. We also found that terpene synthase expression in the male florets, but not
the appendix, was linked to differential attraction of P. phalaenoides and P. grisescens.
Controlled pollinator choice experiments are still needed to disentangle the effects of local
pollinator communities in the studied populations (Szenteczki et al. 2021, Laina et al. 2022) on
this result. However, future studies may find evidence of natural selection at a much smaller
spatial scale (i.e. along the spadix of a single inflorescence) than we did across a wide
geographic range in the present work.

Finally, Arum floral scent appears to be evolutionarily labile not only within A.
maculatum, but across the entire genus. Our studies on co-variation between VOCs and
phylogenetic relationships (Chapter 4) found little evidence that specific VOCs were restricted
to subclades within A. maculatum, or individual taxa on our genus Arum phylogeny. Although
a wider sampling of Arum species with next-generation sequencing and VOC data are still
needed, our results are consistent with the prediction that Arum scent should adapt relatively
quickly in response to pollinator shifts. The same pattern was also observed by Schiestl and
Dotterl (2012) in their study of other Araceae pollinated by scarab beetles, where plants
evolved in response to pollinator preferences, but pollinators did not experience reciprocal
selection as a consequence of deception.

Future Directions

As is often the case in scientific research, the present work generated as many new questions
as it addressed. Below, | will briefly discuss a few open questions related to our research.
What about the pollinators’ perspective?

Previous research indicates that deceptive pollination of A. maculatum likely does not
exert substantial selective pressure on populations of deceived Psychodidae pollinators.
Although being trapped by multiple A. maculatum means that a nontrivial proportion of a
pollinator’s adult life may be spent inside inflorescences, female Psychoda do not lay eggs in
the floral chamber (Diaz and Kite 2002). Thus, their individual reproductive success is not
necessarily reduced by A. maculatum. The brief overlap between A. maculatum flowering and
1-3 generations of Psychodidae (i.e. out of 12-18 per year; Vaillant (1971) in Espindola (2010))
could mean that any selection for pollinator learning is lost to genetic drift in subsequent
generations. Furthermore, the microenvironment of the basal spathe chamber also appears to
be adapted to Psychodidae. Although the stigmatic secretions are not consumed by
Psychodidae (Lack and Diaz 1991), appropriate oxygen and humidity levels are maintained in

the chamber with the aid of lacunae: intercellular spaces in the wall of the spathe chamber
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(Dormer 1960, Broderbauer et al. 2013). However, Laina et al. (2022) found that fruit set size
could decrease in extreme cases (i.e. where hundreds of pollinators were trapped); in these
situations, pollinators may die as well (Dormer 1960). This phenomenon appears to be
restricted to more northern populations (e.g. in Germany), as we observed very few pollinator
mortalities in the populations we sampled. Consequently, while pollinator preferences may
exert selective pressures on A. maculatum floral scent, there is little evidence for reciprocal
selection on pollinators.

During the present work, and indeed most studies of A. maculatum pollination,
comparatively little attention has been paid to Psychodidae beyond taxonomic identifications
of pollinators trapped within inflorescences (but see Espindola and Alvarez 2011, where the
phylogeographic histories of Psychodidae and A. maculatum were studied in parallel). Recent
electroantennographic (GC-EAD) research by Gfrerer et al. (2022), conducted on the antennae
of P. phalaenoides and other dipterans exposed to A. maculatum floral VOCs and manure,
represents an important advance in this area. This study highlighted that P. phalaenoides
respond to germacrene D and unnamed sesquiterpenes in >80% of trials, bicyclogermacrene
and p-cresol in >50% of trials and indole in 25-50% of trials. Thus, it has been confirmed that
many of the compounds identified as putatively under selection in the present work are indeed
perceived by P. phalaenoides. Since P. grisescens antennae were not tested by Gfrerer et al.
(2022), an important next step in this area would be to characterize their antennal responses,
and compare them to P. phalaenoides. Further research in this area could identify variations in
their respective preferences, and narrow the list of candidate VOCs putatively under selection
by each species.

What role, if any, does hybridization play in Arum floral scent diversity?

Chartier et al. (2016) characterized natural hybridization events between A. maculatum
and A. italicum, and the morphology and floral scents of hybrid offspring in great detail. Since
A. italicum and A. maculatum are both widely distributed species which overlap over much of
their ranges (Boyce 1993) and share Psychodidae as one of their main pollinators, pollen
transfer between species is possible. However, hybrids of A. maculatum (tetraploid) and A.
italicum (hexaploid) are pentaploid, which would lead to infertility in most cases. Nonetheless,
the presence of hybrids could negatively affect the pollination of the two parent species through
competition for pollinators. However, as Chartier et al. (2016) discuss, these inflorescences
could also produce novel scent compounds, which could open up a new pollination niches for
hybrids. Paired with chromosomal eliminations and/or polyploidization events, this could

potentially lead to a viable new species. Conversely, the presence of nonviable hybrids may
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also create divergent selective pressures on the two parent species’ floral scents to deter
interbreeding. This may be why, despite Psychodidae also being an efficient pollinator for A.
italicum, it is more generalized to other dipteran taxa (Diaz and Kite 2002, Chartier et al. 2011).

In the present work, we sought to limit the possibility of sampling A. italicum or hybrids
in our molecular analyses, by considering only inflorescences with characteristic A. maculatum
morphological traits (i.e. purple appendix, purple stamens, no white venation on leaves).
However, future research could deliberately sample both species and their putative hybrids.
The ploidy-aware genotype calling (Clark et al. 2019) method we used could be modified to
work with mixed ploidy datasets as well. These molecular data could be used to estimate the
prevalence of hybrids across the range of A. maculatum. Comparative transcriptomics of A.
maculatum and A. italicum may also be interesting. These methods could be used to investigate
whether greater divergence in VOC synthase expression is observed in sites with a mix of both
species, versus in sites with one species alone.

Conclusion: Why is Arum maculatum scent so variable?

Darwin’s realization that intraspecific trait variation can drive natural selection was,
and remains, a foundational component of evolutionary theory. When trait variation has a
heritable genetic basis, species interactions can establish feedback loops between ecological
processes and trait evolution (Hendry 2016). Flowering plant diversification as a result of
interactions with pollinators is one well-known example of this process (Hernandez-Hernandez
and Wiens 2020). Throughout the preceding chapters, we identified considerable variation in
A. maculatum floral scent. This variation appears to be maintained within populations in spite
of i) a specialized pollination system with only two pollinators (Psychoda phalaenoides and P.
grisescens) accounting for the majority of visitors, and ii) presumably strong selection pressure
for efficient pollinator attraction (e.g. due to protogyny and no pollinator rewards).

One explanation for this pattern, which is backed by empirical research, is that higher
VOC diversity is maintained in deceptive plants due to the antagonistic nature of their
interactions with pollinators (Ackerman et al. 2011). Unlike rewarding plants, where balancing
selection may lead to “constancy” in floral scent to provide a clear signal to pollinators,
deceptively pollinated plants may benefit from inconsistent signals which prevent pollinator
learning (Salzmann et al. 2007). However, A. maculatum is a brood site mimic, and as
discussed above, likely has a neutral effect on the fitness of its pollinators. Thus, negative
frequency-dependent selection due to pollinator learning is less likely to maintain floral scent
variation in A. maculatum, compared to bee-pollinated deceptive plants. Relaxed selection may

also cause variation in VOC bouquets (Salzmann et al. 2007). Based on our transcriptomic
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results, one could speculate that relaxed selection is occurring at the appendix, but not male
floret VOCs. If, for example, there is little selection on appendix VOCs beyond acting as a
general lure for dung-breeding dipterans, then this may lead to higher variation in VOC
emissions. Conversely, selection could maintain Psychoda-attractive sesquiterpene VOCs in
the basal spathe chamber to better retain pollinators during the pollination process, or to
increase its efficiency (i.e. by stimulating movement and therefore pollen dispersal).
Alternatively, temporally variable pollinators may favor the maintenance of a diverse VOC
bouquet, to ensure that some pollinators are caught every year regardless of whether P.
phalaenoides or P. grisescens is more abundant. It should be noted that Gfrerer et al. (2021)
did not find annual variation in pollinators to the same extent in the “core” of A. maculatum’s
distribution north and south of the Alps, but greater variability should be expected as one
samples more towards the fringes of a species range, where drift and selection from novel
environments are more likely as well.

In closing, we were able to further our understanding of A. maculatum pollination
through a combination of methodologies — some widely used in the species (e.g. field surveys
and GC-MS characterization of floral scent), and some used for the first time (e.g., tissue-
specific RNAseqg, ddRAD-seq, and a range-wide transplant experiment). By re-visiting
populations sampled by Espindola et al. (2011), we were also able to add a temporal dimension
to our study, which proved to be valuable for understanding why A. maculatum scent may be
so variable. It is likely that additional insights can be gained from future multidisciplinary
research and comparative studies among both A. maculatum populations, and several Arum
species. Over decades of research, we have continued to refine our knowledge of A. maculatum
pollination biology, and it will continue to serve as a valuable model for studying plant-

pollinator interactions across wide spatial and temporal ranges in the years to come.
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