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Volatile organic compounds (VOCs) are emitted by plants as a consequence of biotic and abiotic interaction which often
change rapidly over time. Epigenetic factors, such as DNA methylation and histone modification, might trigger adaptive
responses to these evolutionary pressures regulating both genes and transcription factors, as well as the rhythmic
emission of VOCs through circadian clock regulation. In addition, transgenerational epigenetic effects and polyploidy
could modify the generation of VOCs’ profiles of offspring, contributing to long-term evolutionary shifts.
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| 1. Introduction

Plants synthesize an amazing diversity of secondary metabolites, which have been selected throughout their evolutionary
history as a response to specific needslZ2. Secondary metabolites are distinguished from primary metabolites (such as
nucleic acids, amino acids, carbohydrates, etc.) in that they are specialized metabolites which have a wide range of
functions, mediating interaction with both biotic and abiotic environmentsE!4l. Volatile organic compounds (VOCs) are one
of the most important secondary metabolites produced by plants. These lipophilic compounds have a low molecular
weight and high vapor pressures at ambient temperature. More than 1700 VOCs have been identified in different species
from both angiosperms and gymnosperms, including a total of 90 families and 38 orders®. They are fundamentally
released from flowers, but also fruits, leaves, stems and even rootsl€l,

| 2. Role of VOCs

VOCs define the chemical landscape of numerous ecosystems by taking part in intra- and interspecific interactions IS,
being highly context dependent, and functioning in direct and indirect ways from the landscape to the intrafloral scalel22,
Plant VOCs have effects on plant—pollinator, plant-herbivore, plant—plant and other interactions and, consequently, on
fitnessi4. Among all these functions, the most important and understood one is the attraction of pollinators, ensuring the
plant's reproductive success2Il12. Floral scent promotes plant—pollinator specialization, as well as outcrossing and
reproductive isolation through floral constancy@ @123l Thus, such a sexual signal is subject to high selective pressure,
being fundamental for plants’ evolution and adaptation to the environment 211,

Nevertheless, VOCs are also crucial in plant defense against herbivores and protection from pathogens/@24, VOCs can
act as repellents, being constitutively emitted!®d3! or showing an increased emission during herbivory attack 1€l In
addition, specific VOCs can perform as indirect defenses, which can drastically reduce the number of herbivores,
especially insects and larvae, by attracting parasitoids and predators!d. Furthermore, bacteria-specific VOCs are emitted
by plants with a diagnostic purpose, triggering defense signaling pathways and acting as direct inhibitors of bacterial
growth, therefore making plants more resistant to pathogen invasionZ,

Although pollinator attraction and plant defense may be the most important functions of VOCs, they play many other roles
in the interaction of plants with their environment. VOCs are essential in plan-to-plant signaling, allowing other plants to
respond to herbivores and activate defenses before being attackedBIL8 They also work as allelochemicals and neighbor
detection signals, taking part in competition between plants and also having an effect on the availability of environmental
factors such as light, nutrients and water22. Moreover, plant VOCs are also involved in other less studied interactions, like
symbiotic relationships with microorganisms and fungil® or attraction of seed dispersers 29, In addition, abiotic stress
factors, such as temperature and high light intensity, also stimulate VOC biosynthesis and emission[2122] \Water, salt and
oxidative stresses may increase VOC emissions, but their effects are not consistent throughout the literaturel23, vOC
emission, especially that of terpenes, has been proven to mitigate these stresses, allowing plants to recover rapidly from
high temperature exposure24 or alleviating oxidative stress[22 and consequently increasing plant fitness.



| 3. Epigenetic regulation of VOCs' biosynthesis and emission

Based on their biosynthetic origin, VOCs can be classified into three major groups: terpenoids,
phenylpropanoids/benzenoids and fatty acid derivatives. Although the upstream enzymatic steps of the main biosynthetic
pathways have been elucidated, knowledge about the last enzymatic steps and their regulation is scarce and is limited to
model, crop and medicinal plants with high added value. However, recent progress in omics technology has led to a better
understanding of plant VOC biosynthesis and the isolation of genes encoding candidate enzymes responsible for their
regulation(28. Nonetheless, the role of epigenetics in VOC biosynthesis and regulation has been neglected. Epigenetic
regulation produces changes in gene function that can be mitotically and/or meiotically heritable and which do not entail a
DNA sequence polymorphism24d. The epigenetic signaling pathways altering the patterns of gene regulation and
expression are cytosine DNA methylation (associated with both genes and transposable elements) and the post-
transcriptional modification of histone proteins, which entails remodeling of chromatin structurel28l, Methylation of the 5'-
position of cytosine residues is a reversible covalent modification of DNA, resulting in the production of 5-methyl-cytosine.
Methylation changes the biophysical characteristics of DNA, causing the inhibition of DNA recognition by some proteins
and allowing others to recognize it, which leads to the silencing of gene expression22. These proteins are known as
methyl-binding proteins, transcriptional repressors that act through several mechanisms, such as the recruitment of
corepressors and histone deacetylases, causing chromatin remodeling!22,

Additionally, RNA-based epigenetic mechanisms can also modify chromatin and silence transcription but are less
understood. Non-coding RNAs have been known for a long time for their infrastructural roleBlB2 Fyrthermore, small
(smRNA) and long non-coding RNAs (IncRNA) have recently emerged as key regulators of gene expression at the
transcription level, RNA processing and translation23l34, Small RNAs can modify chromatin and silence transcription
through the action of histone and DNA methyltransferases, recruited by guiding Argonaute-containing complexes to
complementary nascent coding RNA or non-coding RNA scaffolds. They also act as a component of self-reinforcing
positive feedback loops with an amplification component and participate in the epigenetic inheritance of histones and DNA
methylation patterns. Moreover, IncRNA scaffolds recruit polycomb-group proteins and other chromatin-modifying
complexes independently of smRNAs, but this mechanism remains poorly understood=2!,

Volatile terpenes (monoterpenes, diterpenes and sesquiterpenes) are synthesized by the mevalonic acid (MVA) and
methyleruthirol phosphate (MEP) pathways. Phenylpropanoid/benzenoid biosynthesis follows the shikimate and
arogenate pathways. Meanwhile, fatty acid derivatives such as jasmonate (JA) and green leaf volatiles (GLVs) come from
the lipoxygenase (LOX) pathway!4. Volatile terpenoids and phenylpropanoids are transcriptionally controlled by various
transcription factors and may be epigenetically controlled by small and long non-conding RNA, as well as by DNA
methylation and histone modification. Volatile fatty acid derivatives biosynthesis is less understood, and also it's
regulation. However it may be regulated by transcription factors (TFs) and epigenetic mechanisms.

Temporal release of floral scent is thought to be evolutionarily beneficial in order to maximize resource efficiency,
attracting only truly effective pollinators and also avoiding the attraction of predators, which reduce herbivory B84, These
temporal patterns are accompanied by oscillations in the expression of genes in the VOC biosynthetic pathways [2828],
controlled by the circadian clock which is also epigenetically regulated. The main oscillator of the circadian clock is formed
by the morning components CIRCADIAN CLOCK ASSOCIATED 1 (CCA1l) and LATE ELONGATED HYPOCOTYL (LHY)
and the evening components TIMING OF CAB EXPRESSSION 1 (TOC1) and ZEITLUPE (ZTL) 229, The morning and



evening components regulate each other in a negative feedback loop. Light regulates ZTL expression, which ubiquitinates
TOC1 for degradation®d42l  These clock genes control the daily expression of terpene synthases and
phenylpropanoid/benzenoid pathway genes. Methylation and acetylation of the H3 histone of the main clock genes
causes chromatin remodeling and subsequent changes in these genes’ expression, affecting the biosynthesis and
emission of VOCs 3l Histone deacetylases (HDACs), induced by TOC1 and LHY, cause H3 deacetylation in the TOC1
promoter, repressing it. Meanwhile, the REVEILLE 8/LHY-CCA1-LIKE 5 (RVES8/LCL5) TF has an opposite role, promoting
hyperacetylation of H3 in the TOC1 genel#4. Di- and trimethylation of H3 histone also alters the expression of CCA1,
TOC1 and LHY. In Arabidopsis SET DOMAIN GROUP 2/ARABIDOPSIS TRITHORAX RELATED 3 (SDG2/ATXR3) and
LDL1-HDA®G alter methylation and acetylation patterns of these circadian genes.

Therefore, it seems reasonable that epigenetics would play a main role in the regulation of VOC emissions in plants. In
this respect, polyploidy (whole genome duplication) could act as an important driver of VOC evolution. Polyploidy in plants
has multiple effects at different scales, from the molecular (including the epigenetic landscape) to the phenotypic level,
owing to advantageous evolutionary success2l. Moreover, the persistence of epigenetic information through meiosis (i.e.,
transgenerational epigenetic inheritance) could also contribute to evolution of the temporal dynamic of VOCs and the
plant’s biotic interactions!48l],

3. Evolution of VOCs: The Role of Polyploidy and Transgenerational
Memory

Floral scent is considered an easily evolved trait, as VOCs are usually acquired and lost in related species48l Scent
compounds would have mostly evolved due to gene duplication and divergence—convergencelll&, The large gene
families, terpene synthases and O-methyl transferases, among others, would have evolved following this mechanism4],
In addition, these modifications can also occur without the mediation of duplication events on single genes, changing the
VOC emission throughout the evolutionary history BY. Structural mutations modifying the enzyme catalytic sites can also
cause the gaining of new functions (or the loss thereof) and hence cause changes in VOC emission. However, more
interestingly, scent changes (qualitatively and quantitatively) can arise due to gene expression changes. Gene silencing or
activation cannot only affect an individual VOC emission, but it can also have a cascade effect on the complete
pathway2l32, New VOC emissions can straightforwardly arise from exogenous gene expression in new tissues. For
example, in Clarkia breweri, linalool emission (its most abundant floral VOC) most likely evolved from trace emissions in
stigma tissue in the ancestor C. concinnal®d. Such VOC changes could arise as a consequence of epigenetic regulation
of genes, creating advantageous or disadvantageous phenotypes that are subject to natural selection. If new VOCs confer
a selective advantage for the plant, the epigenetic change and the VOC production would be retained and inherited24.
The transgenerational inheritance of floral and leaf VOCs has been recently found in Brassica rapa/®?, and this could be
epigenetically mediated[8], Therefore, epigenetic change would propose a flexible evolutionary mechanism and help to
explain the continuous gain and loss of specific VOCs in related plant lineages. Epigenetic variations would assist plants
in surfing on an adaptative landscape in which abiotic and biotic interactions usually involve trade-offs (e.g., herbivory and
pollinator attraction) (281571,

Furthermore, all angiosperm lineages show vestiges of past rounds of whole genome duplication (WGD), highlighting the
role of polyploidy as a major driving force in plant evolution28I5969  polyploidy has multiple effects at different scales,
from the molecular to the phenotypic level, owing to the advantageous evolutionary success(®l. Patently, WGD (and the
consequent gene duplication) is an important molecular evolutionary mechanism driving the large diversity of plant VOCs.
In addition, following WGD, polyploids suffer changes in genomic structure and epigenetic remodeling®263], polyploidy
usually causes an altered pattern of DNA methylation in genes, promoters and transposable elements4E5 These
changes are enhanced in allopolyploids (WGD associated with species hybridization) because of “genomic shock”. In this
case, this methylation repatterning is related to parental dominance (i.e., the higher expression of one parental homeolog)
and fractionalization#2!. In addition, changes in smRNAs and chromatin have also been observed after WGDIE8IBEE] |
this way, autopolyploidy (WGD without hybridization) has been recently considered as an epigenetic macromutation
affecting chromatin compaction and altering contacts among chromosomes (i.e., 4D nucleome) as a side effect of the
increased nucleus sizel®d. This altered epigenetic landscape may promote divergent gene expression by regulating
mobile element activity and silencing redundant genes®4l79 |n addition, these epigenetic alterations could create many
opportunities for natural selection to act, enhancing polyploid establishmentZd,

Concurrently to the epigenetic changes, WGD also exerts a cornucopia of effects on the plant phenotype, including
numerous floral traits28l. Changes in scent pattern have been shown in some orchid polyploidsZ2Z8l|. Such changes in
floral traits could impact pollinator attraction and lead to differentiation in the pollinator spectrumBZ4l  causing the
isolation of diploids and polyploids and facilitating polyploid establishment. Although gene duplication and later



neofunctionalization” can promote such scent changes, rapid scent shifts could be presumably attributed to epigenetic
remodeling following WGDIEIZEl Therefore, the role of the epigenetic change associated with polyploidy on scent
biosynthesis and emission (and its evolutionary contribution) deserves further investigation.

In this respect, the carnation complex of Dianthus broteri is an appropriate study system to investigate the interplay
between epigenetics and polyploidy on the evolutionary change of floral volatiles. This Iberian endemic complex
represents the most extensive polyploid series of the Dianthus genus, with diploid (2n = 30), tetraploid (2n = 60),
hexaploid (2n = 90) and dodecaploid (2n = 180) individualsZ. Molecular and genome size studies have demonstrated
that it is an autopolyploid complex!Z8, in which the different cytotypes form independent and monophyletic lineages and
show disjunct geographic distributions with monocytotypic populations and different ecological niches within an aridity
gradient, with the higher cytotypes (6x and 12x) being those that inhabit more restricted and extreme habitatsZ2BY, |t is
also remarkable that, in this complex, polyploidy leads to an increased degree of DNA methylationll and of epigenetic
variability, which may be crucial to phenotypic divergence (i.e., changes in VOCs), adaptation and shifts in biotic
interactionsB2B3I78l  previous studies2€l4 have shown phenotypic differences in floral traits (floral size, distance to
access the nectar and scent) between D. broteri cytotypes that may promote changes in pollinator patterns. The highest
ploidy level (12x, D. inoxianus) involves a highly specialized pollination by a single pollinator, Hyles livornica. The floral
scent of this cytotype is dominated by sesquiterpenoids and fatty acid derivatives (2-ketones), which shown a circadian
emission28l. The 2-ketones elicit responses in the antennae of the single pollinator, but also have a repellent/insecticide
activity®3. They show an explosive increase in production, triggered by experimental damage to D. inoxianus flowers,
which indicates that 2-ketones may be acting like a floral filter of the alleged pollinator spectrum, leading to pollinator
specialization€, Supporting this “filtering hypothesis”, these ketones appear in low quantities at diploid and tetraploid
levels, which show a wider pollinator spectrum(8l. In addition, dominant aromatic compound changes (e.g., the
disappearance of B-ocimene in 4x and 12x and the dominance of B-caryophyllene in 2x and 4x) suggest that shifts in the
expression of scent-related genes may be promoting greater specialization in higher polyploids. We suggest a
combination of epigenomics, biochemical and pollination biology methods to investigate whether epigenetics is involved in
polyploid evolution by means of floral VOCs and pollinator shifts.
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