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SUMMARY

The rose is the most cultivated ornamental plant in the world, and one of the reasons is that its fragrance is
highly pleasant to humans. This raises the question of which volatile organic compounds (VOCs) emitted by
flowers are involved in a rose odor-induced positive emotional response. Here, we invited participants to
smell and rate the perceptual characteristics of roses whose VOCs were quantified. We revealed that (1)
the more rose-specific the flower perception, the more pleasant the smell and (2) the rosy perception is driven
by ionones and to a lesser extent by oxylipins while pleasantness by balanced proportion in the mixture of
ionones, oxylipins, and 2-phenylethanol and derivatives. In the mixture, the proportion of some compounds,
such as aliphatics and phenolic methyl esters, impact negatively the rose scent. Thus, the pleasure that roses
bring to humans could be explained by the non-conscious perception of this unique mixture of compounds.

INTRODUCTION

Roses are widely known for their very pleasant smell, color and
shape, so much that they are praised in poems, books, music
and art. Roses have been present in human history for thousands
of years, with the first representation of rose in 1700-1500 BCE."
Their scent is so appreciated that it is used to odorize our out-
door environment (gardens), indoor environment (house), our
beauty products in cosmetics and ourselves with perfumes. In
other words, the rose has been cultivated for thousands of years
because it is highly appreciated by humans.

Rosa is a genus belonging to the Rosaceae family, comprising
about 150 wild species and nearly 30,000 cultivars.?> Among
these cultivars, there is a lot of diversity, in terms of color and
shape but also scent. Some cultivars have little to no smell,
and some have a strong fragrance. What accounts for the differ-
ence in smell between roses is the diversity of volatile organic
compounds (VOCs) emitted.”® Hundreds of VOCs are emitted
by roses.®® Although the cultivars of roses differ depending on
their fragrance and thus their composition of VOCs, the most
recurrent ones are monoterpenes, sesquiterpenes, 2-phenyle-
thanol (PEA) and derivatives (phenylpropanoids-related com-
pounds) and fatty acid derivatives or oxylipins.’® Some other
compounds are present in minor quantities, sometimes with a
very low olfactory detection threshold, such as apocarotenoids
including ionones.”" Among VOCs described as contributing to

the typical rose scent, PEA, geraniol, B-citronellol and nerol are
the most frequently cited.'?”'® They are also used to re-create
the rose smell.'” These monomolecular odorants are often rated
as pleasant,'®? which is also true for the rose smell.>*° In
addition of being attractive, rose smell has an effect on emotional
state. Indeed, many studies in both animal models and humans,
using mainly rose essential oil, reported positive effects on mood
with increased happiness, decreased stress, anxiolytic or anti-
conflict effects as well as improvement of the symptoms of
depression.?>25°2 These effects are associated with changes
in neural activity in brain areas involved in emotional and motiva-
tional behaviors.?® Interestingly, none of these studies used fresh
roses and investigated the link between the molecules emitted
by the rose and the behavioral effect.

In this context, we set up a study to examine the relationship
between the olfactory perception and the compounds emitted
by fresh roses. To do so, we selected ten modern roses that
were picked in their blooming stage and in the morning when
their smell is the strongest.**° Participants were asked to
evaluate blindly odorants using psychophysical tools. Visual
analogue scales were used to rate olfactory perception®®™
and more particularly odor pleasantness (liking), attractivity
(wanting), familiarity and intensity. In addition, the fruity, lemony,
floral and rosy notes were questioned. Then, we analyzed the
VOCs emitted by roses with headspace method coupled to
gas chromatography coupled to mass spectrometry (GC-MS)

oot iScience 28, 111635, February 21, 2025 © 2024 The Authors. Published by Elsevier Inc. 1
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Figure 1. Percentages of occurrences given by the participants in
response to the question: what does the smell of rose make you
think of?

and investigated the relationship between the olfactory per-
ception of roses and their emitted VOCs. Finally, to better
understand the emotional aspect of participants’ relationship
to the rose fragrance, natural language processing approach
was used.

RESULTS

Rose smell has a strong positive emotional impact
Participants were asked to respond openly to the question
“What does the smell of roses make you think of?” This question
involves a memory recall and the answer may reflect partici-
pants’ relationship to the odor of roses. Participants’ answers
were classified into two main categories: answers that refers to
(1) the emotional impact of the rose smell on the participants,
whether it is positive or negative (i.e., “it is a pleasant, sweet
smell”, “it is not one of my favorite fragrances.”), and (2) factual
description of the odor. This last category was divided into three
subcategories: Cosmetics and perfumes (i.e., “it makes me think
of a facial cream.”), green nature (i.e., “it makes me think of a
garden) and food (i.e., “it makes me think of rose jam.”). Some
of the responses of the participants evoked nostalgia (i.e., child-
hood, beginning of summer) that we put in the positive category,
based on literature and positivity of the associated words.*” The
main result is that rose fragrances induce high emotional positive
impact, compared to negative one (Figure 1; t-test for propor-
tions, p < 0.001). These positive responses are associated with
descriptive elements, especially cosmetics and green nature.
Food was also evoked, but to a lesser extend (Figure 1). These
data are in line with the literature on the influence of rose smell
on well-being.?®>?” These descriptions of participants’ response
to rose odors were done at the end of olfactory ratings described
below, to avoid the influence of the knowledge of the sensory
cues by participants.
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Figure 2. Olfactory evaluation task

(A) Material, example of a freshly picked rose soaked in water-soaked floral
foam and placed directly in an opaque flask. All flasks were covered with a
piece of polypropylene held in place by a rubber band, so that participants had
no visual access to the content.

(B) Participants were asked to smell and rate ten opaque flasks.

The different roses drive different sensory perception
and emotional responses

Based on descriptions by rose breeders, we selected 10 rose
cultivars with striking differences in scent characteristics (OR:
‘Orientalia’; CC: ‘Christophe Colomb’; BR: ‘Brocéliande’; VP:
‘Violette Parfumée’; FE: ‘Felicia’; BO: ‘Botero’; WE: ‘Westerland’;
JP: ‘Jean-Paul Guerlain’; BC: ‘Belle de Clermont’; RA: ‘Roberto
Alagna’; Table S1). The scents of some of them are described by
breeders as classical old rose, others as more fruity or spicy
(Table S1). These roses were presented to 19 participants in opa-
que flasks, without knowledge of what was in the flasks, so that
their ratings were only based on olfactory cues (see methods).
Participants were asked to rate how much they smelled rose,
on a scale of 0-10. (Figure 2).

We confirmed that the different cultivars of selected roses
were perceived significantly different in terms of rosy perception
(x® = 25.67, df = 9, p = 0.002) (Figure 3). We also asked partici-
pants to rate other attributes of the smells, such as pleasantness,
attractivity, intensity, familiarity, smell of fruit, lemon and flower
(Table S2). Interestingly, the rosy perception of the flower was
correlated to pleasantness, attractivity and familiarity. As ex-
pected, it was also correlated to flower but not lemon percep-
tions and negatively correlated to fruity perception. (Table 1).
Finally, intensity was not significantly correlated to the rose
perception.

Rose cultivars have contrasting VOC compositions

We then captured the VOCs emitted by the ten rose cultivars, us-
ing headspace and analyzed their composition by GC-MS.
To ensure the validity of the results, between three and six bio-
logical replicates per variety were used. Following headspace
experiment of the ten rose cultivars, 97 VOCs were detected
(Table S3). It is worth noting that the total quantity of VOCs
emitted by the roses do not correlate with the weight of the
rose (r = 0.121, t = 0.71, df = 34, p = 0.481; Table S4). VOCs
were pooled into nine categories of molecules, according to their
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Figure 3. Rating of the 10 rose cultivars in terms of rose perception
VAS: Visual Analogue Scale. OR: ‘Orientalia’. CC: ‘Christophe Colomb’. BR:
‘Brocéliande’. VP: ‘Violette Parfumée’. FE: ‘Felicia’. BO: ‘Botero’. WE:
‘Westerland’. JP: ‘Jean-Paul Guerlain’. BC: ‘Belle de Clermont’. RA: ‘Roberto
Alagna’. Bars represent Estimated Marginal Means (+SE) computed from
mixed beta regressions and points show individual data. **p < 0.01.

biosynthesis pathways®“*~¢ (Table S5). We found that the 10
cultivars of roses presented a significantly different pattern of
emitted VOCs categories, whatever VOC amounts or relative
proportions were considered (variety x VOC category interac-
tion: x% = 2576.24, df = 81, p < 0.001 and x® = 5736.57, df =
81, p < 0.001, respectively; Figure 4). Total VOC emissions
ranged from 11.1 to 149.2 ng/h/flower, while the profile of the
bouquet varied markedly. For example, FE and WE emitted a
majority of monoterpenes (42.6% and 55.8% respectively)
whereas JP, RA, and BO emitted large amounts of oxylipins
(50.9%; 51.0% and 70.4% respectively). lonones and aliphatics
were emitted in lesser amounts by the flowers (Table S5).

Total amount of VOCs was positively correlated to the familiar-
ity (r = 0.86, df = 8, p = 0.011; Tables S2 and S5) and to the
perceived intensity of flowers (r = 0.81, df = 8, p = 0.017;
Tables S2 and S5).

The rosy perception is mainly driven by ionones and
oxylipins

Using a combination of multivariate and univariate analyses, we
revealed two main categories of VOCs involved in the rosy
aspect of perception, ionones and oxylipins. Indeed, first, both
multivariate and univariate analyses pointed toward a positive
correlation of the perception of rose with the amount of ionones
(Figure 5A; Tables 2 and S6). This finding was also true when pro-
portion of ionones were considered (Figures 5B, Tables 2 and
S6). Among these ionones, the perception of rose increased
when the relative proportion of dihydro-B-ionone in the blend
increased (Table S7). Second, multivariate and univariate ana-
lyses were also consistent in showing that the perception of
rose increased when the relative proportion of hexan-1-ol and
to a less extend hexyl acetate, (E)-2-hexenal and (E)-2-hexen-
1-ol (oxylipins) in the blend increased (Table S7 and Figure S1).
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Table 1. Correlations of rose perception and others ratings
(controlling for the participant effect)

Rating parameters r t P
Pleasantness 0.252 3.55 <0.001
Attractivity 0.256 3.61 <0.001
Familiarity 0.328 4.74 <0.001
Flower 0.737 14.89 <0.001
Fruit —0.317 —4.57 <0.001
Intensity 0.141 1.94 0.063
Lemon 0.009 0.12 0.907

r: Pearson’s partial correlation coefficient. t: Pearson’s statistics. P: False
Discovery Rate-adjusted P-values.

This involvement of oxylipin category was also revealed in the
multivariate analysis on VOC amounts (Figure 5A left). Interest-
ingly, while the rosy perception is strongly driven by ionones,
the flower perception relies on a more balanced presence of
several components such as ionones, PEA and derivatives and
benzenoids.

lonones, PEA and derivatives, and oxylipins are the key
components for a pleasant rose scent

Pleasantness, attractivity, and familiarity, being correlated to the
rosy perception (Table 1), we analyzed the components of these
important attributes. Both multivariate and univariate analyses
show that PEA and derivatives proportions are associated to at-
tractivity of the rose (Figure 5B and Table S6). Interestingly,
pleasantness, like flower perception, is driven by the balanced
proportion of multiple molecules, such as ionones, PEA and de-
rivatives and oxylipins. On the contrary, the proportion of some
compounds, such as aliphatics and phenolic methyl esters,
seem to impact negatively most of the attributes of the rose
scent (Figure 5B). It is worth noting that proportion of monoter-
penes are associated with the perception of fruit and lemon,
both in univariate and multivariate analyses (Figure 5B).

DISCUSSION

Numerous studies report positive effects of the scent of roses,
mostly essential oils or individual compounds on emotions and
well-being.?3252%1 Using free-speech analyses in response
to the question “What does the smell of roses make you think
of?”, we also found that evoking a rose fragrance triggered a
positive emotional response. We are well aware that the defini-
tion of what is the rose scent could vary according to the country
and culture. However, we focused on the determinants of the
classical rose scent in Europe, which corresponds to the scent,
for example, of the Damask roses and essential oils used for per-
fumes.*’ This is the classical rose scent to which most European
people are most familiar, which is the case for our participants.
To go further, the aim of this study was to investigate the com-
pounds emitted by fresh roses that are involved in their positive
olfactory perception of the rose.

We used garden roses for their complex scent to analyze hu-
man response to odors in a more ecological context, compared

iScience 28, 111635, February 21, 2025 3
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Figure 4. VOCs emitted by the roses

Estimated Marginal mean amount (A) or relative
proportion (B) of each VOC category in the odor
blend emitted by the 10 rose cultivars of this study.

most important driver of this effect. This
result is interesting since ionones are
highly appreciated by perfumers, and

often has a very low odor threshold.*®
For example, rose essential oils contains
traces of two ionones, B-damascenone
and damascone, which have a huge
impact on the fragrance of the oil." How-
ever, it was shown that these molecules
are not present in fresh roses, but are
degradation products, which appear
due to the process of distillation.”® The
ionone that we found correlated with
perception in our rose cultivars, dihy-
dro-B-ionone, is less known by perfumers
and is not described as having rosy
odors, but more violet, woody, ambery,
and fruity odors (The Good Scent
Company Website: http://www.thegood
scentscompany.com/). Contrary to our
expectations, the PEA and derivatives
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to monomolecular odorants that are often used in olfactory
studies. In our panel of cultivars, we showed that there is not
one and unique rose scent but different perceptual representa-
tions depending on the variety of the rose. Interestingly, the
rosy perception was positively correlated to pleasantness, at-
tractivity, and familiarity. This reveals that the rosy note is impor-
tant for the positive perception of the flower since the more it
smells rose, the more the scent is pleasant and attractive,
knowing that these attributes are frequently correlated.'®

We then analyzed the quantity of VOCs emitted by the different
roses of our panel. In line with a previous study,*® the total
amount of VOCs was positively correlated with the intensity of
the roses’ scent. We wanted to know if the emblematic individual
compounds of the rose were sufficient to describe in its
complexity the rose scent. We thus analyzed the perceptual
quality of VOCs emitted by the different roses. When authors
want to recreate artificial rose perfume, they usually use four
compounds (geraniol, nerol, PEA and B-citronellol).'” Unexpect-
edly, in our study, none of these molecules, neither their cate-
gories were found determinant in the rosy perception.

However, our study highlights the role of a major category of
molecules, ionones, in the rosy perception. Indeed, we found
that both the quantity and proportion of ionones were strongly
correlated to the rosy perception, dihydro-B-ionone being the

4 iScience 28, 111635, February 21, 2025

category was not correlated to the rosy
RA perception, whereas it is often used to
describe and reconstruct the rose
scent.'”>" However, proportion of PEA
and derivatives was found to be one of
the major categories, with ionones and
oxylipins, driving pleasantness and attractivity. Our finding is in
line with previous studies showing that PEA is frequently judged
as pleasant.'®°?

Oxylipins are described in the literature as green odors,
and studied for their effect on the emotional state and well-be-
ing.”> " Indeed, green odors are known to have an anxiolytic,
anti-depressive, anti-fatigue, and anti-stress effects in ro-
dents®*°%96:58:59 gnd also in humans.®®°' More broadly, green
odors are described as pleasant in the literature.®?"°* Regarding
their contribution to the rose smell, green odors reinforce the
vegetal character. This is a reason why these compounds are
used by perfumers; they bring freshness and greenness to a flo-
ral bouquet and thus improve the naturalness of the rose scent.®®

In conclusion, it is interesting to note that ionones are the only
category of molecules involved both in the rosy and the pleasant
perception.

Monoterpenes, are major compounds emitted by rose flowers.
Most of them, like geraniol and nerol, when presented as molec-
ular odorants, give the perception of rose®® and are used in
simplified model of rose odors."” Contrary to our expectations,
the monoterpene category was not correlated to the floral or
rosy fragrance but was associated with the fruity perception,
another dimension of the rose perception which is also ex-
pected.®”"%® These results suggest that the perception of a

53,54
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Left: correlation circles from principal component analyses (PCAs) performed on the amount (A) and relative proportion (B) of each VOC category in the odor blend
emitted by the 10 rose cultivars of this study. Blue arrows show perceptual ratings that are associated with results of the PCAs with p < 0.1 (Table 2). Right: Ellipses
showing univariate correlations between VOC categories and perceptual ratings, in front of the corresponding PCA (color scale: R value, direction and
narrowness of the ellipses accordingly). Gray rectangles overlap perceptual ratings which association with the PCA have p > 0.1 (i.e., perceptual ratings not

shown on the correlation circle).

rose smell in its natural context differs from the one of its individ-
ual compounds. Indeed, when included in a mixture, the percep-
tion of the compounds can change.®®"° As a consequence, the
pleasantness of the mixture can also be different from what is ex-
pected from its constituents.”’”""? This phenomenon is of
course occurring for flower extracts.”® Flower scents are com-
plex mixtures composed of hundreds of compounds and rose
is no exception. In modern cultivars, rose scents often deviate
from the typical rose scent with also fruity notes. Since most
studies used monomolecular compounds,”®’*"" simplified
models of rose odor'”"® or essential oils, '® description of olfac-
tory perception can be incomplete or even false. Another layer
of complexity is due to the fact that, in the mixture, the proportion
of some compounds, such as aliphatics and phenolic methyl es-
ters, impact negatively the rose scent. The sweet smell of rose
depends thus on the presence, in balanced proportions and

quantities, of multiple compounds, some of which are required
and others unwanted. Our study also shows that other individual
compounds, such as benzaldehyde and isoamyl acetate, may
contribute to the pleasantness of the rose perception (Table S7).
Therole inthe rosy perception of individual compounds could be
evaluated more directly by assessing individually each compound
during perception using, for example, GC-0.”®"® Furthermore,
theirimpactin the mixture could be evaluated with innovative tech-
niques allowing to add or remove components from a mixture.°
In summary, in addition to the well-known rose-scented phenyl-
propanoid derivatives, our study illuminates a combination of un-
expected molecules emitted by the natural rose and dedicated
to its pleasantness, the ionones and oxylipins. These compounds
with their interesting properties on emotional behavior contribute
to the broad impact of rose scent. Together, these results open
new possibilities for the modeling of rose odor, both in fundamental

iScience 28, 111635, February 21, 2025 5
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Table 2. Results of permutation tests testing for an association
between PCAs on odor blends emitted by the 10 rose cultivars of
this study (reduced to VOC categories) and perceptual ratings of
these categories

VOC amounts

VOC relative proportions

Perceptual rating  r? P r? P

Rose 0.591 0.043 0.539 0.070
Pleasantness 0.449 0.126 0.579 0.051
Flower 0.271 0.335 0.596 0.039
Attractivity 0.357 0.213 0.774 0.004
Intensity 0.667 0.019 0.777 0.010
Familiarity 0.772 0.004 0.791 0.006
Fruit 0.056 0.831 0.489 0.086
Lemon 0.340 0.238 0.616 0.038

R2: association coefficient. P: P-value. Bold P-values show significant as-
sociations.

research, remediation (such as aromatherapy), and for industry
purposes. In the horticultural sector, rose breeders find it difficult
to obtain fragrant roses. They could benefit from our studies, which
brings a more comprehensive knowledge of what compounds
should be considered in the selection process. Finally, these find-
ings have direct relevance in the field of neuroscience for a better
understanding of mixture perception.

Limitations of the study

Some limitations in this study should be noted. First, the sample
size for the rose cultivars could be extended, including cultivars
of roses with scents that differ even more from the classical rose
scent. The second limitation of this study is that the link between
VOC abundance and olfactory perception is merely a correlation.
Additional experiments where some compounds can be added
or withdrawn from the rose scent are needed to determine their
role in the perception. Techniques such as GC-GOOD have
already been successfully applied to odors.?° Finally, even if the
rose is the most beloved flower worldwide, origin and culture of
the participants could change olfactory perception and it would
be interesting to validate our results on participants from different
countries.

RESOURCES AVAILABILITY

Lead contact

Further information and requests for resources and information
should be directed to and will be fulfilled by Nathalie Mandairon,
nathalie.mandairon@cnrs.fr.

Figure 6. Headspace system used for the extraction of rose
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Materials availability
This study did not generate new unique reagents.

Data and code availability
o All data reported in this paper will be shared by the lead
contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data
reported in this paper is available from the lead contact
upon request.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Camphor Sigma 21293

Porapak Q80/100 Supelco 20331

Tenax TA CJ Lab MAT-TR-TA

nHexane 99% for GC-MS Carlo Erba 447212

Software and algorithms

R software version 4.3.1 R Core Team’ https://www.r-project.org/

Mass hunter Agilent https://www.agilent.com/en/product/
software-informatics/mass-spectrometry-
software

DataAnalysis Agilent https://www.agilent.com/en/product/

software-informatics

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Participants

Experiments were done following procedures in accordance with the ethical guidelines of the Declaration of Helsinki and the French
National Ethics Committee (CPP). Twenty participants from Lyon area in France were tested at the Lyon Neuroscience Research
Center. Their olfactory performances were checked using the identification part of the European Test of Olfactory Capabilities
(ETOC).%" Ten men and ten women between the ages of 18 and 35 years (mean age: 24 + 4 years old) who did not present any asthma,
odor allergies or olfactory impairment were included. No sex influence on the rating results was found (p = 0.89). Only one participant
was finally excluded because he assessed only two flowers out of ten (n = 19). Participants received financial compensation for the
experiment and provided written informed consent prior to participation.

Plant material

Ten rose cultivars, ‘Belle de Clermont’ (BC), ‘Botéro’ (BO), ‘Brocéliande’ (BR), ‘Christophe Colomb’ (CC), ‘Felicia’ (FE), ‘Jean-Paul
Guerlain’ (JP), ‘Orientalia’ (OR), ‘Roberto Alagna’ (RA), ‘Violette Parfumée’ (VP) and ‘Westerland’ (WE), were used in olfactory exper-
iment and for GC-MS analyses (Table S1). Roses were cultivated and harvested in the international rose garden of the Parc de la Téte
d’Orin Lyon. All roses were picked on the morning of the experiment except once for one rose, ‘Violette Parfumée’, that was kept one
time overnight in a cold room due to the lack of fresh flowers available the morning of the experiment. Fully opened flowers were
chosen. Roses were chosen for their diversity of scent, as judged by the olfactory descriptions found in catalogs and sites of breeders
(Table S1).

METHOD DETAILS

Perceptual rating assessment
Participants were asked to smell and rate ten opaque flasks, which contained the ten freshly picked roses (Table S1). All roses were
dipped in a water-soaked floral foam directly placed in the opaque flasks. All flasks were covered by a piece of polypropylene held by
a rubber band (deprived of its odor using a 70% alcohol bath) so that participants had no visual access to the content of the flask.
Experiments took place in rooms in which temperature and humidity are controlled. We conducted the experiments in the morning
and the afternoon. Participants were asked to sit about 30 cm away from a computer screen and to maintain their position (Figure 2).
The 10 flasks containing the ten roses were placed in front of them. Then, 5-s of instructions scrolled on the screen: “Please smell the
scented flask in front of you - Be sure to respect the order of presentation” and then, the following instructions indicated to partic-
ipants when to smell the next flask. These instructions were presented before each new trial. Participants had 1 min to freely smell
each odorant and evaluate it. This evaluation was done using a visual analogue scale (VAS) from 0 to 10 with a neutral point at 5.
Graduation was not visible and participant had to place a cursor on the scale. Participants had to rate pleasantness (“Rate the pleas-
antness/unpleasantness of the smell: from very unpleasant to very pleasant”), intensity (“Rate the intensity of the smell: from not at all
to very”), familiarity (“Rate the familiarity of the smell: from not at all to very”), attractivity (“How much do you want to experience the
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smell again: to not at all to very”), fruity smell (“How much do you smell fruit?: from not at all to a lot”), smell of lemon (“How much do
you smell lemon?: from not at all to a lot”), smell of flower (“How much do you smell flower?: from not at all to a lot”’) and smell of rose
(“How much do you smell rose?: from not at all to a lot”) (Figure 2). After 1 min they were instructed to move directly to the next
odorant. The order of presentation of the flasks was indicated by a list given to each participant and random between participants. '®
We controlled that there was no half-day effect on global perception (Mann-Whitney test; p = 0.65). At the end of the experiment, an
additional questionnaire was completed by the participants with the following question: “What does the smell of roses make you think
of?” Answers were then categorized into emotional impact (positive or negative) or factual description of the odorant.®* This last cate-
gory was divided into three subcategories: cosmetics and perfumes, green nature and food. Some of the responses of the partici-
pants evoked nostalgia that we put in the positive category, based on literature and positivity of the associated words.**

Biochemical analysis of roses

Volatile organic compounds

VOCs emitted from rose flowers were collected as previously described®® with minor modifications. More precisely, one flower per
sample was cut at flower stage 4 (fully opened flower)®® by keeping 3 cm of flower stalk and dipped in a 50 mL beaker filled with tap
water placed in a 1 L glass jar equipped with an inlet and outlet (Figure 6). Three to six independent biological replicas were collected
for each variety. VOCs were pumped out the jar for 1 h at a flow rate of 100 mL min~" and trapped on a glass cartridge containing
30 mg of Porapak Q (80/100 mesh, Grace scientific). Inlet air was filtered on metal cartridges filed with 100 mg of Teenax. After the
collection, the cartridges were eluted in GC-MS compatible glass vials with 200 pL of a solution of Hexane containing 50 uM of
camphor used as internal standard before GC-MS analysis.

GC-MS analysis

Samples were analyzed on an Agilent 6850 gas chromatogram system connected to an Agilent 5973 mass detector (all components
from Agilent Technologies, Santa Clara, USA).%2** For each sample, 2 L were injected in a split/splitless injector set at 250°C with a
2:1 split ratio. Separation was realized on a DB-5 capillary column (30 m, 0.25 mm nominal diameter, 0.25 um film thickness, Agilent)
at a flow rate of 2.0 mL min~" using helium as carrier gas with the following program: initial temperature of 40°C for 3 min followed by a
temperature gradient of 3 °C min~" until reaching the final temperature set at 245°C. Detector temperature was set at 250°C, ioni-
zation energy was set at 70 eV and mass spectra were scanned from 35 to 450 amu. MassHunter Unknown Analysis Software (Agilent
Technologies) or DataAnalysis Software (Agilent Technologies) were used for data processing. VOCs were identified based on their
retention times and their electron ionization mass spectra compared to those present in libraries (Wiley 275, NIST08, the laboratory’s
own database). Quantification of each compound emitted by the whole flower was realized by measuring the area of their relative
peak compared to those of the internal standard and expressed as pg.H.flower~" which corresponded to the conditions in which
participants smelled the samples during the olfactory rating. Compounds were also quantified as their relative proportion to the total
blend emission. Compounds were then divided into 9 categories of VOCs, according to their biosynthesis pathways (monoterpenes,
PEA and derivatives, oxylipins, ionones, sesquiterpenes, benzenoids, phenyl methyl ethers, rose oxides, aliphatics).***** The remain-
ing compounds were grouped into the category “others”. The list of compounds and categories is given in Table S3.

QUANTIFICATION AND STATISTICAL ANALYSIS

All the statistical analyses were performed with R software version 4.3.1.5° Statistical details of experiments can be found in the figure
legends, figures and result section.

Final open question
A Fisher exact tests was used to compare the proportion of participants that gave answers belonging to each ‘factual’ category (i.e.,
‘Cosmetics’ vs. ‘Nature’ vs. ‘Food). The same was applied to ‘Positive’ vs. ‘Negative’ emotional answers.

Perceptual ratings

The rosy perception of flowers was compared between rose cultivars using a Wald test applied on a mixed beta regression (link func-
tion: logit), where the participant was considered as a random factor (R packages gimmTMB®® and car®’). The correlation between
the rosy perception and all other ratings was assessed using partial Pearson correlation tests controlling for the effect of the partic-
ipant, with p-values adjusted for multiple testing with the False Discovery Rate (FDR) method.®®

VOCs

The relationship between the total amount of VOCs emitted and the flower weight was assessed using a Pearson correlation test. The
pattern of VOCs emitted by flowers was compared between rose cultivars using Wald tests applied on linear mixed models. In these,
fixed factors were the VOC category, the variety and the interaction between these two variables, while the biological replicate was
considered as a random factor. Response variables were either the total amount of VOCs emitted per category (fourth-root trans-
formed to ensure model fit) or the relative proportion of each category in the blend (square-root transformed). The model fitted on
relative proportions excluded the category “Others” to avoid multicollinearity, as relative proportions of all categories sum up to unity
by definition. n represents the number of participants.
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In all subsequent analyses, mean values per rose variety were used. These were Estimated Marginal Means (EMMeans, R package
emmeans®®) computed from models detailed above, i.e., mixed beta regressions for perceptual ratings and linear mixed models for
VOC amounts/relative proportions. Amounts and relative proportions of individual VOCs were obtained as with VOC categories. The
correlation between the total amount of VOCs emitted and all perceptual ratings was assessed using Pearson correlation tests, with
FDR-adjusted p-values. The relationship between odor blends and perceptual ratings was assessed as follows: first, a Principal
Component Analysis (PCA) was performed on VOC data (either VOC categories or individual compounds) (R package vegan®).
VOC amounts were fourth-root transformed then autoscaled, while VOC relative proportions were added a constant of 0.001
(because of zeroes) then transformed using the Centered Log-Ratio transformation.®’ In a second step, the association between re-
sults of the PCA and perceptual ratings was tested using a dedicated permutation test with 9999 permutations (R package vegan®’).
Univariate Pearsons’s correlation coefficient was used to complement the interpretation of results from the PCAs. It should be noted
that given the number of compounds to be correlated, the limited size of the data (i.e., one value per rose variety) and the necessary
correction of the p-values, testing for the significance of these coefficients was precluded. Instead, an arbitrary threshold of 0.5 was
used to consider a coefficient as sufficient to be discussed.
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