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Highlight

* L. angustifolia and L. x intermedia featured a drought-tolerant strategy toward water
stress

* L. angustifolia is more tolerant to water stress than L. x intermedia

* Some particular compounds such as bornyl acetate could be considered as defense
compounds

*  Water stress could be a treat to the quantity and the quality of essential oil

* The varieties Sumian and Rapido are the best candidates for cultivation under water
stress
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Abstract

Essential oils from Lavandula angustifolia Mill. and Lavandula x intermedia Emeric x Loisel
composed of concentrated terpene mixtures, and are highly produced due to their economic
value. In the Mediterranean area, the production is threatened by the increasing frequency and
intensity of drought events, leading to the loss of crops. Thus, we aimed to evaluate the
response to water stress and the tolerance of the main French cultivated varieties of L.
angustifolia and L. x intermedia during flowering period, based on the response of their
primary metabolic traits (e.g. growth, photosynthesis, stomatal conductance) and specialized
metabolic traits (terpene storage and emissions related to the plant defense system). Two
treatments were applied: a control where plants received 300 mL every day (=75 % of
substrate field capacity) and a stress where plants received 100 mL every two days (=25 % of
substrate field capacity). Our results showed that both species featured a drought-tolerant
strategy to cope with water stress with a more competitive strategy in L. angustifolia. Water
deficit modified the amounts of stored terpenes in both species which could be economically
harmful for the sector related to essential oil production. Moreover, some compounds such as
bornyl acetate were highlighted as potential defense compounds. The study also highlighted
that the varieties ‘Rapido’ (L. angustifolia), arecent variety developed in France, and

‘Sumian’ (L. x intermedia), could be the best candidates to cultivate under intense drought.

Keywords: L. angustifolia, L. x intermedia, abiotic stress, sensitivity, terpenes, water stress
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1. Introduction

For several centuries, fine lavender has been part of the rural economy of the dry mountains
of Provence, where lavenders naturally occur (Guitton 2010). Their economic value is mainly
explained by the vast amounts of terpenes they accumulate in the aerial parts which allows
production of lavender essential oil (EO) after distillation. The lavender EO production was
developed with the rise of the perfume industry in Grasse (South of France) during the 18%
and 19" centuries. Nowadays, the increasing use of lavender EO (e.g. perfumery,
phytotherapy, laundry industries) entails their massive cultivation in France and other
countries (Bulgaria, China). Two principal lavender species, originating from the South of
France, are cultivated worldwide for their EO: Lavandula angustifolia Mill. (called true
lavender or fine lavender) and a natural and sterile hybrid, Lavandula x intermedia Emeric ex
Loisel (called lavandin), which is a cross between two Lavandula species: L.
angustifolia subsp. angustifolia Mill. and L. latifolia Medik. At the global scale, lavender and
lavandin EO from France represented respectively 26 % and 95 % of the world market in
2016 (Giray 2018).

These EO are complex mixture of hundreds of monoterpenes and sesquiterpenes stored in
glandular trichomes, like in other Lamiaceae species (Park et al. 2016). These specialized
structures of the epidermis are abundant on leaves and on calices of inflorescences. The main
compounds of lavender EO are linalool and its ester linalyl acetate, which represent more than
half of the total EO content. Quality and yield of the EO depend on the genotype and the
environmental conditions (Aprotosoaie et al. 2017).

Since the severe drought in 2003 (Ciais et al. 2005), French plantations experience an excess
of mortality due to the combination of both intense and long-lasting drought periods and the
worsening symptoms of yellow disease. This disease is due to the Stolbur phytoplasma, a

bacteria without cell wall living in plant phloem (Christensen et al. 2005; Sémétey et al.
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2018). and whose main vector is the phloem-sucking leathopper Hyalesthes obsoletus Sign.
(Weintraub & Beanland 2006). Typical symptoms of the yellow disease include progressive
leaf yellowing (or chlorosis), drying and eventually death.

Those symptoms can be intensified during summer water deficit, typical in the Mediterranean
region. Climatic models predict an intensification of water deficit in this area consisting of an
average increase of the annual mean temperature by 3.4 °C and, an elongation of the water
deficit period by 2100 resulting in a 30 % decrease of summer natural rainfall (Giorgi &
Lionello 2008; Christensen et al. 2013; Polade et al. 2014). This intensification disturbs
primary metabolic processes including limitation of the stomata aperture and thus carbon
assimilation in the short term (days) (Chaves et al. 2009) and growth in the middle term
(weeks, months). Limited carbon assimilation can also affect (at short and middle time scales)
specialized metabolic processes such as terpene metabolism which provides defenses for the
plant against numerous environmental constraints (read hereafter). Water deficit modifies
both, terpene storage or concentration within plant organs (Llusia & Pefiuelas 1998; Delfine et
al. 2005) and terpene emissions from those organs (Yani et al. 1993; Ormeno et al. 2007,
Llusia et al. 2009; Saunier et al. 2017) which impacts plant health and interaction with its
environment.

On the one hand, increasing terpene concentration within plant organs contributes to plant
protection against biotic pressures (pathogen attack, herbivorous feeding), due to the
decreased palatability, or increased toxicity of plants when ingested by herbivores (Bassolé &
Juliani 2012). On the other hand, emitted and stored terpenes are involved in plant defense
against the oxidative pressure generated by abiotic and biotic pressures (Vickers et al. 2009).
Terpenes limit cell oxidation both, directly - as scavengers of reactive oxygen species
(Vickers et al. 2009; Velikova et al. 2011) - and more likely indirectly since their synthesis

allows getting rid of the energy excess (Ormeio et al. 2020). This energy excess occurs when
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photosynthesis is strongly limited and terpene affinity for lipid tissues contributes to
restructuring damaged thylakoid membranes (Sharkey & Monson 2017; Ormeio et al. 2020).
Furthermore, it has been shown on several Lamiaceae species that water stress induced
changes in terpene content suggesting a role in plant protection to cope water scarcity. For
example, Mahdavi et al. (2020) found differences between sensitive and tolerant cultivars of
Thymus vulgaris L. The sensitive plants presented a trade-off between growth and defense
whereas tolerant ones exhibited increases of a-phellandrene, o-cymene, y-terpinene and [-
caryophyelene concentrations. In Ocimum basilicum L., some water stress-tolerant varieties
showed accumulation of terpenes in response to water stress (Kalamartzis et al. 2020). These
examples suggest that terpenes may contribute to cope with water stress in Lamiaceae.

To cope with future climatic evolution in the Mediterranean area, assessing which lavender
varieties are more naturally resistant to drought is of crucial economic and ecological interest.
Cultivation of the most drought-resistant cultivars could also be a way to minimize the
combined effect of water stress and yellow disease. Varieties with little resistance to drought
would probably be less competitive to face the concomitant action of both pressures.

In the present study, we investigated the capacity of the principal varieties of L. angustifolia
and L. x intermedia cultivated in Southern France to cope with water deficit through changes
in their i) primary metabolic traits (e.g. stomatal conductance, net photosynthesis,
transpiration) and growth (estimated through floral and foliar biomasses and leaf mass area
ratio), ii) specialized metabolic traits through terpene storage (floral and foliar terpene
content) and emissions of entire individuals, iii) plasticity of primary and specialized
metabolic traits. Based on those responses, we highlighted the most resistant varieties to water
deficit which would be the most appropriate varieties to cultivate in the Mediterranean area
for a sustainable production of EO. We hypothesized that L. angustifolia and L. x intermedia

would exhibit different strategies in front of water deficit according to primary and
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specialized metabolic traits and that some terpenes would be highly accumulated under water

stress and could act as defense compounds.

2. Material and methods

2.1. Plant material

The two lavender species that represent the highest tonnages in terms of EO production
worldwide were used in this study: the true lavender L. angustifolia and its sterile hybrid, the
lavandin L. x intermedia. Within each species, we chose the most cultivated varieties (also
called cultivars) in France together with more recent ones (Diva, Rapido, Sara) selected for
their tolerance to both, water stress and yellow disease as observed by the CRIEPPAM
(Centre Régionalisé Interprofessionnel d’Expérimentation en Plantes a Parfum Aromatiques
et Médicinales). Six varieties of L. angustifolia and five varieties of L. x intermedia were used
with respectively: CDROS, Matheronne, 77-13, Diva, Rapido and Sara; Abrial, Grosso,
Grosso ada, Grosso certitude and Sumian (Table 1). These cultivars corresponded to clonal
plants obtained by cutting except Rapido and Sara which corresponded to synthetic
populations obtained by breeding of 7 parental plants.

All plants were 1-year-old, provided by the CRIEPPAM and certified healthy plants (i.e. not
infected by yellow disease). They were grown in 1.2 L pots with a soil composed of 1/3 sand
and 2/3 brown soil. Plants were placed in a greenhouse with an average temperature ranging
between 16-18 °C/30-35 °C (night/day respectively) and an average air relative humidity
ranging between 75-85 %/35-50 % (night/day respectively). Climatic conditions inside the
greenhouse were recorded with a datalogger (HOBO U12-012, Onset, USA). The watering
treatment began at TO. TO corresponds to the morphological stage of elongation of floral

stems. At this stage, we found no significant difference for diameters, height, the number of
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floral stems and the volume of aerial parts (see figure S1 in supplementary files) indicating
that all plants were at a similar phenological stage when the experiment started.

The control treatment (C) consisted of plant watering every day with 300 mL water
corresponding to 75 % of substrate field capacity (FC), that is, the maximal water retention
capacity of the substrate, previously measured according to Veihmeyer and Hendrickson
(1949). The drought stress treatment (S) consisted of supplying 100 mL water every 2 days,
corresponding to 25 % of FC. Due to phenological stage heterogeneity at T1 and T2 (see
below), water treatment started on May 17" 2013 for L. angustifolia varieties and May 24"
2013 for L. x intermedia varieties, and ended, for both species, on July 2272013 (Fig. 1).
Physiological and metabolic traits were measured under these two watering treatments over
the two phenological stages, T1 and T2: T1 is the stage where 50 % of flowers were opened
when the inflorescences are traditionally harvested to produce EO and T2 corresponds to the
fructification stage (and the end of the experimentation). To catch up those stages,
measurements during T1 on L. angustifolia took place from June 10" to July 4" 2013 while
measurements on L. x intermedia were performed from June 19" to July 4™ 2013 since
flowering occurred 1 week later in this second species. For both species, T2 was comprised
between 9" 22" July 2013. Because measures were destructive, we used a total of 20 plants
per variety to reach n=5 samples per measurement session and treatment. Different
experiments on clonal and populations of L. angustifolia showed that sampling 3-5 plants per
variety gave a good level of inter individual variability allowing to compare several varieties
(Guitton 2010; Despinasse et al. 2020). Thus, a total of 220 plants were analyzed during the

experiment.
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2.2. Dynamic enclosures at the entire plant-scale
Dynamic enclosures were used for monitoring gas exchanges of CO», H>O and terpene
emissions as fully described in Genard-Zielinski et al. (2015) with slight modifications as
described in Saunier et al. (2017). Each entire plant together with the pot was introduced in
the enclosure 1 h prior to measurements. Each enclosure was =~ 30 L volume and consisted of
a PTFE (polytetrafluoroethylene) frame closed by a 50 um thick PTFE film (for a picture; see
Ormefio et al. 2020). At least 2 h before enclosure, the substrate and the pot of each plant
were surrounded with a PTFE sheet to avoid substrate/pot emissions and minimize stem
handling/mechanical stress during enclosure (Ormeno et al. 2010). Air inside the chamber

was renewed every 3 min thanks to an airflow of 9 L min!

using a PTFE pump
(N840.1.2FT.18, KNF®, Germany). Biogenic volatile organic compounds (BVOCs) were
removed from the inlet air using activated charcoal and ozone was also removed from inlet air
by placing PTFEfilters impregnated with sodium thiosulfate (Na2S>03, Sigma®) according to
Pollmann et al. (2005) as applied in numerous BVOC-related studies (Ormeno et al. 2010;
Fares et al. 2012; Saunier et al. 2017). A PTFE fan, placed inside the chamber, ensured a
rapid mixing of the air. All measurements were performed in the laboratory under fixed
Photosynthetically Active Radiation (PAR) (1000 + 200 umol m? s') - provided by a 400 W

light bulb (HQI-BT 400W/D Daylight E40, Osram, Germany) placed over each enclosure

system - and constant room temperature (30 °C £ 2 °C).

2.3. CO2 and H20 exchanges
Exchanges of CO> and H>O from the enclosed plants were monitored every minute using two
InfraRed Gas Analysers (IRGA 840A, LI-COR, USA), placed at the air inlet and air outlet,
respectively. All gas exchanges were averaged between 12:00 and 15:00 (local time) when

plants were the most physiologically active. Net photosynthesis (Pn, umolCO> m=2 s7'),
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stomatal conductance to water (Gw, mmolH>O m~2s™") and transpiration (E, mmolH,0 m? s’
1) were calculated using equations described by Von Caemmerer and Farquhar (1981) as

detailed in Genard-Zielinski et al. (2015).

2.4. Terpene emissions
After one hour of air homogenization, terpene emissions were collected in pre-conditioned
cartridges placed at the outlet of the dynamic enclosure chamber. Cartridges contained 2
absorbents: Tenax TA (50 mg, Agilent technologies) and Carbotrap B (120 mg, Sigma-
Aldrich). Collection took place for 5 min with an air flow of 0.3 L min'!. One cartridge was
sampled for each plant. After collection, cartridges were stored at -20 °C before analysis.

Blanks at the inlet air allowed to periodically check for VOC scrubber efficiency.

2.5. Growth and water potential
Once gas exchanges (CO», H»O) and terpene emission collection had been studied,
measurements of growth were carried out. Growth was characterized through three traits
including total dry foliar biomass, total dry floral biomass, and leaf mass per area ratio (LMA,
g m?). LMA, a proxy of leaf density, was measured using 10 leaves per individual. The
surface of each fresh leaf was measured with a leaf area meter (AM350, ADC Bioscientific
Ltd., UK). Dry mass of leaves and inflorescences were measured by weighting after oven-
drying at 70 °C for 2 days. The average ratio between leaf dry mass and surface was thereby

calculated for each plant to obtain the LMA.



222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

Lavender sensitivity to water stress

Stem water potential () was measured at midday with a Scholander pressure chamber (PMS
instrument Co., USA, range : 0- 7 MPa). Measurements were carried out using 2 stems by
individual. A third measurement was performed only when the difference between the two

values was higher than -0.3 MPa.

2.6. Terpene content in leaves and inflorescences

Leaves and inflorescences were collected after gas exchange measurements and immediately
frozen in liquid nitrogen. They were then stored at -80 °C until terpene extractions were
carried out in the laboratory. Terpenes extraction from leaves were carried out according to
(Ormeno et al. 2007) with slight modifications (read hereafter) and according to Guitton
(2010) for inflorescences.

For both, inflorescence and leaf terpenes, methyl undecanoate (12ng.uL!) was used as
internal standard and added to the extraction solvent. After the extraction, leaves and
inflorescences were collected and oven-dried for 2 days at 70 °C after solvent evaporation in
order to express results in a terpene mass per dry mass basis. The total terpene content

corresponded to the sum of the quantity of each terpene.

2.7. Terpene analysis by GC-MS
Analyses of terpene emissions from entire plants were performed by Gas Chromatography
(GC, model 6890N, Agilent technology) coupled with a Mass Selective Detector (MSD,
model 5973, Agilent Technology) after thermodesorption (TDS3, Gerstel). Analyses of leaf
terpene content were performed by GC (model 7890B, Agilent technology) coupled with an
MSD (model 5977A, Agilent Technology) using an injection volume of 1 pL in splitless
mode. For both analyses, the column used was an HP5-MS (30 m, Agilent Technology) and

1

the carrier gas was helium at a flow rate of 1 mL min~". The chromatographic program was

10
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fixed, for both analyses, as follows : 40 °C at the beginning of the run and maintained during
5 min. The temperature rate was set to 3 °C min! to reach 245 °C, then 7 °C min™' to reach
300 °C. This maximal temperature was maintained during 7 min to clean to column.

For the inflorescence terpene content, compounds were separated and analysed by GC
(Agilent 6850 equipment) using a 30 m long capillary DB-5MS coupled with a MSD (model
5973, Agilent Technology). Chromatographic conditions were as follows: helium was used as
the carrier gas at a flow rate of 1.2 mL min~'; oven was set at 40 °C after injection followed
by a 3 °C min™! temperature ramp to 245 °C. Temperature was then hold at 245 °C for 4 min;
the injection volume was 2 pL in split mode with a 2:1 split ratio.

Compound identification was checked through the injection of analytical standards (Sigma-
Aldrich), the calculation of Kovats index (using the alkane series Cg-Ca0) and the comparison
of experimental mass spectra to the NIST and Wiley databases and with MSeasy (R package,
Nicole et al. 2012) as previously described for Lavandula species (Guitton et al. 2018;

Despinasse et al. 2020) or other Mediterranean plants (Ormeno et al. 2009).

2.8. Statistical analyses

Statistical data analyses were performed with R (version 3.3.2). First, we compared the
species (with merged varieties within each species) to determine their global strategy to cope
with water stress. Second, we analysed the differences among varieties to highlight the most
resistant to water stress.

The effect of phenology (T1 and T2), treatment (control and stress), species (varieties
merged) and their interaction were tested on all primary and specialized plant traits using
Redundancy Analysis (RDA) and associated permutation test with 999 permutations (vegan
package) on all measured plant traits. To go further and to determine the major differences

between species to cope with water stress, we tested the effect of species and treatment on

11



272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

Lavender sensitivity to water stress

each parameter separately and within each phenological stage using a two-ways ANOVA
(after validating normality and homoscedasticity) to highlight the main differences between L.
angustifolia and L. x intermedia to cope with water stress. These tests allowed to determine
the effect of a prolonged period of water stress. When pairwise comparisons were needed, a
Tuckey post hoc test was performed. If interactions were occurred, Student tests were
performed to the for the effect of each factor separately. Moreover, the chemical data were
processed separately for each species to highlight the potential role of terpenoids as defense
compounds. The effect of phenology, treatment, and their interaction were tested on each
dataset of terpene composition (leaf, inflorescence, and emission) using RDA. To determine
the effect of water stress on total terpene content (floral and foliar) and total emission, two
ways ANOVA (watering treatment and phenological stages as factors) were
performed followed by a Tuckey post hoc for pairwise comparison. Then, to highlight
potential defense compounds (i.e. compounds showing an accumulation under water stress
through), Partial Least Square — Discriminant Analyses were performed on terpene content

(floral and foliar) and Variable Important for Projection (VIP) scores.

Then, to classify the varieties of L. angustifolia and L. x intermedia according to their
tolerance to water stress, we used the plasticity index (PI). The PI to abiotic factors is an
important parameter to predict plant responses, especially in the context of climate change
(Richter et al. 2012). The PI is a relative difference of trait means across environmental
conditions. To compare the response of varieties to water stress, we calculated the PI on Pn,
dry floral biomass and floral terpene content. The PI was calculated with the following

formula (Valladares er al. 2006; Fernandez et al. 2016):

mean S — mean C

max mean (S or C)

12
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where S stands for water stress treatment and C for the control treatment. The index scales
from -1 to 1 where -1 indicates a maximal effect of the treatment with mean C > mean S; 1
indicates a maximal effect of the treatment with mean S > mean C. An index close to 0
indicates that the treatment has no effect. A negative value of PI indicates a decrease of the
phenotypic response under water stress and consequently, a positive value indicates an
increase of the phenotypic response under water stress. To support the PI, Student tests were
performed on Pn, dry floral biomass and floral terpene content to identify significant
difference between control and treatment. The tests were performed for each variety and

phenological stage.

3. Results

3.1. Differences in primary metabolic traits between L. angustifolia and L. x
intermedia under water stress

The RDA approach allowed to test and visualize the effect of species, phenological stages and
treatment on all measured traits (Fig. 2). The two first axis of the RDA explained more than
80 % of the total variance of the data. The interaction between phenological stage, species and
treatment was significant (F=2.4, P=0.03), with all single factors being also significant (Table
2). Plants were separated between treatments on the axis 1, control plants being on the left
axis side while plants experiencing water stress were on the right axis side. Control plants
were characterized by high values of primary metabolic processes (CO> assimilation, stomatal
aperture, and transpiration) and low values of stem ¥ whereas plants experiencing water
stress showed the opposite pattern. The species effect was on a diagonal axis from the bottom
left to the top right, with L. x intermedia on the bottom left and L. angustifolia on the top
right. L. x intermedia was associated with high floral biomass and high terpene production

(storage and emission) compared to L. angustifolia. The phenological effect was materialized

13
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on the other diagonal from top left to bottom right, except for L. angustifolia control. The
plants at flowering stage were characterized by higher values of Gw, E and Pn. To go further
and highlight the main differences between species to cope with water stress, two-ways
ANOVAs with species and treatment as explaining factors were performed for each
phenological stage on all parameters (Table S1 in supplementary files). ¥, LMA and the foliar
biomass were the three variables with significant interactions between species and treatment.

Y was strongly reduced with water stress but the decrease was stronger for L. x intermedia
between control and stress conditions (from -1.0 to -3.0 MPa for L. angustifolia and from -
0.7 to -2.7 MPa for L. x intermedia, in C and S plants respectively, Fig. 3A and 3B). AtT2, L.
x intermedia had higher LMA than L. angustifolia (Fig. 3C and 3D), but it decreased with
water stress while it increased for L. angustifolia. The response of foliar biomass showed
clear differences between the two species. Water stress reduced more foliar biomass of L. x
intermedia (-37 %, Fig. 3F) than L. angustifolia (-17 %; Fig. 3E). For these three parameters,

L. x intermedia was more impacted by water stress.

3.2. Different impact of water stress on the specialized metabolic traits of L.
angustifolia and L. x intermedia

We detected a total of 42, 54 and 42 compounds in the different chemical profiles (emissions,
floral and foliar terpene content, respectively). Their concentrations for each condition are
detailed in supplementary files (Tables S2 — S7). Total leaf terpene content did not vary with
water stress in either species (Fig. 4A and 4B). The content increased at T2 for L. x
intermedia while it decreased for L. angustifolia. Total floral terpene content decreased
significantly with water stress (at T2 for L. x intermedia and at T1 for L. angustifolia, Fig. 4C

and 4D). Terpene emissions were drastically reduced (~ -80 %) at T2 under water stress for
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both species (Fig. 4E and 4F) while emissions reached the highest values under optimal
watering.

The qualitative variation of the chemical profiles (tested through RDA) revealed that the floral
terpene composition and the chemical profile of emissions were significantly impacted by
water stress while leaf terpene composition was only modified by phenology. Excepting the
terpene emission of L. angustifolia, all terpene compositions differed significantly between
full flowering and end of flowering (Table S8 in supplementary file). To pinpoint the
compounds responsible for the changes in these chemical profiles with water stress, we
performed PLSDA when RDA revealed a significant treatment effect. We selected floral
compounds with the highest VIP scores and focused on those showing an increase of their
concentrations with water stress because they could act more likely as defense compounds
(Table 3, Fig. S2 in supplementary files). For the emissions at T2, none of the terpene
compounds increased with water stress. For L. angustifolia, concentration of some floral
compounds increased with water stress at T2 (o-cymene, p-cymene, bornyl acetate and
piperitone). The strong effect of water stress at T1 on floral terpene content consisted of
decreases in compound abundance. For L. x intermedia, p-cymene, linalool oxide, muurol-5-
en-4-one were highly discriminant and showed higher concentrations at T1 and T2 under
water stress. Moreover, a-cadinol increased in the inflorescences under water stress only at T1
whereas, p-cymen-8-ol was found only at T2. It should be noted that trans-carveol and p-
cymen-8-ol were induced by water stress since they were not detected under control

conditions in L. angustifolia and L. x intermedia, respectively.

3.3. Comparison of water stress-tolerance among varieties
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To allow the comparison of the different varieties in terms of water stress-tolerance, we
calculated the phenotypic plasticity Index (PI) for three traits directly related to the yield of
EO: Pn, floral biomass and floral terpene content (Fig. 5, Table S9 in supplementary files).
All values of PI for Pn were negative independently of the variety and the phenological stage,
indicating a reduction of Pn with water stress (Fig. 5A). At T1, varieties showed values
around -0.4 except CDROS5 and Diva (-0.2) and Grosso and G. ada reached -0.7. All varieties
showed lowest values of PI at T2 except Grosso and G. ada that maintained -0.7. At T2, PI
values were around -0.7 except CDROS5, Diva and Rapido which were at -0.5.

From an agroecology perspective, floral biomass is a crucial parameter as it is directly related
to the yield of essential oil. Almost all varieties showed a negative PI of floral biomass at full
flowering (T1, Fig 5B, Table S10 in supplementary files), indicating decreases of their floral
biomass with water stress (-0.6 < PI < -0.2). Floral biomass of Rapido was not affected and
showed a PI near to 0. CDROS5, Sara, Grosso, Abrial and Sumian showed intermediate
response with PI values around -0.3. At the end of flowering, the floral biomass decrease was
more drastic, except for Rapido and Matheronne (PI = -0.3 and PI = -0.45, respectively). The
floral biomass of Matheronne was similarly impacted by water stress at T1 and T2. Diva, G.
ada and Abrial presented the lowest floral biomass PI, around -0.8, whereas the remaining
varieties showed values around -0.6.

As floral biomass, floral terpene content is also an important parameter related to EO yield.
Only Abrial showed a neutral PI value at T1 (Fig. 5C, Table S11 in supplementary files). The
lowest values were observed for Sara and CDROS5 (PI < -0.4) whereas all the other varieties
showed intermediate values (-0.3 < PI < -0.1). Many varieties showed the same PI values at
T1 and T2. At T2, PI was close to zero in CDRO5 and Sumian and only 77-13 presented a
lower PI value. Surprisingly, at T2, Rapido showed a positive PI value (= 0.4), indicating an

increase of inflorescence terpene content with water stress.
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4. Discussion

4.1. Strategies of L. angustifolia and L. x intermedia to cope with drought

Our results showed that both species, L. angustifolia and L. x intermedia, are affected by
water stress. In terms of gas exchanges, most varieties of both species showed a similar
strategy to cope with water stress consisting of a simultaneous decrease in stomatal
conductance and leaf water potential. This strategy, typical of many drought-tolerant
Mediterranean plants (Levitt 1980; Martinez-Ferri et al. 2000; Barzilai et al. 2021), leads to a
reduction in CO; assimilation which implies a limited functioning of the plant. When water
stress was applied over a period of seven weeks, it implied very low ¥ accompanied by a
dramatic Pn decline in all varieties comparable to those reached in the field in the
Mediterranean area. Our observations are in accordance with previous studies that have
described lavender species, L. angustifolia and L. stoechas L., as moderately tolerant to water
stress compared to other Mediterranean species (Nogués & Baker 2000; Zollinger er al.
2006).

Moreover, L. x intermedia is a hybrid well known to produce more biomass than L.
angustifolia (Lis-Balchin 2002) but such an investment could be an unfavorable strategy
under water stress since less carbon is then available to produce defense compounds (Herms
& Mattson 1992). Leaf biomass production of L. x intermedia was reduced after 1 month of
water stress in contrast to L. angustifolia which is only reduced after 2 months of drought
treatment. Thus, L. x intermedia varieties seemed to be more affected by drought than L.
angustifolia, probably due to their high biomass production of L. angustifolia (Lamacque et

al. 2020).

4.2. Floral terpene production under drought and impact on essential oil quality
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From an ecophysiological perspective, water stress implies an oxidative stress (Reddy et al.
2004; Gill & Tuteja 2010) which plants counteract through numerous mechanisms including
terpene production (emission, storage) (Vickers et al. 2009). Terpenoids have been suggested
to act as antioxidants both directly and indirectly, by reducing ROS formation (Ormefio et al.
2020). A direct antioxidant effect is suspected, whereby terpenoids act as ROS scavengers
(Sharkey & Monson 2017). However, it is more plausible that terpenoid-related ROS
reduction is due to two indirect modes of action. The most supported hypothesis is that
terpenoid production (emission and storage) allows the dissipation of excess energy when
environmental stressors prevent this dissipation through optimal photosynthesis activity. It
has also been indicated that terpenoids stabilize damaged membranes (such as the thylakoid
membrane) because they are localized in damaged lipidic cell structures (Velikova et al.
2011). Our hypothesis was that terpenoid production could increase under water stress as
shown for several Mediterranean species such as Pistacia lentiscus L. (Anacardiaceae, Llusia
& Peiivelas 1998), Cistus monspeliensis L. (Cistaceae, Llusia & Pefiuelas 1998) or
Rosmarinus officinalis L. (now S. rosmarinus, Lamiaceae, Delfine er al. 2005). Nevertheless,
total foliar terpene content did not change with water stress in our study. These results could
be explained by the decrease of net photosynthesis, reducing carbon availability for their
production. These terpenes are stored in glandular trichomes physically protected by
numerous non-glandular trichomes responsible of leaf grey color in lavender. Lavenders
belong to the Lamiaceae family and our results suggest that foliar terpenes were produced in
young leaves before the stress treatment like in other species from this family such as
peppermint (Battaile & Loomis 1961).

Unlike foliar terpenes, floral terpene production was reduced under water stress for both
species. This observation is consistent with results obtained on other Lamiaceae species

(Garcia-Caparrds et al. 2019) or on other varieties of Lavandula latifolia Medik. (Gorgini
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Shabankareh et al. 2021). At the subspecies level, the populational variety Rapido was able to
increase inflorescence terpene content with water stress. This is an important result for
producers. Concerning the quality of EO, a standardized qualitative composition is needed for
each variety. These norms imply less than 20 terpenoids with linalool and linalyl acetate
representing more than 50 % of the EO. The minor compounds are numerous, more than 80
had been detected (Shellie e al. 2002) and they also participate to the olfactory quality of the
oil. L. x intermedia varieties produced two other terpenoids in high proportion, camphor and
1,8-cineol (Lis-Balchin 2002; Guitton 2010). These molecules are undesirable for perfume
industry and decrease the economic value of L. x intermedia EO. Our results indicate that the
major compounds are not modified by the water stress. However, our study highlighted that
some compounds seem to be accumulated in inflorescences while other compounds remained
unchanged or decreased with water stress. For instance, p-cymene and bornyl acetate showed
higher concentrations under water deficit. It has been shown that p-cymene can be produced
by the y-terpinene synthase (Crocoll et al. 2010) and accumulated under mild water stress
(Morshedloo et al. 2017) in Origanum vulgare L. (Lamiaceae). Mohammadi et al. (2018) also
found the increase of p-cymene pathway in Thymus vulgaris L. (Lamiaceae) in response to
water stress. Bornyl acetate, ester of the borneol, is produced in Lavandula spp. by an
enzymatic pathway beginning with a terpene synthase, the bornyl diphosphate synthase
(Landmann et al. 2007; Despinasse et al. 2017), also responsible for the production of
camphor and borneol. Our results suggest that y-terpinene synthase and the bornyl
diphosphate synthase were enhanced under water stress and that those associated compounds
could be considered as water stress defense compounds. In Salvia officinalis L. (Lamiaceae),
expression of the bornyl diphosphate synthase gene was upregulated at the beginning of water
stress and an increase of camphor leaf content was observed during the water stress (Radwan

et al. 2017). Further research is needed to confirm the overexpression of those terpene
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synthases by molecular methods. Compared to our results, the changes in terpenes highlighted
in those studies were clearer. This can be explained by the difference of water stress
application or by the action of other defense compounds such as osmoprotectants and
phenolic compounds (Al-Huqail ez al. 2020) or enzymatic antioxidants (Szekely-Varga et al.
2020) that could also help to cope with water stress.

It seems that water stress, especially when occurring over a long period of time, could reduce
the EO yield (in addition to the decrease in floral biomass production, see below) but also
alter its quality (Chrysargyris et al. 2016), especially if the borneol/camphor pathway is up-
regulated under water stress. Indeed, those compounds depreciate the lavender EO quality
(Aprotosoaie et al. 2017).

Terpene emissions from whole plants also decreased with water stress. As observed for other
Mediterranean species, effect of drought on terpenoid emission are species-specific
(Haberstroh et al. 2018). In this study, these decreases observed in both species could also be
explained by the reduction in net photosynthesis driving to a decrease of carbon availability
for terpene biosynthesis. The stomatal closure could also stop their emission (Niinemets et al.
2004). Besides, the response of terpene emissions to water stress also depends on the type of
compounds. For instance, Ormeno er al. (2007) showed that sesquiterpene emissions
decreased under severe water stress (¥ close to — 4 MPa) in a Lamiaceae species (R.
officinalis, now S. rosmarinus) while monoterpenes remained unchanged. The observed
differences with our study can be explained by the shorter application of water stress (11

days) in Ormeno et al. (2007) compared to 1 or 2 months in our study.

4.3. Different sensitivities to drought according to varieties
Our results also revealed different drought tolerances between L. angustifolia or L. x

intermedia varieties. For instance, varieties CDRO5 and Rapido showed higher values of Pn
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compared to the other varieties. Then, Rapido maintained its floral biomass production at T1
and only a slight decrease was observed at T2. Besides, this variety maintained a high
production of floral terpenes after one month of drought and even increased after two months
of drought. This populational variety has been selected before for its tolerance to water stress
and yellow disease and seems to be a good candidate to cope with climate change (Table 4).
Unfortunately, in our study, this variety produced a small number of inflorescences compared
to the other varieties. The selection of Rapido is recent but this variety presents more
heterozygosis than a clonal variety and probably more genetic potential for stress tolerance
(Pardo 2010). Our results are really encouraging and need to be confirmed under field
conditions. To a lesser extent, Matheronne, which is currently one of the most cultivated
varieties in Southern France (source: CRIEPPAM), could also be a good candidate for EO
production with the context of rapid climate change in the Mediterranean area. This variety
exhibited a higher floral production after 2 months of water deficit application compared to
the other varieties. However, Matheronne is highly sensitive to yellow disease (source:
CRIEPPAM), which could counterbalance its relative high tolerance to water stress.

Even though our results indicated a lesser tolerance to water stress of L. x intermedia
compared to L. angustifolia (because of the higher biomass production of L. x intermedia, see
above), it seems that Abrial and Sumian could be good L. x intermedia candidates in terms of
water stress resistance, especially for a short period of drought (< 1 month). However, like
Matheronne, Abrial is also highly sensitive to yellow disease and has disappeared from
French fields. On the contrary, Sumian appears to be tolerant to yellow disease and it could be
interesting to maintain its cultivation for a sustainable production of EO in the Mediterranean
area (source: CRIEPPAM). In the recent study from Gorgini Shabankareh et al. (2021),
Lavandula stricta, native to Iran, presented the best tolerance to water stress compared to two

Lavandula angustifolia cultivars. The linalool richness of this species could be interesting for
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future breeding program in semi-arid areas. Breeding different Lavandula sp., around
different climatic belts, could be possible due to the large polymorphism of terpene
production in the genus Lavandula (Guitton et al. 2018). Today, the variability of lavender
EO is limited due to industrial purposes and interests. Nevertheless, the natural variability of
the EO depends on genotypes and the environmental factors as recently documented (Bayati
et al. 2020; Faria & Rodrigues 2021). In the context of climate change, the natural variability
of EO from new genotypes or new environmental conditions will have to be evaluated by

scientists and appreciated by consumers.

5. Conclusion

In this study, most varieties responded to water stress with a drought-tolerant strategy by
closing their stomata when leaf water potential dropped, resulting in limited gas exchanges
and floral and foliar biomass productions. Water stress led to an important decrease in terpene
emissions at the whole plant scale, while the floral terpene production decreased less
drastically. Moreover, our results indicated that some terpenes such as borneol and p-cymene
could be considered as defense compounds against water stress, although future mechanistic
tests are necessary to validate this role.

To conclude, based on their drought tolerance, it seems that Rapido and Sumian varieties of L.
angustifolia and L. x intermedia respectively are the best candidates for sustainable
agriculture in the context of climate change. Further investigations are required to validate our
results on Rapido and Sumian under field conditions as well as in conjunction with yellow
disease. Some traits measured in our study could be easily followed at the field scale such as

dry floral biomass and total floral terpene content.
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759  Table 1: Characteristics of the studied varieties according to their known sensitivity or resistance to both yellow disease and drought (Eric
760  Chaisse, CRIEPPAM, pers. com).

Species  Variety name Nature Characteristics Use
(regeneration)
CDRO5 Clone (cuttings) highly sensitive to yellow disease Blue lavender selected for bouquet
<  Matheronne Clone (cuttings) sensitive to yellow disease essential oil
':i 77-13 Clone (cuttings) highly sensitive to yellow disease essential oil
§ Diva Clone (cuttings) recently selected for water stress & yellow disease tolerance essential oil
2 Rapido Population recently selected for water stress & yellow disease tolerance essential oil
E (seed germination)
Sara Population recently selected for water stress & yellow disease tolerance essential oil
(seed germination)
S Abrial Clone (cuttings) highly sensitive to yellow disease essential oil
g Grosso Clone (cuttings) yellow disease tolerant essential oil
S Grosso ada Clone (cuttings) yellow disease tolerant essential oil
~  Grossocertitude ~ Clone (cuttings) yellow disease tolerant essential oil
~  Sumian Clone (cuttings) yellow disease tolerant essential oil
761
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769  Table 2: F and p-value from RDA with treatments, phenological stages and species (all varieties
770  merges) on the whole data set with n=25 and n=30 for L. x intermedia and L. angustifolia,

771  respectively.

Factors F P

Phenological stage 30.1 0.001
Species 59.3 0.001
Treatment 53.1 0.001
Phenological stage x Species 6.1 0.001
Phenological stage x Treatment 10.8 0.001
Species x Treatment 6.0 0.001
Phenological stage x Species x Treatment 2.4 0.03
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Table 3: Compounds showing an accumulation of concentration (mg g') under water stress and highlighted with VIP scores extracted from
PLSDA where C1 is the component 1 and C2 is the component 2. They were highlighted in inflorescences at T1 and T2 for L. x intermedia and
only at T2 for L. angustifolia. Wilcoxon tests were performed to test the differences between treatments with varieties merged (n = 30 for L.
angustifolia, n = 25 for L. x intermedia), *): 0.05 < P < 0.1, *: 0.01 <P < 0.05, **: 0.001< P < 0.01 and ***: P < 0.001. n.d: not detected. Values

represent the mean + SD.

L. angustifolia

Compounds VIP scores C S P-value
—_ o-cymene Cl1:2.6;C2:2.5 0.02 £0.06 02+0.1 wkE
— 2 = p-cymene C1:2.0;C2: 1.9 03:£0.1 0.4£0.2 ke
5 & E trans-carveol Cl1:2.0;C2: 1.9 n.d. 0.04 £0.07 ek
2 E %3 bornyl acetate C1:2.0;C2: 1.7 0.01£0.03 0.1+0.1 ik
< piperitone Cl:1.5;C2:14 0.005+0.025 0.03 £0.06 *
L. x intermedia
Compounds VIP scores C S P-value
linalool oxide Cl:24;C2: 19 0.1£0.2 04+0.2 wE
T g Eo a-cadinol Cl:2.4;C2: 17 14£03 1805 -
= S § =) muurol-5-en-4-one C1:2.0;C2: 1.5 0303 05+0.3 o
p-cymene Cl:14;C2: 1.1 0.01 £0.06 0.1£0.2 k)
muurol-5-en-4-one Cl:2.6;C2: 24 0.1 £0.1 0.5+£0.3 Hakk
E %’ E a p-cymene Cl1:2.2;C2: 2.0 0.01 +0.06 02+0.2 o
é g § =) linalool oxide Cl1:22;C2: 1.9 0.1£0.2 0.5+03 s
Cl: 1.0 n.d. 0.1+£0.2 ®

p-cymen-8-ol
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Table 4: Summary of the response to the main traits used to classify the different varieties according to their resistance to water deficit.
Classification is performed within L. angustifolia and L. x intermedia based on plasticity indices (PI). 7#: PI>0;=:PI=0;N: -03<PI<O0;
NY 0.6 < PI<-0.3; NN PI<-0.6.

Species Varieties Pn Dry floral biomass Total floral terpene content
T1 T2 T1 T2 T1 T2
L. angustifolia Rapido NN NN = N N A
Matheronne NN NNYN NN NN N N

ll

L. x intermedia Sumian NN NN N NN
Abrial NN NNN NN NNN

0
"4
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Figures legends:

Figure 1: Scheme of the experimental design. For each variety of L. angustifolia and L. x
intermedia, TO corresponds to the phenological stage where the floral stem starts to grow, T1
corresponds to the phenological stage where around 50% of flowers are opened and T2 is the
fructification. Measurements on L. angustifolia at T1 were performed between 10 June and 4
July whereas for L. x intermedia, they were performed between 19 June and 4 July.

Measurements at T2 were performed between 9 and 22 July, for both species.

Figure 2: Redundancy Analysis (RDA) was performed on primary metabolic traits (dry foliar
and floral biomasses, LMA, Gw, Pn, E and absolute ¥) and specialized metabolic traits (total
foliar terpene content, total floral terpene content and total terpene emission) according to
phenological stage, treatment and species (all varieties merged). Solid squares represent L.
angustifolia whereas empty squares represent L. x intermedia. Blue represents individuals
under control at T1, green is control at T2, orange is stress at T1 and red is stress at T2. Gas
exchanges are represented in the up left part whereas chemical and growth parameters are

linked to the down left. Absolute values of ¥ are represented at the down right.

Figure 3: Boxplots for water potential (¥, A and B), leaf mass per area (LMA) (C and D) and
dry foliar biomass (E and F) according to treatment and phenological stage for each species
(with all varieties merged). Two-ways ANOVA were performed followed by a Tukey post
hoc test. Asterisks denote the effects of factors with ns: non-significant, *: 0.01 < P < 0.05;
*#*%:0.001 < P < 0.01 and ***: P < 0.001 and a > b. When interaction occurred between
factors, Student test were performed according to treatment for each phenological stage. Bars
represent means + SE with n = 25 and n = 30 for L. x intermedia and L. angustifolia,

respectively.

Figure 4: Boxplots for total foliar terpene content (A and B), total floral terpene content (C
and D) and total terpene emissions (E and F) according to treatment and phenological stage
for each species (with all varieties merged). Two-ways ANOVA followed by a Tuckey post
hoc. Asterisks denote the effects of factors with ns: non-significant, *: 0.01 < P < 0.05; ***: P
< 0.001 and a > b > c¢. When interaction occurred between factors, Student test were
performed according to treatment for each phenological stage. Bars represent means + SE

with n =25 and n = 30 for L. x intermedia and L. angustifolia, respectively
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Figure 5: Plasticity index (PI) performed on net photosynthesis (A), dry floral biomass (B)
and total floral terpene content (C) of the varieties at T1 (squares) and T2 (rounds). A
negative value of PI indicates a decrease of the phenotypic response under water stress and

consequently, a positive value indicates an increase.
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