AKT +i /2 H TQHHmMIiBQM iKQbT?20'B[m2 T °

+QKKmMMB+ iBQM +?BKB[m2 TH Mi2@TQHHB

/I2mt BMi2"° +iBQMb 2K#HOK iB[m2b 2M JO/
**M/B+2 m#mBbbQM

hQ +Bi2 i?Bb p2 " bBQM,

* M/IB+2 .m#mBbbQMX AKT +#+i/2H TQHHmMIiBQM iKQbT?0 B[m2 T " HG6Q
TH Mi2@TQHHBMBbD i2m , H2 + b /2 /2mt BMi2  +iBQMb 2K#HGOK iB[m2
M2K2MiX IMBp2 bBid /2 JQMiT2HHB2 - kykkX 6> Mi BbX LLh, kykkIJPL

> G A/, i2H@yjee9dy3
2iiTbh,ffi?2b2bX? HXb+B2M+2fi2H@yjee9dy3
am#KBii2/ QM RR J v kykk

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X



THESE POUR OBTENIR LE GRADE DE DOCTEUR
DE L'UNIVERSITE DENTPELLIER

En Ecologie et Biodiversité
Ecole doctorale GAMBiodiversité, Agriculture, Alimentation, Environnement, Eaue,

Unité de recherche 517&ente d’Ecologie Fonctionnelle et Evolutive


































































1.1. Communication chimique dans les interactions plantes-polisateurs

Les plantes sont des organismesawvits n’ayant pas la possibilité de se mouvoir ou dedkes
dangers tels que la prédation, les inondations ou lesgsse. De méme, les plantes ne peuvent se
déplacer pour se reproduire. Pour leur survie, les végétauwtooc di développer des stratégies de
défense et de reproduction daté@kune grande plasticité, autres que le déplacement quirecniz
animaux le moyen efficace de se protéger des contraintesrdenvironnement. Parmi ces stratégies,
les plantes émettent des signaux a destination des sspéxelesquelles elles sont en interaction, que
ce soit pour leur défense ou leur reproduction. Cessigpauvent étre visuels comme les formes et
les couleurs, tactiles comme la texture des tissus mais$ ehigsiques, au travers des odeurs. La
communication chimique est 'une de ces propriétés qupldeses ont développé sur des millions
d’années (Pellmyr & Thien 1986)Ce type de communication fait intervenir tout un résda
molécules entre les plantes et les animaux qui s@struit pour assurer les fonctions nécessaires a
la survie et a la reproduction des plantes telles que la jgallian, la dissémination des graines ou la
protection contre les herbivores (figure 1).




Figure 1. Schéma illustrant les principales interactions
chimiques connues entre les plantes et les animaux.

1.1.1.Les Composes Organiques Volatils (COVs) chez les plantes

Les molécules impliquées dans les interactions entrpldgges et leur environnement sont
appelées sémio-molécules ou composés allélochimiquessoBe des métabolites spécialisés
(longtemps appelés métabolites secondaires) qui sgnthétisés puis libérés par différents
compartiments cellulaires des plantes par lixiviatiexsudation, décomposition ou volatilisation
(Duke et al. 2000 ; Maffei et al. 2010 pour revue). Ces métabqliteivent également étre stockés
dans des structures dédiees (canaux de résine, trichomeslgiees) (figure 2) chez certaines especes
(tomate, menthe, pin et lavande par exemple). On parl€Eomposés Organiques Volatils (COVSs)
lorsque ces métabolites s’évaporent a température atbiette propriété leur permet de traverser
les membranes cellulaires pour étre libérés tatmaosphéergPichersky et al. 2006) et participent aux

interactions écologiques entre les plantes et tousel@mposantes de leur environnement.
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1.1.2.Détection des COVs par les pollinisateurs

Les plantes entretiennent une relation mutualiste aggains animaux, le plus souvent des
insectes (Farré-Armengol et al., 2020), pour se reproduigeinsectes sont un vecteur, autre que le
vent, que les plantes utilisgmbur transporter le pollen d'une plante a une afM@reira-Hernandez
et Muchhala, 2019).’ensemble des traits floraux s’étant adaptés au arifgvolution en réponse a
des vecteurs de pollinisation (vent, différents animauinstctes) forme ce que I'on appelle le
syndrome de pollinisation. Ce concept, bien que critiquadée fait que les fleurs attirent un spectre
de visiteurs plus large que ce a quoi on pourrait s'attendie lsase de ces syndromes et que les fleurs
divergent souvent sans exclure un type de pollinisateurraiit p'un autre, les syndromes de
pollinisation restent d'une grande utilité pour comprenesariécanismes de diversification des traits
floraux, dont le signal chimique émis par les infloresesrcdestination des pollinisateurs (Fenster et
al., 2004).

Les plantes, et notamment les fleurs, attirent les linaiteurs » en émettant un mélange de
COVs en difféerentes proportions, ou par une molécule uneguspécifique (« private channels »),
informant l'insecte sur l'identitéle la plantela localisation, I'abondance et la qualité des fleurs
(Raguso, 2008). En outre, les fleurs attirent les pollieigaten exploitant leur préférence innée a
certains COVs (Schiestl & Johnson, 2013) et/ou leur capadissocier une récompense a une odeur
par apprentissage (Knudsen et al., 2006 ; Raguso, 2008 ; Farendoiret al., 2013). Pour fidéliser
leurs pollinisateurs les plantes offrent souvent arssctes une récompense de nature nutritionnelle
(Wright & Schiestl, 2009) ou peuvent egalement offrir un siteeg@oduction et de ponte (Sakai,
2002).C’esten partie par ce systeme de fidélisation que des intenagblantes-pollinisateurs ont pu
se speécialiser, conjointement aux traits floraux, er ale la généralisation (insecte non-spécifique a
une espece ou une famille de plante) a la spécialisatisecte spécifique a une famille de plante ou
a une espece de plante). La capacité des pollinisatedisc@aminer les plantes est en partie
conditionnée par la concentration, I'identité, lesgmrtions de ces COVs dans I'atmosphére (Wright
et al. 2005 ; Riffel 2011 Conchou et al., 2019) et parfois méme leur frequence d'@mifRiffel et
al. 2014). C’est ainsi ques COVs structurent notamment les réseaux plantes-galiurs (Burkle
et Runyon, 2019), réseaux ddiattivité est cruciale pour le fonctionnement des écosystémesigatur
et agricoles (Fontaine et al. 2005, Klein et al., 2007).

Les insectes détectent les COVs via leur systeme olfaetifocalisation de fleurs sur de
longues distances est essentielle pour qu'un insecte gaiéor puisse trouver les ressources
nécessaires a ses besoins parmi lesquels se nouriregpreduire. Cependant peu de travaux ont
décrit a ce jour la capacité des insectes a distingudgulfode leur cible parmi un mélange d'autres
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1.2. Facteurs influencant’émission des COVs par les plantes

La concentration en COVs autouude plante va dépendre, de leur volatilité, de la pression de
vapeur des COVs, deur résistance de diffusion dans I'atmosphére, saiout de leur émission qui
peut étre régulée par des parametres internes (génétiqueleinbgue) et/ou externes (Pefiuelas &
Staudt, 2001 pour une revue). Ces paiaes externes peuvent étre d’origine biologiques (feste
biotiques) comme l'attaque d’un herbivore ou de parasitegeuvent étre de nature physaumique
(facteurs abiotiques) comme les températures extrdmédsmiere, la sécheresse, la pollution des
milieux (Boncan et al. 2020 pour une liste non-exhaustiverdles et effets des terpenes sur les
insectes et stress abiotiqudsgs parametres externes vont entrainer des varsatierfémission des
COVs présents de maniére constitutive et sont alors ditduits » (Holopainen, 2004). lls vont venir
complexifier le signal chimique autour de la plante, alorepgrts ou non par les insectes associés

(figure 5).




1.2.1.Les parametres internes : facteurs génétiques et biochimiques

Comme les autres organismes, les plantes possedenbritesgel biologiques endogenes qui
leur permettent d'organiser les processus meétaboliquesjololgygues et de développement.
L'horloge biologique est le systéme circadien qui régdaythmes journaliers (sur 24 heures). Des
rythmes journaliers d'émission de COVs ont déja été miviglence chez certaines plantes (pour une
liste voir Zeng et al., 2017). De plus, la formation des CO\fsedé de voies biochimiques et
moléculaires complexes qui impliquent linteraction de deetade genes (Pichersky et al 2006 ;
Petersen 2007 ; Maffei 2010 ; pour un focus sur les terpenes €ited. 2011 ; Abbas et al. 2017 ;
Boncan et al. 2020). L'expression de génes clés dansldediosynthese peut également déterminer

la rythmicité de I'émission de substances volatilesrahsous contréle’un rythmecircadien.

Dans certains cas, l'efficacité de I'émission de COVs dégend disponibilité de substrats
pour I'étape finale de la formation des composés, moarlorsque les enzymes responsables de la
réaction finale ont une grande spécificité de substrat (@wea& Pichersky 2000 ; Hendel-Rahmanim
et al. 2007). Bien qu'une relation étroite entre la didplitéi des substrats et I'émission rythmique de
COVs ait été prouvée chez certaines especes végétalsdva et al. 2001 ; Bruggemann et al.
2002), on connait peu les mécanismes moléculaires quisndesat I'émission rythmique des COVSs.
La formation des substances volatiles peut dépendresewaement de la disponibilité du substrat et
des enzymes biosynthétiques nécessaires, mais aussiteesdale transcription (Picazo-Aragonés et

al. 2020) ou encore potentiellement d'autres facteurs comrta@ns facteurs environnementaux.

En résume, il existe trois principaux mécanismes dala&on de I'émission rythmique des
volatils chez les plantes : I'expression génétique desr@awyglés ou finales des voies de biosynthese
ou leur activité enzymatique, la disponibilité des sulbsates facteurs de transcription ; la premiere

pouvant étre modulée par des facteurs externes comomikxé ou la température.
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1.2.2.Les parametres externes : facteurs biotiques et abiotiques

Les plantes doivent également faire face a des vamgties facteurs biotiques et abiotiques
liees a leur environnement.

Par exemple, antre les attaques d’herbivores, la plante peut se protigetement ou
indirectement de ces agresseurs en sécrétant des CQNsifsépu en émettant des COVs par les
feuilles qui vont attirer les ennemis naturels des herés/¢Turlings et al. 1990, Ferry et al. 2007).
Une étude de 2011 s@rassica rapaa montré que la plante pouvait méme émettre des cosposé
différents selon le type d’herbivorie (racines etfeuilles) (Pierre et al., 2011). Certains de3\G
émis par la plante suite a une attaque par un herbivorepeservir de messaged’autres plantes
voisines de la méme espece, ou d’espéce differentegnefiiont en place toute la machinerie
chimique pour répondre rapidement en cas d’attaquegsaherbivores, mécanisme de « priming »
(Dick & Van Loon 2000, Engelberth et al. 2004 ; Faiola & ThEp&020). Moins communément
montré I'émission de COVs floraux seraient aussi impactéd’getion des herbivores sur la plante
(Kessler et al., 2011 ; Burkle & Runyon, 2016). Notamment, lesstoms de COV des inflorescences
de Solanum peruvianunont significativement changé (augmentation de la coragonr de
sesquiterpenes) en réponse a I'herbivorie des feuilke$agiplication de jasmonate de méthyle pour
simuler une attaque d’herbivoi@essler et Halitschke 2009). Des auteurs ont méme cheérché
comprendre dans quelle mesure les changements dans lexsiffaetifs émis par les plantes a fleurs
endommageées par les herbivores peuvent influencer ngparbement des pollinisateurs. Chez
Cucurbita pepasubsp texana par exemple, aucun effet du nombre de fleurs, de leurried®s ou
de la qualité des recompenses sur le comportement dessptdurs n'a été enregistré aprés une
simulation expémentale d’herbivorie sur les feuilleBn revanche, la visite des pollinisateurs a été
réduite en réponse aux changements du taux d'émission starsa@s volatiles des fleurs apres que
les feuilles aient été endommagées mécaniquement (Tlais2009 ; Ramos & Schiestl, 2019).

Les modifications dansémission de COVs des plantes pourraient aussi étre caumégss
changements journaliers des conditions abiotiques, pan@e la lumiére et la température (Owen et
al., 2002 ; Lerdau et Gray, 2003). La température, la séchertsdumiére et la pollution
atmosphérique sont quelques exemples de facteurs dont $efféa production et 'émission des
COVs ont été étudiés (Pefiuelas & Lluisa 2001 et 2003, et voir @vues: Ramakrishna &
Ravishankar 2011 ; Yang et al., 2018).

La disponibilité en eau (sécheresse) devrait@racteur limitant 'émission des COVs de par
le fait que cellezi génére un manque de carbone et d’énergie a la plafitemlature des stomates et
une diminution de I'’humidité faisant chuter la perméabiliéda couche d’échange des daaurtant,
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1.3. Pollution atmosphérique

1.3.1.Augmentation des concentrations en polluants et tendances futures

L’environnement subitactuellement des changements drastiques liés aux actiwtéaires
notamment suite a la fragmentation des habitatsgfientation déa température ou la pollution des
milieux. L’anthropisation de l'environnement fadugmenter la concentration en constituants
chimiques naturels dans I'atmosphere (souvent les gaztalefierre), o@ntraine la production de
nouveaux composes artificiels (COVs anthropiques). Mdktuou artificiels, ces composés sont
souvent toxiques a fortes concentrations et perturbenntgibnnement de nombreux écosystemes.
Ce sont, le plus souvent, des polluants dit primateds, que le dioxyde de carbone (§®@u le
méthane (Chk), ou des polluants secondaires qui se forment paré&esions physico-chimiques
complexes dans l'atmosphére ('ozone troposphériqueegample) Selon le rapport du GIEC
(Groupe d'experts intergouvernemental sur I'évolutionichat) de 2021, les températures de surface
devraient augmenter au cours dif"®kiécle dans tous les scénarios évdlfds plus optimiste au
plus pessimiste) entre 1.2 °C et 1,9 °C pour la période 2021-2@#fre 1°C et 5.7°C pour la période
2081-2100 par rapport a la période 1850-1900. Il est donc trés prapables vagues de chaleur et
de pollution atmosphérique se produiront plus souvent etahirplus longtemps.

Le climat méditerranéen est actuellement caractériséupartempérature éleveée, une forte

insolation et une sécheresse prolongée pendant l'étéliticos qui favorisent la formation

1Le GIEC (IPCC en anglais) a évalué la réaction du clanmwng scénarios qui couvrent les évolutions
possibles des facteurs anthropiques du changement climgtigukon trouve dans la littérature. lls
débutent en 2015 (anciennement « RCP » depuis 1990) et comprdeseatnarios d'émissions de
Gaz a Effet de Serre (GES) élevées et trés élevébinassions de C£jui doublent par rapport aux
niveaux actuels d'ici 2100 et 2050 (SSP3-7.0 et SSP5-8.5), des sséd@missions de GES
intermédiaires et d'émissions de £x@stant autour des niveaux actuels jusqu'au milieu du siécle
(SSP2-4.5), et des scénarios d'émissions de GES tries fatilfaibles et d'émissions de Lliminuant
jusgu'a un niveau net nul vers 2050 ou apreés, suivis de niveaullleariBémissions nettes négatives
de CQ (SSP1-1.9 et SSP1-2.6).
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1.3.2.L’0zonetroposphérique (€)

Parmi les polluants secondaires, 'ozone troposphé(i@geest un des principaux polluants
contribuant au déreglement climatiqueéOs se retrouve aujourd’hui dans la troposphere dd aux
eéchanges pouvant avoir lieu avecd'@ratosphérique (Junge, 1962) messt aussi un des produits
de la réaction avec les rayons UVdets oxydes d’azotes (NOXx), lilg&r par les activités humaines
(principalement par les sources de combustion) et osr@®Vsd'origine biologiqueou anthropiques
(National Research Council, 1991)ne fois dans l'atmosphére les K@eagissent donc avec les
rayons UV (350400 nm) pour former des molécules de NO et laisser un atamggéne libre : c’est
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1.4. Effets de I'Gs sur les interactions plantes-pollinisateurs

1.4.1.Effetsde I'Os sur les plantes etur I'émission de leurs COVs

Il a été montré a plusieurs reprises chez les plagtes de fortes concentrations d'O
troposphérique sont a l'origine de nombreuses pertorigtu niveau delir physiologie telles que
des lésions au niveau des feuilles (Black et al., 2007) (figurda8Jjminution de la croissance
végétative et reproductive (Long & Naidu 2008y bien I'inhibition de l'activité des carboxylases
(PEPCc et Rubisco) et de la pigmentation photosymphét{chlorophylles a et b) (Leitao et al. 2007).
Ashmore (2005) a également montré que 'exposition a ureeotnation forte en ¢) diminuerait la
production de la biomasse.

D’autres études encore ont
montré qu’une exposition des
plantes a I'Q ferait diminuer

leur conductance stomatique
(wittig et al, 2007). La

photosynthese serait alors
indirectement affectée par la

fermeture des stomates en ay.

un effet oxydant dans la voi

apoplasmique des plantes.
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1.4.2.La réaction des COVs avé® s

Nous avons vu que I'Opeut affecter la physiologie des plantes, mais augsidduction et
I'émission des COVs par les feuilles et les fle@aelque<tudes se sont intéressées a l'effet de 'O
sur les molécules émises dans I'atmosphere et sumipazition du signal chimique dans 'an
nombre trés limité d’études empiriques a explarééponse des insectes associés a ces plantes en
conditions de pollution a 'e(Farré-Armengol et al., 2013 ; Fuentes et al., 2016 ; Li e2@16).

En plus de modifier 'émission de COVs des feuilles etfldess, 'Oz est impliqué dans la
chimie de la basse atmosphére en réagissant avejgsgXa former de nouveaux composgss
constantes de vitesse de réactions de plusieurs COVs @nasv/pgétation avec I'{bnt été mesurées
dans différents travawdepuis une vingtaine d’années (Shu et al. ,99&logirou et al. 1999). Certains
composés sont plus « sensiblegue d’'autres, c’esi-dire qu’ils ont une réactivité plus forte avec

'O 3, de par leur conformation, leur arrangement molécu(aivan et al., 2009) (figure 10).
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1.4.3.Réponse des insectes aux changements du signal chimique des plantes liés
alOs
A I'neure actuelle, peu de recherches ont été réaliséessseiféts de la pollution atmosphérique
sur la signalisation des plantes. Des recherches pnélires (McFrederick et al 2008, Pinto et al 2010)
montrent que les COVs impliqués dans les interactions plargestes sont réactifs av€Os et que
ce dernier affecte donc ces interactiggas I'altérationchimique ou la modification des signhaux
olfactifs préecédemment cités. En effet, la concénimadu mélange olfactif est séverement impactée
dans une atmosphére polluée pag [(McFrederick et al. 2008), et les différences de réactivite de
composeés individuels entrainent une modification de maposition des profils de COVs (Pinto et al.
20074, b), et notamment leurs proportions (Wright et al. 2D6Bruyne & Baker 2008).

Une séried’études atesté les impacts de kGsur les interactions tritrophiques (plantes,
herbivore, parasitoide) en laboratoire (Pinto et al. 20074j et al. 2016) et sur le terrain (Pinto et al.
2008). Ces études suggéerent que p@ut réduire les capacités de ces insectes a utiliserQ¥s C
comme signaux informatifs. En effet, les tests depmmement en olfactomeétre en Y ont montré que
les parasitoides pouvaient encore utiliser les coéypuslatils des plantes induits par les herbivores
pour locaiser leurs hétes en présenc®g¢’mais, lorsqu'ils avaient le choix entre des signatacia
et des signaux dégradés p@s| ils préféraient le signal non dégradé. Une autre étude (Bustnbd
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1.5. Objectifs de la these et modelesétudes

1.5.1.0bjectifs

Mes travaux de thése proposent d’apporter des connegéssaur les effets de kQur I'émission
de COVs floraux et sur le mélange olfactif une foissdans I'atmosphére. Ces travaux veulent plus

a:









1.5.2.Présentation des modeld®tudes
1.5.2.1.Le systeme hautement spécialisé Ficus caricat Blastophaga psenes

Le genreFicuscompte plus de 750 espéces qui se caractérisent par lelismeuapécifique
gu’elles entretienent avec des guépes de la famille des Agaonidés. En falitiplart des espéeces de
figuiers n’estpollinisée que par une ou quelques espéces de guépes qide dies guépes ne sont
associées qu'a une seule espece de figuier (Janzen 18@R etRasplus 2003 ; Molbo et al. 2003 ;
Cook et Segar 2010). De méme pour ces pollinisateurs les fignetes seuls endroits ou ils peuvent
se reproduire. Les figuiers sont également caractérisgéleya sycones, ou « figues », nom plus
commun donné pour leurs inflorescences refermées en iguee(L2). Les fleurs sont enfermées dans
ces inflorescences avec seulement un ostiole senentté® et de sortie pour leurs pollinisateurs

spécifiques.

Les pollinisateurs femelles sont
spécifiquement attirés par les COVs émis par les
figues réceptives (prétes a étre pollinisées) (Hossaert-
McKey et al. 1994). lls pénetrent dans les figues pour
accéder aux fleurs femellemu travers de l'ostiole
grace a leurs appendices mandibulaires et a leurs
antennes détachables (van Noort et Compton 1996)
afin de pondre dans les fleurs (Kjellberg et al., 1987).
Parmi les nombreuses espécesHieus le figuier
méditerranéenFicus caricg est une plante de la

région méditerranéenne uniquement pollinisée par la

guépe du figuierBlastophaga pseneffigure 14).
Réciproquement, le blastophage a besoin des figues podrepet se reproduire. Dans le casde
carica, il est important de préciser que c’est une espece-dirigue, comme la moitié des especes
deFicus c’esta-dire qu’'un ndividu porte exclusivement soit des figues dites femalles des fleurs
femelles a long styles, ne permettant pas au pollinisdiserer son ovipositeur afthe pondre dans
les ovules, soit des figues dites males avec des ihed@ies et femelles a styles courts permettdit a

psenesle pondre mais ne produisant pas de graines (figure 13).
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Figure 16. Représentation schématique des composés organisjuelatils principaux émis par six espéces végétale
emblématiques de Méditerranée. Pour chaque espeéce, lexipdes d’émission de ces composés sont représenté
pour les fleurs (traits plein) et feuilles (pointillés) emettent en évidence la variation temporelle du paysage olfeéfc
sur une annéeCrédits photo (Magali Proffit, Candice Dubuisson, Cassandra DuEBt Pensa)
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2.1. Protocole de suivi d’émission de COVs des plantes

Cesuivi journalier de 'émission des COVasété réalisé dans une serre du Terrain d'Expériences
(TE) du CEFE dans laquelle la température était contedlérée a 25°C le jour et 15°C la nuit dans
des conditions de lumiére naturelle (périodes jour/nuit dé 1 h). Afin de suivre au mieux
I’émission @&s COVs, un systeme d'enceintes a été concu. Les plante€té enfermées

individuellement dans un cadre PTFE (polytétrafluoroéthylére}e et inodore de 42 L, fermé par
un film PTFE de 50'@h d'épaisseul.’enceinte

était ventilée a l'aide d’'un ventilateur en PTFE
et assurait le mélange d’air. L'air entrant était
généré a 6 L.mih a l'aide d'une pompe, en
PTFE (KNF, N816.1.2K.18®, Allemagne), et
purifié grace a un filtre a charbon. Pour le
figuier, trois plantes étaient suivies (n = 3) dans
trois enceintes différentes pendant 24h au
printemps (mai 2021). Pour la lavande, trois
plantes par jour ont été suivies sur trois jours (n
= 9) en débutd’été (juin 2021). Un PTRoF-
MS était connecté a chaque enceinte avec des
_ tuyaux en PTFE différents pour chacune d’elles
et mesurait la composition en COVs dans les
enceintes a un débit de 100 mL.mifligure 17).Pour chaque espéce, le contenu d’une enceinte vide
a été egalement suivi (contréle) pour identifier lesbpbles contaminants dans les extractions de
COVs.Les variations de température ont été suivies a l'aidbudtons placés a l'intérieur de chaque
enceinte et lintensité lumineuse (PhotosyntheticallyivgcRadidation) a été mesurée aveclin
COR (un enregistrement de chacun des facteurs toutes lesui@shi
Tout récemment, un package R a été développé pour ar@ddyfseon simple les données sortantes
d’'un enregistrement PFRoF-MS. Le package « proVOC » génére un workflow qui saudegias
parametres et les données utilisées pour toute analyiséicaie sur les données chimiques. Ici, nous
avons utilisés une analyse chimiométrique pour donnéesvamides : la « Multivariate Curve
Resolution » (MCR). Cette analyse cherche a decompeseemble des spectres d’'un échantillon
dans le temps en plusieurs sous-ensemble de produits Plus.simplement, la MCR que l'on a
appliqguée aux données enregistréees avec le PTR-ToF-®&mrelation l'intensité des molécules

fragmentées et ionisées en fonction du te(go® 'on nommera gomposante ») puis va afficher

O



2.2. Rythme d’émissionjournalier du figuier méditerranéen

Notons que I'émission du figuier, au printemps, est majogitgent constituée des COVs attractifs
pour le pollinisateur a savoir, du linalol, des oxydes dddlirtee forme furanoide et du benzyl alcool
(figure 18).

Malgreé des variations inter-individuelles chez le figulemalyse des COVs par MCR révéle trois
types d’émission dans la journée se révélant étre coenpddit biogénique au vu de I'intensité quasi
nulle des composantes suivies dans les enceintes coffigale 19 A). La figure 19 A montre une
augmentation soudaine de l'intensité de la composantt} &u lever du jour atteignant un maximum
en début de journée avant 11h pour diminuer progressivemengusgucher du soleil. Au cdraire,
on observe un double pic d’émission avec un premeeempdébut de journée puis un second en fin de
journée (composante 3). Un dernier type d’émission est\aideret forme un pic en fin de journée
(composante 1). Finalement, toutes les variations depasantes semblent liées a la température et
a la lumiére. Les spectres purs des composantes pealoes donner des informations quant a

I'it dentité des molécules (figure 19B).
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Figure 19. Intensité de molécules, issue
de la MCR, émises par les figuiers et
enregistrées au PTRMS en fonction du

temps corrélées a la température et 3
I'inten sité lumineuse (A) et spectres de
masses des composantes représenté
(B). Les abréviations “fig” et “bl”
désignent respectivement les échantillc
ou se trouvent un figuier puis rien (blar
= contrdle). Le lever du jour est représer
par la ligne en pointillés jaune et |
coucher du soleil est représenté par
ligne en pointillés bleus.
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2.3. Rythme d’émissionjournalier de la lavande vraie

Contrairement au figuier, la lavande émet beaucoup gducomposés au cours de la période de

floraison (figure 20).
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2.4. Discussion & Perspectives

Selon nos hypotheses sur la dynamique d’émission des ofiewaies pour le figuier on
S’attendhit a ceque le pic d’émission des CO¥s produise dans la périodactivité du pollinisateyr
i.e. en milieu de journée. Or, les résultats ici monttere émission relativement continue dans la
journée, avecependant un pic d’émission majoritaire le matin désvier du jour pour les composés

attractifs pur le pollinisateur et une émission croissante d’isapjésgu’au coucher du soleil.

Pour la lavande,ms’attendit a des pics d’émissicidifférents temps de la journée. Il semblerait
gu’il'y ait deux groupes de COVs dont le premier serais@migande quantité le matin et le deuxiéme
serait émis en plus grande quantité en milieu de jour@és. deux types d’émission seraient
représentés par deux groupes de monoterpenes, dont Issroénseerait visiblement conditionnée par

une augmentation de la température.

Chez les deux espéces on a pu observer des émissions decOM&ées a la lumiére, pour le
figuier, et a la température, pour les deux espdxes,qu’a ce stade il eehcore difficiled’attribuer
les émissions a I'un ou a lautre de ceddars qui sont eux-méme corrélés entre eux et peuvent ne
pas avoir des effets synergiques sur I'émission des CQ®sdiSet Bertin 1998Malgré le caractéere
dépendant de I'émission de certains COVs a la lumiétammoent pour 'ocimeée (Owen et al. 2002,
FarréArmengol et al. 2017) et Ipinéne (Staudt et Bertin 1998), la lavande ne montre pas de

corrélation dans I'émission de ces COVs avec l'interisiténeuse dans notre expérience. Par contre
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Tableau 1. GPS coordinates and climate parameters of the sampliées selected for the studyMean values + standard

deviation of AOT40 (ppb), temperatures (°C) and cumulatedipitations (mm/m?2). AOT40 values are the mean AOT40
in 2015, 2017 and 2019. Temperature values are the mean tampenatsured in the field each day of VOCs sampling
in spring and summer 2015, 2017 and 2019 averaged over thePsiefpitation values are the mean cumulative

precipitation from ¥ January to the VOCs collection day in spring and summer 2015,£2@il2019 averaged over the
sites.

50km
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Table 2. Categories of drought and ozone pollution types.

Categories Values in ppb Categories Values in ppb Categories Months*
Low

Medium ] 9001< [AOT40] <10800 Medium 41< [0z <60
High

Very high | 12601< [AOT40] Very high 81< [Os] <100 High



















Table 3. Effects of environmental factors on proportions and totahmount of VOCs emitted from figs in spring and

summer.

81



Table 4. Effects of abiotic factors on proportions and total emissioof attractive VOCs emitted from figs in

spring and summer.

Table 5. Effects of abiotic factors on emission rates of each attraet VOCs emitted from figs in spring and

summer.
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Table S1. Effects of abiotic factors on proportions and total amount of @Cs emitted by leaves in spring and

summer.
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ABSTRACT

Tropospheric ozone @ is one of the most stressful atmospheric pollstdat organisms
because of its strong oxidizing potential. Many studie® lsnown that @can alter the emission of
leaf VOCs in plants, and can react with these modscahce they are emitted into the atmosphere,
thus altering interactions with associated insects, éut few on compounds emitted by flowers in
the context of a plant-pollinator interaction. In teiady we propose to investigate the effects of O
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Tropospheric Ozone Alters the
Chemical Signal Emitted by an
Emblematic Plant of the
Mediterranean Region: The True
Lavender ( Lavandula angustifolia
Mill.)

Candice Dubuisson **, Florence Nicol! 2, Bruno Buatois !, Martine Hossaert-McKey * and
Magali Prof®t*

* Centre d"cologie Fonctionnelle et "volutive (CEFE), Universit# de Montpellier, CNRS, EPHE, IRD, Montpellier, France,
2 Universit# de Lyon, UJM-Saint-Etienne, CNRS, LBVpam UMR 5079, Saint-Etienne, France

Among air pollutants, tropospheric ozone (@) is one of the most stressful for organisms
due to its strong oxidative potential. For instance, high ozone concentration (i) has
the potential to affect (i) the emission of volatile organic compounds (VOCSs) by plants
and (ii) the lifetime of these VOCs in the atmosphere, and consequently disturb crucial
signals in the interactions between plants and other organisms. However, despite the
determinant role of VOCs emitted by "owers for pollinator attraction, a very limited
number of studies have investigated the impact of @ on "oral VOCs. In this study,
we investigated the effect of high [@] episodes on the VOCs emitted by a "owering
Mediterranean plant: the true lavenderlL@avandula angustifoliaMill., Lamiaceae). To do
so, in controlled conditions, we exposed (i) the entire plant to high but realistic §D
(200 ppb for 5 h) and (ii) only the VOCs emitted by lavender to increasing 40(0,
40, 80, 120, and 200 ppb). We sampled VOCs of lavender in both conditions and
analyzed them by Gas Chromatography-Mass Spectrometry in order to qualify and
quantify the owering lavender's emissions and the reaction of VOCs with £in the
atmosphere. Our results showed that exposure to high [g)] during a short period (5 h)
did not affect the emission of VOCs by "owering lavender. Incidentally, we also showed
that the chemical signal varied in quantities and proportions over the day. Moreover,
we showed that after their emission by the plant, composition of the VOCs changed
guantitatively and qualitatively in an atmosphere containing fp naturally observed
nowadays. Quantities of several of the major terpenes emitted by lavender decreased
drastically during Q exposure, whereas concentrations of some VOCs increased, such
as carbonyls and carboxylic acids, which are probably reaction products of terpenes
with Os. Exposure to high [Q3] thus directly affected the proportions of VOCs in the
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atmosphere. Because pollinators generally use a blend of VOCs in particular proportions
as a signal to localize owers, the numerous pollinators of lavender may experience
dif®culty in recognizing speci®c oral odors during frequent and moderated[G®pisodes

in the Mediterranean region.

Keywords: VOCs, owers, ozone, pollution, lavender, Mediterranean ecosystems

INTRODUCTION compounds (VOCs). However, VOCs are the foundation of
plants® chemical communication with their environment. For
Since the beginning of the industrial era, anthropic activitiegistance, plants produce them to communicate with other plants
have impacted ecosystems and their functioniBgrfiosky et al., (Ueda et al., 20)2 to protect themselves against pathogens,
2012. The main consequences are habitat fragmentation, climate repel herbivores and also to attract pollinators, which are
change and the pollution of soils, water, and the atmosphererucial for plant reproduction Qudareva et al., 2033A\bbas
Atmospheric pollution consists in increased concentrations aft al., 201). Several studies have investigated the elect gf O
primary pollutants, such as carbon dioxide or nitrogen oxidesn the emission of VOCs by vegetative parts of plants (see
(NOy), released mainly by industry and agriculture. Theseeviews byyuan et al., 200%Holopainen and Gershenzon, 2010
pollutants are involved in complex chemical reactions in theoreto and Schnitzler, 20).0These studies hypothesize thag O
troposphere that lead to the formation of secondary pollutantsxposure induces emission of terpenes by leaves (to an extent
(Jenkin and Clemitshaw, 20Q)J0OAmong these, tropospheric varying among species) because their high antioxidant potential
ozone (Q) is one of the most important pollutants in terms of itscould protect the plants from oxidative stresBe(-uelas and
contribution to global warming $icard et al., 201 ¥eung et al., Staudt, 2010Pinto et al., 2010Bourtsoukidis et al., 20)2In
2019. Ozone is formed by the reaction between UV light andddition, studies have been conducted on the elect af @
NOy, the latter generally released by human activities in cities, biltte lifetime of VOCs in the atmosphereéiikinson and Arey,
O3 tends to accumulate in the countryside, because of complgR03a,pand on the attraction of associated herbivorous insects
processes involving wind, altitude and N@oncentration. Thus, (Fuentesetal., 201Bietal., 201 Compared to plant-herbivore
ozone concentration ([g]) varies in space and, as its formationinteractions, studies of the elect of {n signal recognition in
is correlated with UV light, it also varies in time, with fPbeing  plant-pollinator interactions are limited.
generally highest during mid-day in summet§pe, 2008Sicard Only in the last 10 years have investigations been conducted
et al., 2017Young et al., 2008 Currently, in many Northern- on the impact of Q on the emission of Boral VOCs and on
hemisphere countries, the mean dailygJ@eaches a minimum of their lifetime in the atmosphere. However, Rowers are well-
40 parts per billion (ppb) with numerous £pollution episodes known to emit VOCs to attract pollinators and ensure the plantOs
during summer. Between 1900 and 2000, the meas} fleady reproduction, and their VOCs play a major role in structuring
increased by 30 ppb in the Northern hemispheténgarzan, plant-pollinator interactions Raguso, 2008MDudareva et al.,
2004 Ashmore, 200pand some atmospheric chemistry model2013 Burkle and Runyon, 203%antsa et al., 20)91In fact,
predict a further increase of about 5 ppb on average at ttes for the vegetative parts of the plant, exposure to increased
horizon of 2050 considering changes in climate with no contrdD3 levels could modify the emission of some Roral VOCs
on the precursors sourcé-Qwler et al., 2008Due to its strong (Saunier and Blande, 20)Land/or reduce the lifetime of VOCs
oxidative potential, @is very stressful for organisms and causes the atmosphere, including those attractive to pollinators
damage to human health, notably respiratory problems/paris (McFrederick et al., 200%arrZ-Armengol et al., 20)L.6Because
et al., 2004 Nuvolone et al., 2018 In plants, physiological reaction time of the dilerent VOCs with @is extremely variable
injuries have been reported, such as leaf lesibns and Naidu, (Atkinson and Arey, 2003a during periods with elevated £
2002, but also decreased vegetative growth and reproductilevels signibcant changes in the proportions of VOCs are
output (Black et al., 2007 or the inhibition of activities of expected as soon as VOCs are emitted in the atmosphere. As the
PEPc and Rubisco carboxylases and of photosynthetic pigmepteportions of VOCs are crucial for the specibc recognition of the
(chlorophylls a and b)l(eitao et al., 2007 As a consequence, Boral chemical signal by pollinatoréguso, 2008&ro"t et al.,
European directivediirective 2008/50/EC, 20@f the European 2020, these changes can reduce pollinator attraction to their host
parliament and of the council of 21 May 2008 on ambient aiplants arrZ-Armengol et al., 20).6MicFrederick et al. (2008)
quality and cleaner air for Europe) have set an alert thresholthd Fuentes et al. (201&howed by modeling under dilerent
of 120 ppb of exposure to Hover 1 h for human health, scenarios of @pollution that the scent plume downwind of Roral
beyond which emergency sanitary measures must be taken. Bources could be degraded and as a result increase honeybee
plants, the target value is set to 18,089 m' 3 h' 1 (900 ppb) foraging time. More recently, an experimental study conducted
of AOT40 (Accumulated Ozone over a Threshold of 40 ppim the Peld reported a reduction in the number of pollinating
between 8:00 and 20:00 from April to August) in order tdnsects of several families and their rate of Bower visits in an
prevent physical and physiological injuries. Surprisingly, thesmvironment enriched in @ (90 ppb< [O3] < 120 ppb) Ryalls
thresholds do not take into account the elect ofs@n other et al., 202 Authors of this study concluded that these changes
characteristics of plants, such as the emission of volatile orgamiere caused by the reactions of Boral VOCs withr€sulting in
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an alteration of the pollinatorsO perceptions of the chemical sightifdicinales (CRIEPPAM, Manosque, France). One-year-old
emitted by the plants. plants were grown outdoors in individual pots in an NPK

In the Mediterranean region, background §Dis high and (nitrogen, phosphorus, potassium) 15 :15 :15 soil, from July
O3 episodes, i.e., short periods with highdQare frequent in 2018 at the Terrain dOExpZriences, a technical platform of the
summer due to high levels of both sunlight and human activities.aboratoire dOExpertises Centre MZditerranZen Environnement
For instance, in summer 2003 in the French Mediterraneast BiodiversitZ (LabEx CeMEB) located at the Centre dOfcologie
region, a peak of 200 ppb{vas registeredautard et al., 2005 Fonctionnelle et fvolutive (CEFE, Montpellier, France). In June
Several Mediterranean [Rowering plants bloom during this san2920, we exposed 3-year-old plants to highl€rels (experiment
period. For instance, the true lavenddragandula angustifolia 1) and in June 2021, we used 4-year-old plants to expose only
Mill.) is omnipresent in Mediterranean landscapes and Rowethe VOCs to dilerent G levels (experiment 2). The emissions
from the beginning of June to the end of July, depending oaof controlled plants were compared and proved to be similar
the altitude. It is a nectariferous plant that attracts a largbetween B and 4-year-old plants. In each experiment we used
number of pollinators and associated insects (e.g., predatomants at the same Rowering stage, when at least half of the
(Benachour, 2007 The censuses that we carried out on variouBowers in the infBorescences were open.
Pelds of cultivated lavender show up to 140 dilerent species of

arthropods, including numerous species of bumblebees, solit . ) . .
bees, butterf3ies, honeybees and Diptera (Nicole, pers. comaéé(pe”ment 1: Volatile Organic

(Li et al., 201} It grows as a wild species but is also widelr)E:O"npOunds Sampling of Flowering
cultivated for its essential oil and for the production of honey bj-avender Exposed to High O 3 Level
beekeeperBarbier, 196§ creating a real olfactory landscape inLavender plants were exposed tgi® greenhouses at the Terrain
Provence I{lcGregor, 1975 Moreover, behavioral experimentsdOExpZriences in which the temperature was controlled and bxed
in controlled conditions, showed that essential oil extracts @it 25 C in the day and 15C during the night under natural light
L. angustifoliacan act as plant signals, for example by signibcanttpnditions (15 h/9 h day/night periods).
attracting honeybeesApis mellifera or repelling other insects  In order to expose the entire RBowering plant toz@nd
(Li et al., 2019 Ganassi et al., 20p0The VOCs emitted by monitor the VOCs, a dynamic enclosure system was designed.
L. angustifolianBorescences are well-known and include 50b®lants were individually enclosed in a 42 L inert and odorless
molecules, mostly terpenes, dominated by linalyl acetate, linaloBITFE (polytetraluoroethylene) frame closed by arsd thick
1,8-cineole, camphor, and bornedli et al., 2019Stierlin et al., PTFE PIm Figure 1A). Air was pushed using a PTFE pump
202Q HZral et al., 2021 The reaction constants of some of thes¢KNF, N816.1.2K.18 Germany) through a charcoal blter into
VOCs with O; have already been described, e.g., linalool 1,8t chambers at 6 L mint. A PTEE fan ensured air mixing
cineole or camphor Atkinson and Arey, 2003b The results in the chambers. Air RBow rates were controlled by Rowmeters
of these studies strongly suggest that during €pisodes, the and all tubing lines were made of PTFE. Plants were bagged
VOCs emitted from Rowering lavender should react at dilerenait least 12 h before the treatment phase to allow plants to
speed with @, reducing di'erently their concentration, thereby acclimate to the enclosure. Exposure was always conducted on
alecting their relative proportions. pairs of plants: the brst plant was exposed to 0 ppband
In this study we aimed to test to what extent exposure teepresented the control and the other plant was maintained at
high but realistic Q levels can alter (i) lavender emissions 0200 ppb Q using an Q generator-analyzer (UV photometric
VOCs and (ii) the concentration and proportions of lavendeOzone Analyser with a generator option, Model 49i, Thermo
VOCs once they are emitted in the atmosphere. To do so, Fisher Scientibc, Franklin, MA, United States) for 5 h between
order to simulate a high [g] episode in controlled conditions, we 10:00 and 15:00, corresponding to the time of greatest pollinator
exposed RBowering lavenders to 200 ppb for 5 h, collected VO@&stivity in the Pelds (Nicole, pers. comm.). For both plants,
surrounding the plant by dynamic headspace, and analyzed th&f®Cs contained in the chambers were collected four times: (t0)
by Gas Chromatography-Mass Spectrometry (GC-MS). In ordeefore starting to ozonate the treated plant (0 ppb afi@both
to characterize the elect of ©on the VOCs themselves, wechambers); (t1) 3 h after the beginning of generation aff@r
isolated lavender VOCs in a reactor, exposed them to dilererthe ozonated plant; (t2) 5 h after the beginning of generation of
[O3] (0, 40, 80, 120, and 200 ppb) for 30 min, collected the bler@s for the ozonated plant; and (t3) between 30 min and 1 h after
of VOCs in the reactor and analyzed them by GC-MS. O3 generation was stoppeéigure 1B). VOCs were collected by
pushing the air out of the chambers at 200 mL finthrough
an adsorbent steel cartridge acting as VOCs trap Plled with

MATERIALS AND METHODS 40 mg of Carbotrap and 80 mg of Tenax phases (Sigma-Aldrich,
Munich, Germany). We collected VOCs of each plant of the
Study System pair for 10 min following the same protocol. In addition, before

The true lavenderLavandula angustifoliailler (Lamiaceae), introducing the plant into the chambers, to assess background
is a plant from the Mediterranean regiorJpson et al., 2004 scent level in the chambers, we collected, using the same method,
Passalacqua et al., 201Here we used clones bf angustifolia blank samples, i.e., samples of air within empty chambers. Indeed,
cv. ODivaO from the Centre RZgionalisZ Interprofessionimedemi-controlled experiments with whole plants, despite the fact
dOExpZrimentation en Plantes ~ Parfum, Aromatiques tit the air injected into the sampling chambers is puribed with
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FIGURE 1 | Schematic diagram of(A) the experimental set-up and(B) timeline used for “owering lavender exposure to high @level in experiment 1. Control
lavender plants, represented by the purple color in the ®gure, were exposed to 0 ppb;@uring the entire experiment. Treated lavender plants, represented by the
red color in the ®gure, were exposed to 200 ppb of @from t1 to t2 (red pot). After t2, G generation was stopped and 30 min to 1 h later the VOCs were collected
in the chamber. t times correspond to collections of VOCs through adsorbent cartridges during 10 min (gray bars in par&) in the two chambers.

activated charcoal, exogenous compounds, which are considecbdracterize the elect of ©on lavender VOCs and avoid
as contaminants, are always present in the samples, and thereteraperature- and light-related odor variations. Air puribed by a
must be removed from the plant samples (see methods amarcoal blter was pushed into the chamber at 2 L'rinThe
Palmaquist et al., 202 Rupp et al., 2091 At the end of each air charged with VOCs present in the chamber was sent into a
O3 exposure in the brst experiment, inBorescences and leagésss reactor of 2 L (Hei-Vap Core model, Heidolph Instruments
were cut from the plant and placed for 4 days at @0n an GmbH & Co. KG, Regensburg, Germany) at a Row rate of
oven to measure the dry biomass. Ten pairs of plants were usd80 mL mid ! using the same ©generator/analyzer as in the
representing 20 individuals in total for this brst experiment.  experiment 1 that analyzed at 1.4 L rhihthe [O3] at the outlet

of the reactor Figure 2A). This very same d?r\T/q:ce generated 40,

. . . . 80, 120, and 200 ppb at a Bow rate of 1.8 L ‘mimt the inlet of
Experiment 2: Sampllng _Of Flowe“ng the reactor. Respectively, 20, 50, 80, and 110 ppb were measured
Lavender Volatile Organic Compounds at the outlet of the reactor by a second @nalyser (Model 106-L
Exposed to Different [O 3] Ozone monitor, 2B Technologies, Boulder, CO, United States) at
In order to evaluate the elect of ©exposure on VOCs only, 850 mL mid * (Figure 2A). The di'erence in [Q] between the
after their emission by the plant, we sequentially but randomliplet and the outlet of the reactor conbPrmed thag @as reacting
exposed lavender VOCs to 40, 80, 120, or 200 ppb gf @ith VOCs in the reactor (loss of 50% of the [Q], but a loss of
(Figure 2A). Based on the results of experiment 1, experimentnly 25% when only @was present in the reactor).

were conducted between 11:00 and 18:00 because variations dtach Q phase lasted 30 min and was always preceded by a
VOC estimated concentrations and proportions over time wereontrol exposure phase of 30 min (0 ppb og @ the reactor,
limited during this period (see results section OExperiment Eigure 2B). Plants were bagged at least 4 h before the treatment
Elects of Exposure to High @Level on the Emission of VOCs by phase. VOCs in the reactor were collected for 10 min using the
Flowering LavenderO). The same device described in experimagigorbent traps containing Carbotrap/Tenax and analyzed by
1 was used to enclose the Bowering lavender plant. This tim@&C-MS for control (20 samples) ands@onditions (20 samples:
the set-up was installed in a room where the temperatufs =5 per [O3] > 0 ppb). This experiment was conducted over 5
(26.36  0.041C) and light were controlled (artibcial light days with a dilerent lavender plant every day & 5 plants for
400D700 nm SpectraBulb, LED E27, FloraLed, France) to bettés second experiment). Each day, plant VOCs were exposed to
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A 1.4 L.mint
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) ANALYZER
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A

Charaeal >- Airin

®lter L
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===== Adsorbent cartridges

Fan
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[]__4n >
T O; OFF
Plant bagged

VOCs captures

FIGURE 2 | Schematic diagram of(A) the experimental set-up presenting the exposure of “owering lavender volatile organic compounds (VOCs) to differengJO
and (B) timeline of the exposure for experiment 2. We present the temporal scheme showing the 4-hour control period at the beginning followed by alternating
ozone periods (red) and control periods (purple). Each period was 30 min and VOC samples were collected through adsorbent cartridges (gray bars in pAjeit

the end of each period during 10 min (including controls and ozone exposure).

the bve [@] and the order of the dilerent concentrations usedspectrometer were 250 and 2@) respectively. The acquisition

was randomized among the days. was at 70 eV ionization energy, from 38 to 350 m/z. Xcalitfur
_ 266 software (Thermo Fisher Scientibc, Milan, Italy) was used for
Chemical Analyses data processing. Retention times of a series of n-alkanes (Alkanes

All chemical analyses were performed at the Platefornstandard solution, Sigma Aldrich, Munich, Germany) were used
dOAnalyses Chimiques en Ecologie (PACE technical platforntafconvert retention times into retention indices. Compounds
the Labex CeMEB). were then identibed based on matching of the mass spectra using
Analyses by GC-MS were conducted using the methotbtal lon Current mass chromatogram (TIC) with a database
detailed in Pro"t et al. (2020). A gas chromatograph (GC, (NIST 2007 MS library, Wiley 9th edition), and on conbrmation
Trace 1310, Thermo Fisher Scientibc, Milan, Italy) coupled toly comparison of calculated retention index (RI) with theams
mass spectrometer (ISQ QD Single Quadrupole, Thermo Fish@007)library and, for some VOCs, with matching of their mass
Scientibc, Milan, Italy) was used with an Optima 5-MS capillargpectra and retention time with those of synthetic compounds
column (30 m, 0.25 mm ID, 0.26m PIm thickness, Machery- using the same analytic method. Volatiles detected only in the
Nagel, DYren, Germany). Adsorbent traps were handled wigmpty chamber or reactor (blank controls) were considered
a Multi Purpose Sampler (Gerstell, MYlheim, Germany) ancontaminants and were removed from the samples.
desorbed with a double stage desorption system, composed of dn order to evaluate the concentrations of the dilerent
Thermal Desorption Unit (TDU) and a Cold Injection SystemVOCs, peak areas of VOCs were integrated using TIC and
(CIS) (Gerstell, MYlheim, Germany). First, the injector wasalibration factors were calculated with the same spectral method.
splitless with a temperature of 28D on the CIS trap cooled To do so, we prepared a stock solution in dichloromethane
at ! 80 C by liquid nitrogen. Then, the CIS trap was heatedPestinorm,>99.8%) of four major VOCs of lavender, each of
to 250 C with a 1:4 split ratio to inject the compounds intothem at a mean concentration of 9.66 0.8 mg/mL: linalyl
the column. We used helium at 1 mL nlif as a carrier gas. acetate (Sigma-Aldrich, Analytical standard), camphor (Fluka,
Oven temperature was held at 4D for 3 min, increased from >99%), 1,8-cineole (Sigma-Aldrich,99%) and linalool (Fluka,
40 to 220C at a rate of 5C min' 1 and from 220 to 250C >99%). In order to have calibration in the concentration
at 10C min' 1, and pnally held for 2 min at 25C. The range of the VOCs detected in lavender samples, dilutions of
temperatures of the transfer line and the ion source of the massl,000, 1:400, and 1:200 of this stock solution were prepared in
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dichloromethane. For each of the solutionsml was injected of lavender plants with a linear model with treatment, time
in the adsorbent trap, with three replicates per solution, andnd their interaction as bxed factors and the pair of plants as
analyzed by GC-MS using the same method as for the lavendandom factor. Data were log-transformed prior to the analysis
samples. Calibration factors were obtained for each VOC usitg normalize the distribution of the residuals. An analysis of
the slope of the regression between their peak area (integratiliance was used in order to test the signibcance of elects
from TIC) and their concentration in the three replicates of theof these factors on the plants® total emission. Then, contrasts
four dilutions, setting the intercept to zero. Because we do netere conducted between modalities of the factors to reveal
have a reference standard for all VOCs of the lavender samptase dilerences.
and we do not have clear expectations about which ones representn addition, variations in the relative proportions of VOCs in
a signal for interacting species, we used the mean calibratitire overall odor bouquet were tested using partial redundancy
factor of these four compounds to estimate the concentrations ahalyses (pRDA)HervZ et al., 20)8This multivariate analysis
all compounds present in our samples. consisted of two steps. Firstly, a multivariate linear regression
For experiment 1, estimated concentration (ng/min/g of dryon the relative proportions of VOCs with treatment, time
biomass) of each VOC was calculated. For experiment 2, in ordamnd their interaction, was performed with pair of plants as a
to evaluate the quantitative variation of the dilerent VOCs afterandom factor. Secondly, a constrained Principal Component
O3 exposure compared to the corresponding control (0 ppb) wanalysis (PCA) on the btted values of the regression model
calculated a relative index of variation following the formula: was conducted in order to evaluate the variation in the
o relative proportions of VOCs that was explained by the
Variation index of VOGo,y two factors and their interaction. In addition, a permutation
-area of VOGo,i C /! .areaof VOGozo C U/ tefst r:Nasl:)pe(;fozcmed to Iz;\_sse”ss the_ signibcance (_)f the elects
: ) of the bxed factors. Finally, pairwise comparisons were
area of VOGogji C 1 C .areaof VOGogo C U conducted between the modalities of the factors grdalues
Oarea of VOg,yO stands for the peak area of a given compourvéere adjusted with the Ofalse discovery rateO (fdr) method
at a given [Q] i (i: from 0 to 200 ppb), Oarea of VG&wO (Benjaminiand Hochberg, 1995
stands for the peak area of a given compound in the sample of the
corresponding control (O ppb of §). The variation index varied Experiment 2: Effects of Different [O 3] on Flowering

betweerd 1and 1. Lavender Volatile Organic Compounds
To assess the elect of KD (0, 40, 80, 120, and 200 ppb)
Statistical Analyses on the variation index of each compound, we btted linear

All the data visualization and analyses were performed in R (fodels with [Q] as Pxed factor and the plant as random
3.6.2; R Development Core Tedmgnd required the following factor. An analysis of deviance was conducted to test the
packages: adeZfioulouse et al., 20)8car (Fox and Weisberg, SigniPcance of the elect of [§) on the variation index. Then,
2019, vegan Oksanen et al., 2030mixOmics Rohart et al., Pairwise comparisons were made between modalities of this
2017, Hotelling (Curran, 201§ RVAideMemoire HervZ, 202), ~factor using contrast. _ o

nime (Pinheiro et al., 209)] contrast OOCallaghan et al., 220 In order to highlight possible relationships between the

and corrplot (Vei and Simko, 2021 dilerent VOCs in terms of degradation-formation with £ we
performed a correlation matrix between each pair of compounds

Experiment 1: Effects of Exposure to High O 3 Level based on PearsonOs correlation test with scaled peak areas of

on the Emission of Volatile Organic Compounds by VOCs ozonated at all [¢).

Flowering Lavender The elect of [O3] on the relative proportions of VOCs in

Estimated concentrations (ng/min/g of dry biomass) and relativée reactor was tested using a pRDA, with plants as a random

proportions in the total bouquet of each compound werdactor. A permutation test was performed to assess the global
calculated and set into two distinct data tables. elect of [Og] but also pairwise comparisons between modalities

To assess the elect of Oon the concentration of each Of the factor; p-values were adjusted with the OfdrO method

compound, but also on the total estimated concentration of aff€njamini and Hochberg, 1995

VOCs, we btted linear mixed models on their log-transformed

guantity with treatment (control or ozone), time (10, t1, t2,

and t3) and their interaction as bxed factors and the pair SRESULTS

plants as random factor. Analyses of deviance allowed testing

the signipcance of elects of these factors on concentration Bfxperiment 1: Effects of Exposure to

each VOC. Then, pairwise comparisons were made betwegfigh O 5 Level on the Emission of Volatile

modalities of the factors using contrasts. : :
If signibcant variations of VOC estimated concentrations Wergrganlc Compounds by Flowenng

detected between the control and treated plants, we also evalualté%lv ender

the elect of O; on the total estimated concentration of vocsln the volatile emission of RBowering lavender, we detected
a total of 34 VOCs, seven of which were present only as

Lhttp://www. R-project.org traces (se@able 1and Supplementary Figure 1 As expected,
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TABLE 1 | Effects of the O3 treatment and time on the estimated concentrations of the different VOCs detected in experiment 1. For each modality of the different factors, $égure 1.

Ozone treatment

Control N=10 Ozone N=10 Results of the linear models
Compounds CalcRI  LitRI to tl t2 t3 to tl t2 t3 Treatment Time Treatment * Time
df =1 df =3 df =3
Monoterpenes x2 p x2 p x?2 p
a-thujene 933 924 trace trace trace trace trace trace trace trace
a-pinene* 940 932 1.54 0.50? 0.55 0.14° 0.51 0.10° 0.63 0.16° 1.03 0.11% 047 0.17°° 013 0.04° 0.57 0.15° 3.77 0.05 3421 <0.001 230 0.51
Camphene 946 946 0.67 0.48 0.08 0.08 0.32 0.20 0.41 0.23 0.05 0.04 0.49 0.49 0.06 0.06 0.17 0.07 1.82 0.18 0.78 0.85 3.18 0.37
Sabinene 979 969 trace trace trace trace trace trace trace trace trace
Myrcene 995 988 0.62 0.27 0.74 0.40 1.08 0.33 094 0.41 0.98 0.76 219 194 0.33 0.17 0.78 0.30 0.50 0.48 0.39 0.94 1.67 0.64
p-cymene 1024 1020 0.2 0.03% 024 0.06%° 0.40 0.09° 049 012° 022 0122 027 012 030 0132 0.37 0.112 0.37 0.54 10.27 0.02 217 0.54
o-cymene 1027 1022 260 1.70 0.87 0.26 1.18 0.30 1.41 0.36 1.05 0.42 1.04 034 0.99 0.36 116 0.35 0.86 0.35 1.18 0.76 0.77 0.86
Limonene* 1035 1024 19.42 15.29 232 162 0.60 0.39 0.34 0.23 439 216 1.84 1.39 1.84 0.99 151 1.02 0.26 0.61 4.89 0.18 0.50 0.92
1,8-cineole* 1035 1026 0.26 0.19 0.93 0.54 1.58 0.95 1.96 1.01 0.05 0.05 272 272 0.56 0.43 0.96 0.53 2.56 0.11 7.01 0.07 0.71 0.87
(Z)b-ocimene 1041 1032 0.18 0.06% 0.27 0.112 071 0.18 0.76 0.11° 041 0.182 0.12 0.12%¢ 0.03 0.03¢ 0.65 0.222 8.22 0.004 25.37 <0.001 16.92 <0.001
(E)b-ocimene 1051 1044 032 0.10* 0.58 0.26% 1.36 0.39° 133 025" 081 035 019 0.19° 0.03 0.03° 178 0.76° 5.85 0.02 26.76 <0.001 18.97 <0.001
Linalool* 1106 1095 0.51 0.142 0.41 0.122 0.8 0.192 0.81 0.142 06 0.18 046 026% 009 0.05° 114 0.432 2.35 0.13 12.56  0.006 9.72 0.02
Allo-ocimene 1137 1128 0.06 0.04 0.15 0.12 0.27 0.12 0.16 0.07 0.07 0.05 0.25 0.19 022 017 0.09 0.06 0.12 0.73 2.39 0.50 0.78 0.85
Camphor* 1151 1141 295 263 0.98 0.61 1.08 0.91 1.54 0.93 0.35 0.18 019 0.1 0.69 0.62 0.86 0.67 3.04 0.08 1.30 0.73 0.25 0.97
Borneol 1175 1165 091 0.34 054 0.12 059 0.10 0.63 0.12 0.69 0.24 1.81 1.23 0.61 0.15 132 0.55 1.03 0.31 1.28 0.73 257 0.46
Terpinen-4-ol 1185 1174 2.61 249 0.08 0.03 0.11 0.04 0.12 0.03 0.26 0.15 0.08 0.04 0.03 0.02 0.17 0.07 0.68 0.41 5.26 0.15 1.52 0.68
Linalyl acetate* 1260 1254 166 0432 270 093 338 098 329 065° 302 1522 141 0.97° 0.29 0.18° 3.77 1.34* 1216 <0.001 1556 0.001  21.07 <0.001
Lavandulyl acetate 1278 1288 trace trace trace trace trace trace trace trace
Bornyl acetate 1278 1287 trace trace trace trace trace trace trace trace
Sesquiterpenes
a-santalene* 1433 1416 010 003* 0.18 0042 025 006® 032 007° 026 010® 0.00 0.00° 0.00 0.00¢ 0.30 0.102 5.35 0.02 18.78 <0.001 17.59 <0.001
(E)b-caryophyllene* 1435 1417 0.33 0.072 1.09 0.712 0.54 0.152 0.64 0.122 0.48 0.162 0.00 0.00P 0.00 0.00P 0.44 0.192 14.14 <0.001 4.92 0.18 11.61 <0.001
Aliphatics
(2)-hex-3-enyl acetate 1010 1004 0.01 0.00 0.01 0.00 0.03 0.02 0.005 0.001 0.14 0.13 0.03 0.02 0.01 0.01 0.01 0.00 1.27 0.26 2.04 0.56 3.14 0.37
2-ethylhexanol 1034 1035 3.25 3.05 0.37 0.25 0.07 0.03 0.15 0.11 0.68 0.62 042 0.30 0.68 0.53 0.05 0.04 0.008 0.93 2.93 0.40 1.92 0.59
Nonanal* 1108 1104 0.31 0.23 0.06 0.03 0.07 0.03 0.08 0.03 0.13 0.23 0.05 0.03 0.06 0.03 0.08 0.04 0.50 0.48 454 0.21 0.93 0.82
Oct-1-en-3-yl acetate 1115 1110 0.08 0.04* 0.33 0.122° 0.48 0.38° 062 017" 028 0.16% 048 0.38 032 0.16% 054 0.212 0.17 0.68 9.49 0.02 2.53 0.47
Octanoic acid 1188 1167 trace trace trace trace trace trace trace trace trace
Decanal* 1207 1203 0.004 0.002 0.05 0.03 0.004 0.002 0.01 0.003 0.01 0.00 0.02 0.01 0.02 0.01 0.01 0.00 0.006 0.94 6.73 0.08 3.11 0.38
Dodecanal* 1411 1408 0.66 0.272 0.94 0.162 0.53 0.142 0.66 0.04 0.68 0128 203 068> 1.13 0.34° 074 021 545 0.02 13.47  0.004 3.86 0.28
Dodecanol* 1478 1469 091 0.48 0.44 0.07 0.4 0.08 0.38 0.08 0.27 0.06 133 0.87 0.38 0.22 0.34 0.08 0.21 0.64 3.72 0.29 531 0.15
Pentadecane* 1502 1500 0.07 0.06 0.008 0.008 0.04 0.02 0.02 0.01 0.03 0.02 0.03 0.02 0.09 0.04 0.10 0.04 1.66 0.50 2.99 0.18 3.83 0.95
(Continued)
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0.64

18.6 4.69% 4.38 0.04 472 019 168

2.40P

9.74

18.86 7.912°
standard error in ng/min/g of dry biomass per individual. In addition, results of the linear models are presented for each VOC. Bold numbers correspond to statistically signi®cant p-values

15.85 3.63% 17.06 3.532 1826 3.028 17.42 555%

23.39%

41.89

Total

We present the means

(p < 0.05) and modalities that are associated with different letters are signi®cantly different. CalcRI means 2Calculated Retention Index?; LitRl means 2Literature Retention Index&dirons (2007) 2trace® means that
VOCs were present in the chromatogram but not quanti®able. The purple plant corresponds to lavenders that were not subject tg €posure and the red plant corresponds to lavenders that were exposed to 200 ppb

0O3. Mean dry weight of lavender was 2.66 0.71 g.

*ldenti®cation based on authentic standards (seBupplementary Figure 1 ).

t, VOCs collection time; df, degrees of freedom.

monoterpenes were the family of compounds most represented
in terms of concentrations and number of compounds.

Volatile Organic Compounds Estimated

Concentrations and Proportions in Control

Conditions

The control conditions (0 ppb) provided information about
the expected chemical proble &f angustifoliain normal
conditions without ozone exposure. For all control samples
(N = 40), limonene was the major compound (control sample
mean SE: 24.4 15.49% of the total of VOCs emitted
and 22.68 6.88 ng/min/g of dry biomass), owing to its high
estimated concentration at t0 (19.42 15.29 ng/min/g of dry
biomass), followed by linalyl acetate (11.96.7% of the total
VOCs emitted by control plants and 2.76 0.58 ng/min/g of

dry biomass), which dominated the odor bouquet of all the
control samples except at t0. Camphor (7.08.74%), o-cymene
(6.53 0.74%) and 1,8-cineole (5.1 3.38%) were the other
most abundant compounds, each of them being present at around
1.45 0.18 ng/min/g of dry biomass on averagable 1). Each

of the other VOCs were present at less than 6% on average of
the total blend.

Effects of Ozone Treatment and Time of Day on

Volatile Organic Compounds Estimated

Concentrations

Both O; treatment and time of day alected the estimated
concentrations of emitted VOCs. Of the 34 VOCs in the chamber,
concentrations of 10 VOCs were signibcantly alected by one
or both of these factors (linear models, at least one signibcant
p-value, i.e.p < 0.02, per VOCTable 1). Signibcant decreases

in the estimated concentrations of monoterpenaspjnene, (Z)

and (E)b-ocimene, linalool, linalyl acetate, and p-cymene] and of
two sesquiterpenesfsantalene and (Ep-caryophyllene] were
observed when the plants were exposed to 200 pplioD3 h
or5h (p 0.02) Table 7). The concentration of only one
compound, dodecanal, increased signibcantly when plants were
exposed to 200 ppb £for 3 h (Qozone:t10) compared to the
corresponding control (Ocontrol:t1()% 0.02). There were no
signibcant dilerences between the estimated concentrations of
dilerent VOCs of lavender plants that after a 5 h exposure were
no longer ozonated (Oozone:t30), and the corresponding control
plants (Ocontrol:t30).

Incidentally, this experiment also showed, apparently for
the Prst time, that emission of VOCs by Rowering lavender
varied over the course of the day. Concentrationagpinene
decreased over the day, while estimated concentrations of
p-cymene, 1,8-cineole, (Z) and (B)ecimene, linalyl acetate,
oct-1-en-3-yl acetate and-santalene increaseddble 1). The
total concentration of VOCs emitted by RBowering lavender was
alected only by the @ treatment ¢ = 0.04) and not by the time
of the day or the interaction of these two factops< 0.19 and
p = 0.64, respectivelylable 1). Pairwise comparisons revealed
only one signibcant dilerence: the total VOCs concentration of
lavenders ozonated for 5 h (Oozone:t20) was signibcantly lower
than in the corresponding control (Ocontrol:t20).
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FIGURE 3 | Partial Redundancy Analysis (pbRDA) score plot from the constrained Principal Component Analysis of the relative proportions of “owering lavender
volatile organic compounds (VOCs) in chambers as a function of treatment and time of day for experimen{A) and the associated correlation circlegB). Red

symbols on the score plot correspond to the odor bouquet of 20zone® lavenders, purple symbols correspond to that of 2control® lavenders; and symbols indicate the
time of the VOCs collection in the chambers (circle = t0, triangle = t1, square = t2, cross = t3). Groups with different letters next to the barycenters show statistically
signi®cant different chemical pro®les, as detailed in talffe), presenting the p-values of the permutation test assessing pairwise comparisons for different modalities
of the treatment and time. Signi®cant differencep (< 0.05) are indicated in bold.

Effects of Ozone Treatment and Time of Day on the time of day and their interaction on the relative proportions of
Relative Proportions of Volatile Organic Compounds VOCs. A total of 82% of the constrained variance is explained
Because estimated concentrations of dilerent VOCs wekg the brst and the second components of the PCA (67.50
alected both by @ exposure and by time of day, their relativeand 14.44%, respectively). As previously shown by the pairwise
proportions also changed duringg@xposure. The @treatment comparisons, three groups appear on this PCA. First, the elect
(0 vs. 200 ppb ozone), time of day (t0, t1, t2, and t3) angftime of day can be observed on the second component, where
their interaction together explained 20% of this variability insamples collected in the morning and mid-day (t0 and t1) were
relative proportions of VOCs, as shown by the multivariate lineafompletely separated from those collected in the afternoon (t2
regression analysigigure 3. The random factor Opair of plantsGind t3). Second, the elect of thes@reatment is clearly observed
explained 4.9% of the variation. The relative proportions of VOG# the brst component. Samples collected when lavender plants
varied signiPcantly betweerg@eatments (permutation tesk1;  were ozonated for 3 and 5 h (Oozone:t10 and Oozone:t20) were
71=4.53,p = 0.001) and among times of day (permutation testyositively correlated with the brst component, in contrast to those
Fs, 71= 3.04,p = 0.001), and the interaction of the two factorscollected in control chambers and with plants that were no longer
was also signiPcant (permutation tesg 71 = 1.74,p = 0.008). ozonated (Oozone:t30), which were negatively correlated with the
Regarding diurnal variation, pairwise comparisons detectgskst component.

signibcant dilerences in relative proportions of VOCs emitted The correlation circle of the constrained PCKigure 3B

by lavender plants from the morning to the afternoon (from tOnighlights the VOCs correlated individually with the Prst

to t3) between the control groupg=igure 3C). Moreover, the or the second component at the threshold of 30% and
relative proportions of VOCs in chambers with plants exposeshows which compounds were alected by the dilerent

to O for 3 h (Oozone:t10) and 5 h (Oozone:t20) were signibcarpgrimental conditions. Linalool, (Z)- and (Byocimene,
dilerent from those in all other groups (respectivaly< 0.012 (E)-b-caryophyllene, a-santalene, and linalyl acetate were
andp < 0.002). The pRDA score plot from the constrained PCAssociated with control plants and with previously exposed
(Figure 3A) shows the signibPcant elects of ozone treatmenplants (Oozone:t30). In contrast, dodecanol, p-cymene, decanal,
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FIGURE 4 | Relative proportions of volatile organic compounds (VOCs) emitted by “owering lavenders in experiment 1 exposed to 0 pph @r 5 h (right) vs.
proportions of VOCs emitted by “owering lavenders exposed to 200 ppb @ for 5 h (left). Mean standard error per individual of the relative proportions of VOCs
emitted by 10 plants without O3 in the chamber and by 10 plants exposed to 200 ppb Q for 5 h.

dodecanal, pentadecane, an unknown compound and Effects of [O 3] on the Quantities of Volatile Organic
ethylhexanol were positively correlated with the Prst componerCompounds in the Reactor
suggesting that their proportions were higher in plants tharhe [Og] in the reactor signibcantly alected the variation index
sustained exposure to 200 ppb of @r 3 and 5 h (Oozone:t1Qof 16 VOCs among the 23 VOCs quantibed in the chemical
and Oozone:t20). In fact, compared to control plants, in plamtend (Figure 5. The remaining seven VOCs did not vary
ozonated at 200 ppb for 5 h (Oozone:t20), linalyl acetate wasigaibcantly with increasing [§): borneol &2 = 4.92,p = 0.3),
longer the major compound in the scent bouquet, being replaceémphene X2 = 2.48,p = 0.65), camphor¥2 = 1, p = 0.91),
by dodecanal and limoneneFigure 4). Regarding diurnal o-cymene %% = 5.88,p = 0.21), p-cymenex? = 8.41,p = 0.08),
variation, geranyl acetone, 1,8-cineole and oct-1-en-3-yl acetai¢ unknown compound X2 = 4.8, p = 0.31) and undecanal
were positively correlated with the second component, indicating? = 6.09,p = 0.19). Linear models revealed a signibcant elect of
that their proportions were higher in odor bouquets of plantghe [Os] on the variation index of VOCs. Pairwise comparisons
sampled in the afternoon, whereasinene was presentin higher highlighted once again signibcant decreases in the quantities
proportion in odor bouquets of plants sampled in the morning. of monoterpenes [(Z)- and (Ep-ocimene, linalool, linalyl
acetate, limonene, myrcena;pinene, 1,8-cineole, and bornyl
acetate], of one aliphatic compound (1-octen-3-ol acetate) and

Experiment 2: Effects of Different [O 3] on of some sesquiterpenes [(B)earyophyllenea-santalene, and

Flowering Lavender Volatile Organic caryophyllene oxide] when VOCs were ozonat&ig(re 5A),
Compounds while estimated concentrations of dodecanal and decanal

) . increased signibcantlyFigure 5B).
In this experiment, plants were not ozonated. Only the VOCs, Quantities of decanal, dodecanal, the unknown compound

after their emission by the plant, were exposed toWe detected anq geranyl acetone were signibcantly negatively correlated
35 VOCs in the reactor chamber, of which 23 could be quantiPgg, quantities of some monoterpenes and sesquiterpenes of
and 12 were present only as traces. the bouquets [mostly linalyl acetate, bornyl acetate, borneol, 1-
octen-3-ol acetate, (Z) and (Brocimene] Figure 6, r < 0.4,
p < 0.05). These results conbPrm the assumption that dilerent
Volatile Organic Compounds Proportions in Control VOCs emitted by plants react dilerentially with4£and may form
Conditions new VOCs in the odor bouquet.
In control conditions (0 ppb in the reactor), among the VOCs
detected in the reactor chamber, terpenes were still the mdsffects of [O 3] on the Proportions of Volatile Organic
represented family (43.94% of the total blend), with linalyl acetat@ompounds in the Reactor
being the main monoterpene, comprising 21.04.5.22% of the The [O3] in the reactor had a signibcant elect on variation of
total blend Supplementary Table L the relative proportions of VOCs (permutation teBl; 16 =5.03,
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FIGURE 5 | Effects of exposure to increasing [@] in experiment 2 on the volatile organic compounds (VOCSs) variation index (meanstandard error). PanelA) lists
VOCs whose variation index signi®cantly decreased with {{) (B) panel lists VOCs whose variation index increased signi®cantly with increasing[@Purple, yellow,
orange, red, and brown colors correspond, respectively to an [@)] exposure of 0, 40, 80, 120, and 200 ppb. For each VOC, results of the linear models are
presented and values of the variation index with different letters indicate statistically signi®cant difference in pairwise comparisprs 0.05).

p = 0.001). Twenty-nine percent of the total variation of relativ@roportions were higher in the control odor bouquet than in
proportions of VOCs was explained by the{J0, 40, 80, 120, ozonated onesupplementary Table L The second component
and 200 ppb) in the redundancy analysis. Forty-eight percent the pRDA clearly separates the chemical probles as a function
of this variation was explained by the random factor (plantspf the value of increasing [§). There was a gradient from VOCs
Pairwise comparisons showed that the relative proportions ekposed to 40 ppb with a positive score on the axis to VOCs
VOCs were signibcantly dilerent between the non-ozonateexposed to 200 ppb with a negative score on the axis. Undecanal
VOCs (0 ppb) and all the ozonated VOCs, irrespective of thend 1-octen-3-ol acetate were negatively correlated with the
[O3] applied @ < 0.04). Among the ozonated samples, theecond component and were associated with samples ozonated
proportions of dilerent VOCs were not signibcantly dilerent at high [Og] (at 80 ppb and higher valuesirigure 7B).
among treatments(> 0.08), except between the 40 and 200 ppb
treatments p = 0.04).

The signibcant elect of [@] on the relative proportions of DISCUSSION
VOCs in the reactor is clearly illustrated in the pRDA score
plot from the constrained PCARigure 7A). A total of 96% of This study expands our knowledge of VOCs emission in
the constrained variance was explained by the brst and secdrayandula angustifolisand also provides important insights
components of the PCA (92 and 4%, respectively). The elect ofi the impact of high [Q] episodes on chemical signals
[O3] can be observed on the brst component, where ozonatedhitted by Bowers.
samples were positively correlated with this component, in In this study, we created a new experimental device allowing
contrast to non-ozonated controls, which were negativelglants to be exposed to dilerent [§) during several hours
correlated. On the correlation circle of the constrained PCAjnder controlled conditions (light, ventilation, temperature
camphor, decanal, dodecanal, o-cymene, p-cymene, campheare] humidity). Our results on the control emissions attest
borneol, 1,8-cineole, geranyl acetomepinene, and unknown to the validity of our method. In our study, the chemical
compound were positively correlated with the Prst componertomposition ofL. angustifoliacv. ODivaO included more than 30
(Figure 7B): their relative proportions were higher in the VOCs, dominated by oxygenated monoterpenes (linalyl acetate,
ozonated odor bouquets than in control oneSupplementary camphor, 1,8-cineole), other monoterpenes (myrcene, limonene,
Table 1). On the contrary, (Z)- and (Ej3-ocimene a-santalene, linalool, and o- and p-cymene) and sesquiterpereesdntalene
(E)-b-caryophyllene, myrcene, linalool, and caryophyllene oxidend (E)b-caryophyllene]. The chemical composition of our
were negatively correlated with the Prst component; theplants was similar to what has been reported in a recent
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