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This article provides a biochemical description of forest Biogenic Volatile Organic Compounds (BVOCs), namely any
organic substance, except carbon dioxide and monoxide, mostly emitted by plants and having vapor pressure high
enough to be vaporized in relevant amounts into the forest air. An estimation of the average contribution of forests to the
atmospheric composition is mentioned. Additionally, a brief analysis of functional roles that BVOCs play for plant
physiology and forest ecology is reported, including the importance of non-tree-derived BVOCs. Finally, biochemical
pathways leading to the natural production of most forest BVOCs are described.
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| 1. Introduction
1.1. Background

The first systematic analysis of volatile organic compounds (VOCs) emitted by plants in the atmosphere above forests
was probably performed by climate scientists. In two articles &, Fritz Went and his colleagues hypothesized that the
blue haze observed above many forests was caused (at least partially) by VOCs released from plants and tried to
estimate the impact that biogenic emissions have on the global atmospheric composition. The first estimate of global
terpene emissions by Went, derived from a study on leaf oils in shrubs, was of around 175 millions of tons Clyear @, but
more recent evaluations state that worldwide biogenic VOC (BVOC) emissions into the atmosphere could amount to
approximately 1 billion of tons Clyear [, Forests seem to be the greatest BVOC emitters and, in particular, tropical trees
appear to be responsible for around 80% of terpenoid emissions and for around 50% of other BVOC emissions, while
other tree species seem to contribute to around 10% of total BVOC emissions [l. Overall, BVOCs seem to form 80% to
90% of the total VOC emissions in the atmosphere each year [4I&],

1.2. Terminology

Some forest VOCs are also defined as “phytoncides” (in ancient Greek: "phyton" = "plant" and "-cide" = "killing"), and this
term was invented by the Russian biologist Boris Petrovich Tokin to describe the antimicrobial and insecticidal activity of
these substances B4, However, the term “phytoncide” may be misleading because, due its broad definition and
etymology, it can indicate either plant-derived volatile substances with antiparasitic properties or any (volatile and
nonvolatile) antimicrobial/insecticidal compound released by plants, any volatile VOC, or, in some cases, essential oils
obtained from aromatic woods. In order to avoid potential misunderstandings, the term “forest VOCs” is preferable over
the less specific “phytoncide”, and BVOCs can be defined as any organic compound, except carbon dioxide and
monoxide, mostly emitted by plants and having vapor pressure high enough to be vaporized in relevant amounts. Usually,
the definition excludes dimethyl sulfide and methane because it is still debated as to whether they are produced by
terrestrial plants [,

1.3. Natural functions of forest VOCs

More than 1000 different BVOCs are released from plant flowers, vegetative parts, or roots [&. These substances are
largely lipophilic products with molecular masses under 300 Da, and the vast majority are isoprenoids, including
hemiterpenes (C5H8) such as isoprene, monoterpenes (C10H16), irregular acyclic homoterpenes (C11H18 or C16H26),
and sesquiterpenes (C15H24), both as hydrocarbons and as oxygenated compounds; there is also a number of low-
molecular-weight molecules, especially C1 and C2 oxygenated compounds, such as methanol and acetaldehyde, and
C6H10 fatty acid derivatives, including lipoxygenase pathway products such as green leaf volatiles (henceforth GLVs),
plus benzenoids and phenylpropanoids EI&L0ILL[12][13]



Many BVOCs are common to plant species which belong to distant phyla 14!, For example, only some plant species, even
of very different taxa (like Bryophyta and Quercus), emit isoprene, while in close taxa, there can be both emitters
(Quercus spp.) and non-emitters (Acer spp.) I, thus suggesting that metabolic pathways related to their production have
been highly preserved during the evolutionary history of plants 14!,

From the perspective of plant physiology, BVOCs can be divided into constitutive and inducible compounds. All plants can
potentially synthesize volatile isoprenoids if triggered by abiotic and biotic stress factors, but only some species can do
this constitutively (151,

« Constitutive forest VOCs are already synthesized in the organism and either stored in specialized structures or
constantly emitted without any form of storage €. They are emitted at baseline levels and are mainly made of
terpenoids, plus shikimate derivatives and polyketides 3.

« Inducible forest VOCs (herbivore-induced plant volatiles; henceforth HIPVs) are compounds whose synthesis is
increased or initiated de-novo after herbivore attacks but also after stimulation by abiotic stressors. They have some
metabolic costs but they make the plant phenotypically plastic and herbivore adaptation more unlikely to occur &I,

HIPVs comprise isoprenoids, products of the lipoxygenase (LOX) pathway, such as GLVs, some carotenoid derivatives,
indoles and phenolics, and phytohormones such as ethylene, jasmonic acid, and others A8l |t js hypothesized that
forest VOCs are not only involved in some plant-related physiological functions (biogenic stress response, adaptation to
climate changes), but they also have a central role in forest ecosystems (interplant communication, antimicrobial and
insecticidal activity against parasites, influence on animals’ feeding behaviors as well as on underwood environmental
conditions) 9. Thus, forest VOCs can have several functions for plant physiology & and the most important of them are
summarized in Table 1 and Figure 1.
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Figure 1. BVOCs' functions in relation to biotic and abiotic stresses. Adapted from Laothawornkitkul et al. (2009) (8],

Table 1. Functions of constitutive and herbivore-induced forest Volatile Organic Compounds (VOCSs).

Constitutive Forest VOCs Herbivore-Induced Plant Volatiles (HIPVs)
Reduction of abiotic stress. Isoprene and monoterpenes Reduction of abiotic stress. Isoprene and monoterpenes
increase general thermal tolerance of photosynthesis, increase general thermal tolerance of photosynthesis, protect
protect photosynthetic apparatus and its activity under high- photosynthetic apparatus and its activity under high-
temperature stress by stabilizing the thylakoid membranes temperature stress by stabilizing the thylakoid membranes

and quenching Reactive Oxygen Species (ROS) and quenching Reactive Oxygen Species (ROS)




Constitutive Forest VOCs

Herbivore-Induced Plant Volatiles (HIPVs)

Defence against herbivores. Comprises direct mechanisms,
mediated by toxic, repellent, anti-nutritive constitutive
BVOCs (biogenic Volatile Organic Compounds) or HIPVs, as
well as growth and reproductive reducers

Defence against herbivores, mainly indirectly but also
directly. HIPVs and volatile compounds that attract, nourish,
or otherwise favor another organism that reduces herbivore

pressure

Inter-plant signalling. HIPVs, especially Green Leaf Volatiles
(GLVs), and constitutive BVOCs can travel from a herbivore-
damaged part to other plants (both conspecific and
heterospecific), activating defence genes and priming a more
vigorous response after an attack

Inter- and intra-plant signalling. HIPVs, especially GLVs, and
constitutive BVOCs can travel from a herbivore-damaged part
to an undamaged one, or to other plants (both conspecific
and heterospecific), activating defence genes and priming a
more vigorous response after an attack

Defence against microbial pathogens

Defence against microbial pathogens

Allelopathy. Inhibition of competing species’ seed
germination and competition

The attraction of pollinators and seed dispersers

An ideal chronology of plant emissions could be described as follows [29[14]21];

1. Prior to herbivore attack: constitutive BVOCs are released and act directly on herbivores by repelling them and/or by
inhibiting their feeding; additionally, constitutive BVOCs also inhibit the proliferation of microbial pathogens and repel
viral vectors [22,

2. Herbivore attack: immediate release of constitutive BVOCs upon rupture of storage structures such as glandular
trichomes.

3. From a few seconds to a few minutes after the attack: the plant wounding response triggers a cascade of events
leading to the synthesis of jasmonic acid, capable of regulating the expression of some genes in the nucleus, thus
causing a de novo production of HIPVs (GLVs and terpenoids) that attract natural enemies of herbivore attackers, such
as predators and parasitoids. Together with jasmonic acid, salicylic acid, ethylene and other phytohormones, GLVs can
also modulate the Systemic Acquired Resistance (SAR) in the same plant and in others, thus priming them for future
attacks.

4. Continuous damage, oral secretions, oviposition fluids, infection or HIPVs signalling: the release after 12-24
hours, usually for the next photo-period, of induced phytohormones like jasmonic acid, salicylic acid, ethylene, and de
novo synthesis of terpenoids and shikimate derivatives.

1.4. Non-tree derived BVOCs

In temperate forests, the canopy layer of trees acts as the largest emission source of BVOCs 1 and, in general, from a
quantitative point of view, plant leaves with their canals, oil glands, and glandular trichomes are the major emitters of
these volatile compounds B2, However, all plant organs and tissues produce BVOCs: leaves, flowers, and fruits release
them into the atmosphere, whereas roots secrete them into the soil. Moreover, wood, phloem, and bark of trunks can
serve as pools of stored BVOCs [,

Nevertheless, BVOCs are not exclusively tree-derived: soil bacteria, mycorrhizal fungi, and other rhizosphere microbes
can also emit BVOCs, but it is not easy to evaluate the exact contribution of these non-plant sources of BVOCs in the soil
or their role in the rhizosphere. This is because their emissions cannot be easily separated from those of the roots 22 and
because of experimental difficulties [©l. These limits notwithstanding, one study showed that the emission of
sesquiterpenes (in particular, (-)-thujopsene) by fungi (Laccaria bicolor) can interact with the ability of Populus trees to
develop their root system (in particular, with the proliferation of their lateral roots) [22]. One research article reported that, in
the Amazonian rainforest, soil microorganisms can emit large amounts of sesquiterpenes, and these emissions strongly
influence atmospheric chemistry near the soil surface and under the canopy, to an extent comparable with canopy
emissions themselves 24, Simpraga and colleagues reported that there is no similar assessment for temperate and
boreal forests, but there are limited data on bacterial VOC profiles (rich in alkenes, alcohols, ketones, and terpenes) and
fungal VOC profiles (dominated by alcohols, benzenoids, aldehydes, and ketones) 9. Apart from soil-derived emission,
other, quantitatively less important, BVOC emissions in the forest can originate from understorey vegetation. In an article
relative to subarctic forests of Betula pubescens ssp. czerepanovii (mountain birch), the authors found that BVOCs
emitted by the understorey vegetation of Rhododendron tomentosum are adsorbed by tree-stands growing above them,
thus affecting the volatile emission profile of mountain birches 22,



Overall, as suggested by these limited data, trees are considered as the major emitters of BVOCs in temperate forests
and the contribution of non-tree emitters is still difficult to properly characterize in sufficient detail, thus probably having a
more indirect effect on the composition of the forest air.

| 2. Biochemistry of Forest VOCs

Forest VOCs are the product of many different metabolic pathways: the isoprenoids are the most important group of
metabolites in terms of diversity and quantities of emissions, but the products of the LOX pathway as well as shikimate
derivatives are also highly relevant. Main biosynthetic pathways for BVOCs are graphically displayed in Figure 2.
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Figure 2. Main biosynthetic pathways for BVOCs. In green and yellow colors, the methylerythritol phosphate (MEP) and
mevalonate (MVA) pathways to isoprenoids, respectively, in blue color, the lipoxygenase (LOX) pathway to GLVs, and in
purple color, the shikimate pathway to aromatic compounds. Adapted from Maffei et al. (2011) L2,

2.1. Isoprenoids

The volatile isoprenoids include isoprene (C5), monoterpenes (C10), homoterpenes (C11 or C16), and sesquiterpenes
(C15), and they all derive from the precursor dimethylallyl diphosphate (DMAPP) and its isomer isopentenyl diphosphate
(IPP). These precursors are synthesized by two separate pathways, one active in plastids (the deoxyxylulose-5-
phosphate (DXP), also known as the methylerythritol phosphate (MEP) pathway), and the second in the cytosol of the
secretory cells themselves (the mevalonate (MVA) pathway) 12, In fact, IPP and DMAPP seem to originate in the plastids
from the MEP pathway, while leucoplasts contain the enzymes for the first steps of monoterpene biosynthesis. In the MVA
pathway, DMAPP accepts one IPP (by prenyltransferase—PT), leading to the production of farnesyl diphosphate (FPP)
and, consequently, to sesquiterpenoids (although, in some instances, there is a very small production of monoterpenes)
and to the homoterpene DMTT. In the MEP pathway, the hemiterpene isoprene is synthesized from DMAPP alone by
terpene synthase or cyclase (TPS), and the fusion of DMAPP to one or more IPPs leads to the production of geranyl
diphosphate (GPP) (precursor of the monoterpenoids) and geranyl geranyl diphosphate (GGPP), which leads to the
synthesis of diterpenes from which the homoterpene TMTT derives. Although the MEP pathway is plastid-located, the
enzymes necessary for sesquiterpene synthesis are cytosolic. Hence, MEP-derived IPP or DMAPP need to travel from
plastids to the cytosol LAML8l The biosynthesis of the homoterpenes DMNT and TMTT follows a less direct pathway.
DMNT derives from the oxidative degradation of (E)-nerolidol (a C15-alcohol), and TMTT from the oxidative degradation
of (E,E)-geranyl linalool (a C20-alcohol) (28],

2.2. Oxylipins

Oxylipins are products of the lipoxygenase (LOX) pathway. They derive from the polyunsaturated C18 fatty acids of the
chloroplast membrane (such as 13-hydroperoxylinolenic acid), which, in times of stress or damage, are cleaved by 9-LOX
and 13-LOX pathways to give highly reactive products like 6-carbon aldehydes and alcohols (GLVs) and derivatives of
jasmonic acid such as methyl jasmonate [,



2.3. Shikimate Pathway

Another important group of BVOCs consists of compounds containing an aromatic ring, such as indole (derived from

reactions of modified amino acids or their precursors) or the derivatives of phenylalanine, either via the phenylpropanoid
pathway (eugenol and methyl chavicol) or the benzoate pathway (methyl salicylate) 12 (Figure 2).

This encyclopedic entry is based on an article published on https://www.mdpi.com/1660-4601/17/18/6506
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