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Abstract
Premise: Daffodils (Narcissus, Amaryllidaceae) are iconic ornamentals with a
complex floral biology and many fragrant species; however, little is known about
floral plant volatile organic compounds (pVOCs) across the genus and additional
sampling is desirable. The present study investigates whether the floral scent of
20 species of Narcissus can be characterized using gas chromatography–coupled ion
mobility spectrometry (GC–IMS), with the aim of building a comparative pVOC data
set for ecological and evolutionary studies.
Methods: We used a commercial GC–IMS equipped with an integrated in‐line
enrichment system for a fast, sensitive, and automated pVOC analysis. This facilitates
qualitative and (semi)‐quantitative measurements without sample preparation.
Results: The GC–IMS provided detailed data on floral pVOCs in Narcissus with very
short sampling times and without floral enclosure. A wide range of compounds was
recorded and partially identified. The retrieved pVOC patterns showed a good
agreement with published data, and five “chemotypes” were characterized as
characteristic combinations of floral volatiles.
Discussion: The GC–IMS setup can be applied to rapidly generate large amounts of
pVOC data with high sensitivity and selectivity. The preliminary data on Narcissus
obtained here indicate both considerable pVOC variability and a good correspon-
dence of the pVOC patterns with infrageneric classification, supporting the hypothesis
that floral scent could represent a considerable phylogenetic signal.

K E YWORD S

benzyl acetate, ion mobility spectrometry, linalool, Narcissus, ocimene, plant volatile organic compounds

Most angiosperms depend on the help of other organisms
(mainly insects) for successful cross‐pollination. Flowers
therefore show a range of traits relevant to these
plant–animal interactions, including shape, color, reward
system, nectar composition, flowering time, and fragrance,
all of which are the result of complex evolutionary processes
(Bouwmeester et al., 2019).

Pollination biology tends to focus on morphology,
reward, and breeding systems, but the complex role of floral
plant volatile organic compound (pVOC) emissions in
plant–pollinator interactions remains comparatively poorly
understood (Raguso, 2008; Burkle and Runyon, 2019).
However, some researchers have closely investigated floral

fragrance, and demonstrated its evolutionary importance in
pollinator attraction or repulsion (e.g., Dötterl et al., 2005;
Chess et al., 2008; Waelti et al., 2008; de Vega et al., 2014).

The analysis of pVOCs usually involves the use
of appropriate adsorption techniques (i.e., solid‐phase
microextraction) for sampling and subsequent gas
chromatography–mass spectrometry (GC–MS) measure-
ments (Materić et al., 2015; Tholl et al., 2020). However,
GC–MS instruments are bulky and expensive, and sample
collection and subsequent analyses tend to be both time
consuming and spatially separated, rendering the detection
and analysis of fragrances under natural conditions
challenging (Tholl et al., 2006). For an improved
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understanding of the ecological role of pVOCs in general
and floral scent in particular, a faster and highly time‐
resolved technique for scent analyses would be highly
desirable. The use of ion mobility spectrometry (IMS) is
likely to address challenges such as small sample sizes, and
we therefore investigated its potential for floral pVOC
detection in the present study.

IMS is a gas‐phase analytical method for the fast (few
seconds) and sensitive (at the level of a few parts per billion
by volume [ppbv] down to parts per trillion by volume
[pptv]) detection of VOCs. In stand‐by mode, a β‐radiation
source is commonly used to ionize the drift gas flushing
through the IMS, forming the so‐called reactant ions in the
ionization region (protonated water clusters). If a sample
with other gas‐phase compounds is introduced into the
ionization region, the analyte molecules are ionized mainly
by proton transfer. The ions are accelerated toward the
detector in a weak electric field, but only clouds of ions are
periodically introduced into the drift region by a
Bradbury–Nilsson ion grid. During their drift from the
grid to the detector, the ions collide with the molecules of
the drift gas counterflow. The collision frequency depends
on the size and shape of the ions, thus influencing the drift
velocity. The drift velocity can be determined by measuring
the drift time of the particular ions under a known drift
length, and the ion mobility is obtained by normalization to
the electric field strength (Eiceman et al., 2016; Gabelica and
Marklund, 2018; Dodds and Baker, 2019). Further normal-
ization to pressure and temperature obtains the reduced ion
mobility, which is specific to a particular analyte and
independent of the instrumentation. Coupling fast gas
chromatographic pre‐separation to IMS provides a charac-
teristic retention time as an additional parameter for the
identification of the analyte, and furthermore avoids the
clustering of different analytes in very complex mixtures
(Vautz et al., 2018).

In order to investigate the applicability of GC–IMS for
floral scent analyses, we selected the ornamental and fragrant
daffodils (Narcissus L., Amaryllidaceae). Narcissus is a genus of
35 to 70 species of geophytes, widely distributed in the
Mediterranean basin (Kubitzki, 2014). This genus has been
formally subdivided into two subgenera, Hermione (Haw.)
Spach and Narcissus, and a total of 10 sections (Marques
et al., 2017), but details of the phylogenetic relationships are
incompletely resolved (Marques et al., 2010). The flowers of
many species are overwhelmingly fragrant and have been the
source of perfumes for millennia, with N. tazetta L. and N.
poeticus L. still widely used in the fragrance industry for the
production of exclusive “absolutes” (Remy, 2002). The floral
function and ecology of Narcissus have been widely studied
over the past two decades (Barrett et al., 2004; Cesaro
et al., 2004; Pérez et al., 2004; Barrett and Harder, 2005;
Medrano et al., 2005; Hodgins and Barrett, 2006, 2008; Pérez‐
Barrales et al., 2006; Pérez‐Barrales and Arroyo, 2010; Navarro
et al., 2012; Simón‐Porcar et al., 2014), and the relevance of
different pollinators and pollinator guilds has been studied for
a range of species (Arroyo and Dafni, 1995; Marques

et al., 2007, 2016, 2017; Marques and Draper, 2012; Santos‐
Gally et al., 2013). As scent is likely to play a major role in
floral ecology of Narcissus, it is surprising that there has been
only one major study of fragrance covering nine species
(Dobson et al., 1997), along with a few smaller studies of
individual species and hybrids with a more commercial
approach (Chen et al., 2013; Ruíz‐Ramón et al., 2014; Terry
et al., 2020).

Overall, the chemical diversity of Narcissus floral scent
remains poorly studied. A more comprehensive under-
standing of scent chemistry in this intriguing genus is highly
relevant to its complex floral biology and associated
evolutionary questions. As a first step, the present study
aims to investigate the utility of GC–IMS for rapidly
generating data sets on pVOC emissions and expanding our
understanding of floral fragrance in Narcissus by investigat-
ing 20 different species (from both subgenera and a total of
seven sections). We aim to address the following questions:

1. Can GC–IMS be successfully applied for the analysis of
floral volatiles in Narcissus?

2. What are the advantages of using GC–IMS in compari-
son with classical analytical methods (GC–MS)?

3. How do pVOC patterns differ between different species
of Narcissus?

METHODS

Plant material

The plant material was provided by the Bonn University
Botanic Gardens (University of Bonn, Germany). All
individual plants of a species originate from the same
accession. The plants were potted in clay pots and grown in
an unheated greenhouse (alpine house) until flowering.
The flowering period depends on the species, ranging
from September (N. broussonetii Lag.) to April (N. pseudo-
narcissus L.). We investigated 20 species from seven sections,
covering a wide range of phenotypic variations (Table 1,
Appendix S1). Between two and five individual plants were
investigated per species.

Instruments

The measurements were performed using a mobile ppq‐tec
GC–IMS (ION‐GAS, Dortmund, Germany) based on
hardware provided by STEP (Pockau‐Lengefeld, Germany).
For increased sensitivity, the commonly used sample loop
(1 mL) was substituted with a micro‐electro‐mechanical
systems–based in‐line pre‐concentration chip filled with
Carbograph 4 as the adsorbent (CNR‐IMM, Bologna, Italy)
(for detailed description, see Liedtke et al., 2019). For the
GC pre‐separation, we used a MXT‐200 capillary column
(30 m × 0.53 mm, 1.5 µm coating; Restek, Centre County,
Pennsylvania, USA), which is operated isothermally at 80°C,
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with a carrier gas flow (filtered air from the internal gas
circuit) of 21 mLmin−1.

Ionization was performed using tritium as the source of
β‐radiation (100MBq). The drift length of the IMS was
5.61 cm. The drift tube was operated isothermally at 70°C at
a field strength of 300 V cm−1.

The technical data and the experimental setup of the
GC–IMS are summarized in Appendix S2.

pVOC sampling and analysis

The sampling (enrichment) and subsequent analysis were
performed in‐line under daylight conditions (between 1000
and 1700 hours) in a ventilated room at ambient
temperature. Measurements of ambient air were performed
prior to each series of measurements to identify the possible

presence of interfering substances in the background. To
sample the pVOCs from individual plants, the sample inlet
of the GC–IMS (PFA tubing; Bohlender, Grünsfeld,
Germany) was positioned in proximity to the flower
(~2 cm to the corona; no flower enclosure). A sample
volume of 10 mL (few seconds) was pulled through the chip
by the internal sample pump, where analyte molecules were
adsorbed. The sample volume can be adjusted, but for the
Narcissus species this small sample volume was sufficient.
The analyte molecules are thermally desorbed (50°C for 5 s,
after which the temperature was ramped to 290°C in 5 s and
was held at 290°C for 7 s). The volatile analyte molecules
were then transported into the GC–IMS for analysis.

Each individual plant was measured three times. After
each measurement, the pre‐concentrator chip was automat-
ically purged (290°C for 1 min) to eliminate carryover.

pVOC identification

In general, GC–IMS cannot identify unknown substances, but
the combination of GC retention time and ion mobility
renders identification possible via a comparison to an in‐
house substance database. This database was generated by the
analysis of pure reference compounds (purchased from
Merck, Darmstadt, Germany, and Carl Roth, Karlsruhe,
Germany) and by comparison of the Kovats retention indices
(RI) to a series of n‐ketones, combined with complementary
GC–MS (Appendix S3). The sampling for the GC–MS
measurements was conducted using adsorption needles
(NeedleTraps; PAS Technology, Magdala, Germany), which
were filled with a combination of three different sorbents
(Carbopack B, 1 cm; Carboxen 1016, 1 cm; and Carboxen
1000, 1 cm; Sigma‐Aldrich, St. Louis, Missouri, USA) to
ensure the adsorption of the entire expected range of pVOCs.

Reference compounds of common floral volatiles in
the genus Narcissus were selected based on data from the
literature (Dobson et al., 1997; Marques et al., 2016) and the
complementary GC–MS measurements.

Data evaluation and visualization

Data processing, evaluation, and visualization of the
heatmaps were performed with IONysos, a custom
software developed by ION‐GAS. Each heatmap consists
of the GC retention time, the relative drift time, and a
color‐coded signal intensity. The drift time (tD,rel) was
normalized to the reactant ion peak, which is propor-
tional to the inverse reduced ion mobility (Vautz
et al., 2009). The recorded spectra of Narcissus were
compared against background measurements. The sig-
nals from the samples were manually selected, and the
signal intensity was calculated by peak integration (peak
volume). In case of a superimposition over the back-
ground signals, the background measurements were
subtracted from the sample measurements.

TABLE 1 Overview of the examined species from the genus Narcissus
as well as their division into the corresponding subgenera and sections. All
of the species came from the collection of the Botanical Gardens in Bonn,
Germany, and are listed with their corresponding accession numbers.

Entry Species Section Subgenus Na Accession

1 N. broussonetii Aurelia Hermione 3 4379

2 N. obsoletus Serotini Hermione 3 15270

3 N. serotinus Serotini Hermione 4 22916

4 N. elegans Tazettae Hermione 3 15255

5 N. papyraceus Tazettae Hermione 4 15245

6 N. tazetta Tazettae Hermione 2 9150

7 N. calcicola Apodanthi Narcissus 4 31788

8 N. cantabricus
subsp.
monophyllus

Bulbocodii Narcissus 4 5347

9 N. cantabricus
subsp. foliosus

Bulbocodii Narcissus 3 15175

10 N. romieuxii Bulbocodii Narcissus 4 9147

11 N. hedraeanthus Bulbocodii Narcissus 2 37898

12 N. graellsii Bulbocodii Narcissus 2 31791

13 N. (bulbocodium
var.) obesus

Bulbocodii Narcissus 5 36469

14 N. assoanus Jonquillae Narcissus 4 31784

15 N. fernandesii Jonquillae Narcissus 4 31790

16 N. jonquilla Jonquillae Narcissus 4 7798

17 N. viridiflorus Jonquillae Narcissus 4 35144

18 N. asturiensis Pseudonarcissi Narcissus 4 31786

19 N. pseudonarcissus Pseudonarcissi Narcissus 4 31409

20 N. pseudonarcissus Pseudonarcissi Narcissus 2 3099b

aNo. of individual plants.
bNo accession number is available, so a herbarium voucher is provided.
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The mean signal intensities for a species (2–5
individual plants per species) were calculated from the
median signal intensities of three technical replicates.
The significance of differences in the number of signals
across species was tested with the non‐parametric
Kruskal–Wallis test.

A further statistical analysis was conducted using the
open‐source software R (version 4.1.0; R Core Team, 2022).
For the visualization of interspecific pVOC profiles, we
calculated the ratio of each signal within a species in relation
to the strongest signal. This facilitates a better visualization
of the data without affecting the data integrity, as the ratios
are maintained. The pVOC profiles were visualized with the
“ComplexHeatmap” package.

The similarity of the intraspecific emission patterns was
evaluated using Pearson's correlation for the pairwise
comparison of plant individuals at a confidence level of
0.95 (cf. Kriegeskorte et al., 2008), using the Hmisc and
corrplot packages. We used a similar approach to examine
the interspecific similarities of the emission patterns;
however, because the overall intensity and composition of
signals differs considerably between species, we used a non‐
parametric approach. Each signal of a respective species was
therefore ranked according to its intensity. By performing
pairwise comparisons of these ranks, we generated a
correlation matrix (Spearman correlation) for the inter-
specific comparison of emission patterns.

The dissimilarity matrix computed from this (1 minus
the correlation between species) served as the distance
matrix in hierarchical clustering (cf. Hasan Ali
et al., 2021). To perform the agglomeration, we employed
the widely used Ward's error sum of squares algorithm
(Ward.D2).

RESULTS

GC–IMS can be applied to the scent analysis
of floral volatiles in Narcissus

We were able to record pVOC emission patterns for all
species studied using GC–IMS. The use of the two
separation levels (ion mobility and retention time) resulted
in a full separation of the floral bouquet and, with the
exception of benzaldehyde, no interferences with the
background. By following the sampling protocol (sample
volume: 10 mL, total analysis time: 10–30 min), we detected
a total of 64 distinct signals across the species studied.
Furthermore, several signals could be identified by a
comparison of the characteristic ion mobility and retention
time with our in‐house database. The complete list of
detected signals and the corresponding parameters (relative
drift time and retention time) and representative reference
spectra for the studied species are provided in Appendix S4.

The measurements provided characteristic emission
patterns for the studied species, and the intraspecific
emission patterns were found to be highly consistent
(Figure 1, Appendix S5), with no significant differences
between almost all the individual plants of a species
(Pearson correlation >0.8, P < 0.05). For N. asturiensis
(Jord.) Pugsley, N. graellsii Webb ex Graels, and
N. hedraeanthus Colmeiro, no significance test could be
performed due to the low number of detected signals
(<5 signals), but the emission patterns were highly
congruent (Pearson correlation >0.95). Despite the high
degree of similarity in terms of the emission patterns, we
found considerable differences in the total signal intensity;
in some cases, the standard deviations reached up to 70% of

F IGURE 1 Comparison of the intraspecific pVOC profiles of four individual plants from the species Narcissus fernandesii (section Jonquillae).
(A) Heatmap visualization of the detected signals obtained from the GC–IMS measurements, showing the general agreement of emission patterns. The
retention time (y‐axis) and relative ion mobility (x‐axis) provide information about the identity of a substance. The signal intensity is color coded, with blue
for low intensity, red/orange for medium intensity, and yellow for high intensity. The signal intensity is a semi‐quantitative measure for the abundance of a
substance. (B) Correlation matrix (Pearson correlation) of the four individual plants. The similarity between the pVOC profiles is indicated by 1 (dark blue)
for a perfect correlation, 0 (white) for no correlation, and −1 (dark red) for a perfect anticorrelation (P = 0.01).
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the mean value between individual plants of the same
species (Appendix S6).

For the interspecific pVOC compositions, we found
striking diversity. The signal count and the complexity of
the pVOC profiles varied significantly across the species
(Kruskal–Wallis test, P < 0.001), with a mean signal count
of 8.76 per species. In N. viridiflorus Schousb., 16 diffe-
rent substances were detected, including (E)‐β‐ocimene,
eucalyptol, benzyl acetate, phenethyl acetate, p‐cresol, and
DL‐α‐terpineol. Conversely, in N. asturiensis, only three
substances could be detected, with 3,5‐dimethoxytoluene as
the main component and lilac aldehydes A and B as trace
compounds. In addition to the number of detected signals,
there were also differences in the composition of the emission
patterns of the different species (Figure 2). Overall, the

emission patterns were species‐specific but sometimes
differed in nuances of relative composition (e.g., species
from the section Bulbocodii DC. had low emission rates
overall). We also found unique compounds that were
characteristic for particular species (N. jonquilla L. and
N. viridiflorus). We identified three principal compounds in
the pVOC profiles that were detected individually or in
combinations in high abundance in almost all species: the
terpenoids (E)‐β‐ocimene and linalool were detected in 90%
and 80% of the species, respectively, while the aromatic
compound benzyl acetate was detected in 45% of the species.
This observation is consistent with previous studies by
Dobson et al. (1997) and Marques et al. (2016), who found
the same principal substances using much smaller species
samples.

F IGURE 2 Distribution and relative abundance of the 64 detected signals in the 20 studied taxa of Narcissus. The x‐axis represents the detected
signals (ordered by increasing retention time). The main identified compounds are named. The color code represents the abundance of the compound
relative to the strongest signal detected in that species, where 1 (black) represents the strongest signal in a species and 0 (white) indicates the absence of a
certain signal. The species were grouped based on previous phylogenetic divisions (Fernandes, 1975).
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Relative contribution of the principal
compounds

The relative contribution of the individual substances to the
overall floral scent differed dramatically between the taxa
studied. Usually, only a small number of compounds are
responsible for the bulk of the emissions, while the majority
of the signals detected are present in low concentrations.
The composition of the principal compounds partially
reflects infrageneric taxonomy (i.e., assignment to sections;
Figure 3). (E)‐β‐ocimene, linalool, and benzyl acetate
dominated the floral scent of five of the six species studied
from the subgenus Hermione, often in a combined relative
abundance of ≥70%. Narcissus broussonetii is the only
exception in the subgenus Hermione, as it lacks both linalool
and benzyl acetate. The subgenus Hermione shares the
presence of the floral scent compound benzyl acetate with
section Jonquillae DC. from the subgenus Narcissus. The
section Jonquillae also has linalool and (E)‐β‐ocimene,
although at lower proportions; however, other substances,
some of which are still to be identified, contribute more to
the bouquet as a whole.

The floral scent of the section Bulbocodii (“petticoat
daffodils”) is dominated by linalool and (E)‐β‐ocimene,
with these two compounds making up the bulk of the
compounds detected (up to 80% in N. graellsii). Benzyl
acetate was not detected in this section. In N. calcicola
Mendonça (section Apodanthi) and N. pseudonarcissus
(section Pseudonarcissi DC.), only traces of linalool and
(E)‐β‐ocimene were detected; these substances were not
detected at all in N. asturiensis (section Pseudonarcissi).

Comparison of pVOC profiles

The computed Spearman correlation matrix for the
quantification of interspecific differences revealed remark-
able differences between the pVOC patterns of the studied
species (Figure 4). Some species showed significant
similarity regarding their pVOC profiles (e.g., species from
the sections Bulbocodii or Jonquillae, or from the subgenus
Hermione). By contrast, the pVOC profiles of other species,
such as N. calcicola, showed a low similarity with the other
species studied. The same is applicable to the rather unique

F IGURE 3 Stacked bar chart of the percentage distribution of the principal compounds among the studied species of Narcissus. The distribution is
indicated by different colors for (E)‐β‐ocimene (orange), linalool (blue), benzyl acetate (green), and the sum of other compounds (gray).
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emission patterns of species from the section Pseudonarcissi
(N. pseudonarcissus and N. asturiensis).

To investigate whether particular scent compositions
can be grouped according to similarity and if the resulting
clusters in any way reflect the phylogenetic relatedness of
the taxa involved, we applied a hierarchical clustering
algorithm (Murtagh and Contreras, 2012) (Figure 5). Five
clusters were retrieved, which largely coincide with the
currently accepted infrageneric classification of the daffodils

(Fernandes, 1975; Marques et al., 2017). Cluster 1,
comprising three of the four species from the section
Jonquillae, and Cluster 3, comprising the subgenus Her-
mione sections Tazettae + Serotini and N. viridiflorus from
the section Jonquillae, were retrieved as distinct but similar
clusters. Narcissus calcicola from section Apodanthi was
retrieved as sister to Cluster 4, which comprises section
Bulbocodii, here including N. broussonetii from subgenus
Hermione section Aurelia as a sister group. The weakly

F IGURE 4 Comparison of the pVOC profiles for each pair of species in a correlation matrix, using Spearman's rank correlation. The similarity between
the pVOC profiles is indicated by 1 for a perfect correlation, 0 for no correlation, and −1 for a perfect anticorrelation. The strength of the significant
correlations (P = 0.05) is color coded, with blank cells representing no significant correlation. Each cell of the correlation matrix therefore compares the
compositions of the detected pVOCs between two species.
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scented section Pseudonarcissi formed Cluster 5, which was
clearly differentiated from all other groups. The different
taxonomic subgroups of Narcissus are here retrieved more
or less unequivocally in the cluster analysis, indicating that
there is some degree of conservation in the floral scents of
the individual clades.

DISCUSSION

Can GC–IMS be successfully applied to a scent
analysis of floral volatiles in Narcissus?

In the present study, we demonstrated that GC–IMS is a
rapid, sensitive, and selective, yet technically simple, method
to use for the sampling and analysis of the pVOC emissions
of daffodil flowers. Even at a small sample volume of only

10 mL, we were able to detect characteristic pVOC patterns
in the investigated species, underscoring the high sensitivity
of GC–IMS. In addition, the resolution was sufficient to
fully separate the pVOCs in heavily scented daffodils. The
identification of several substances demonstrates the
possibility of identifying compounds based on their
characteristic parameters (e.g., retention time, relative drift
time). The main advantage, however, was the possibility
for rapid measurements with relatively small effort (no
sample preparation) and no additional material required.
The in‐line sampling and analysis meant the data acquisi-
tion only took between 10 and 30 minutes (depending on
the pVOC composition) from the initial enrichment to the
emission pattern (heatmap) of an individual plant. Thus,
GC–IMS enables the performance of high‐throughput
measurements for cross‐species and within‐species compar-
isons of pVOC patterns.

F IGURE 5 Hierarchical cluster dendrogram of the 20 investigated taxa of Narcissus based on the similarity of their pVOC profiles. The distance matrix
is calculated as 1 minus the Spearman's rank correlation (dissimilarity matrix). For the agglomeration, the widely used Ward.D2 algorithm was applied.
Five clusters (chemotypes) were retrieved, representing the likeness between the emission patterns.
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For the majority of the species studied here, this is the
first comprehensive data set of their pVOC compositions or
pVOC profiles, and we can only make limited comparisons
to data in the literature. Published scent data (identified
with GC–MS) are available for N. assoanus Dufour,
N. jonquilla, N. serotinus L., and N. papyraceus Ker Gawl.
(Dobson et al., 1997), and for N. elegans Spach and
N. serotinus (Marques et al., 2016). Our data are in good
agreement with those of Dobson et al. (1997) regarding the
principal compounds, such as (E)‐β‐ocimene and benzyl
acetate. Also, the reported emissions of p‐cresol by
N. papyraceus or methyl benzoate by N. jonquilla are
consistent with our data (Dobson et al., 1997), even if the
relative abundance of p‐cresol was comparatively higher in
our case. Furthermore, we found good agreement with the
data published by Marques et al. (2016) on the floral scents
of N. serotinus and N. elegans, which also highlighted (E)‐β‐
ocimene, linalool, and benzyl acetate as leading compounds.
Dobson et al. (1997) and Marques et al. (2016) reported a
number of minor components (<1% of the total emissions)
that we have not yet been able to confirm. The differences
between the published scent profiles recorded and our
results may be partly explained by some of the minor peaks
we detected but have not yet been able to identify. Also,
there is a high likelihood that scent shows ecotypic variation
in Narcissus, as has been demonstrated for many other plant
groups (Delle‐Vedove et al., 2017). The studies of Dobson
et al. (1997) and Marques et al. (2016) used different plant
materials from those used in our study. Furthermore, we
used a very small sample volume (10 mL over a few seconds
for enrichment). Although GC–IMS is able to detect
substances in the concentration range of ppbv to pptv, it
is conceivable that some substances are below the limit of
detection for such small sample volumes.

What are the advantages of GC–IMS compared
with the classical analytical method (GC–MS)?

The classical GC–MS approach is a powerful technique for
the comprehensive identification and quantification of
volatile organic compounds; however, GC–MS is restricted
to laboratory use and requires elaborate data analysis. This
usually requires the spatial separation of the sampling and
subsequent analysis, potentially compromising the time‐
resolution and sample size. In‐line methods such as proton
transfer reaction–mass spectrometry (PTR–MS) address this
issue and are able to perform real‐time gas analysis with
high mass resolution (Danner et al., 2012) at the cost of a
limited selectivity: substances with an identical nominal
mass (e.g., many monoterpenes) cannot be separated.

The GC–IMS technique used here combines sampling
(enrichment) and subsequent analysis, thereby eliminating
spatial separation and allowing automated in‐line measure-
ments to be taken with short intervals, while the orthogonal
separation principles provide the required selectivity. There
is no need for time‐consuming sample preparation, and the

integrated pre‐concentrator chip obviates the need for
the spatial separation of sampling and analyses. Further-
more, the orthogonal separation principles distinguish this
method from other mobile applications such as mobile GC
or electronic noses. It is possible to build substance libraries,
and once a compound (peak) is referenced in the GC–IMS
substance library no additional analytical steps are required
for identification, making it possible to automatically
evaluate measurements.

Thus, GC–IMS can be used to obtain selective, highly
sensitive, and highly time‐resolved pVOC profiles to
investigate and compare the floral fragrances of different
individuals, different populations, and different subspecies,
or those of the same individual plant, dramatically
improving the volume of data available for ecological,
physiological, or systematic studies. This addresses one
crucial shortcoming of most published pVOC analyses:
the very low number of samples. In the present study, we
were primarily limited by the number of open flowers
available at any given time, not by technical constraints.

How do pVOC patterns differ between
Narcissus species?

Our GC–IMS data for 20 species of Narcissus indicate that
the bouquet is taxon‐specific. Most of the detected and
identified pVOCs corresponded to terpenoids, especially
(E)‐β‐ocimene and linalool, and phenylpropanoids/benze-
noids, with benzyl acetate as the most abundantly promi-
nent. These are rather typical components of floral scent
across many plant groups. (E)‐β‐ocimene, for example, has
been reported in approximately 60% of all plant families
studied (Farré‐Armengol et al., 2017).

Nevertheless, cluster analysis retrieved five clusters of
pVOC profiles that could be roughly translated into
chemotypes. Cluster 1 (Figure 5) represents the most
complex chemotype and comprises three of the four
representatives from section Jonquillae. This cluster displays
a large number of peaks with considerable interspecific
variability. Large amounts of benzyl acetate were detected in
all species, with linalool and (E)‐β‐ocimene as the other two
principal compounds. These three compounds make up less
than 50% of the total emissions (>50% only in N. fernandesii
Pedro). Furthermore, considerable amounts of methyl
benzoate could be detected in N. jonquilla, and indole
could be detected in N. jonquilla and N. fernandesii. Species
from the sections Tazettae and Serotini (subgenus Her-
mione), as well as N. viridiflorus from section Jonquillae,
were contained in Cluster 2. Species in this cluster are
characterized by the presence of (E)‐β‐ocimene, linalool,
and benzyl acetate as the principal compounds (>50% of
pVOCs). Small amounts of eucalyptol were also detected in
N. serotinus, N. tazetta, and N. elegans. Narcissus papyraceus
had high emissions of p‐cresol, a substance mainly associated
with feces, but lacked linalool. The peculiar green‐flowered
N. viridiflorus largely lacked linalool; instead, considerable
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amounts of eucalyptol and phenethyl acetate were detected
together with traces of p‐cresol.

Cluster 3 is characterized by a dominance of (E)‐β‐
ocimene and linalool in the rather weak floral scent. This
cluster contains all species examined from the section
Bulbocodii (“petticoat daffodils”), as well as N. broussonetii
from the section Aurelia (subgenus Hermione). The pVOC
patterns are relatively homogenous, differing primarily in
the relative contribution of the two principal compounds.
For N. romieuxii Braun‐Blanq. & Maire and N. cantabricus
DC. (both subspecies), we also detected characteristic
emissions of benzaldehyde, which these species share with
N. broussonetii (section Aurelia) from the subgenus
Hermione; however, benzyl acetate was not detected in this
chemotype. Narcissus calcicola (section Apodanthi) is
somewhat isolated in Cluster 4, with rather weak overall
emissions. Linalool and (E)‐β‐ocimene were detected in
trace amounts, and benzyl acetate was absent. The bulk of
the pVOC profile in Cluster 4 is made up of unidentified
compounds not found in the other species investigated here.
Cluster 5 includes the three samples of section Pseudonar-
cissi. Lilac aldehydes and 3,5‐dimethoxytoluene were
characteristic pVOCs for this cluster, while the principal
substances found in the other clusters appear to be largely
or completely absent.

Floral scent is a highly variable and complex mixture
of organic molecules, which appears to be a rapidly
evolving floral trait (Dudareva et al., 2013). Floral fragrance
has been hypothesized to be a weak phylogenetic signal
(Schiestl, 2010; Schiestl and Dötterl, 2012). The present
study comprises less than 50% of the currently recognized
species of the genus Narcissus, but we detected a
considerable phylogenetic signal in the pVOC profiles of
the taxa studied here. The patterns largely reflect the
infrageneric classification of Narcissus, indicating some
degree of phylogenetic constraint on the chemical signals in
this plant group.

CONCLUSIONS

Our data show that GC–IMS is a rapid and reliable
technology that can be used to obtain floral pVOC data. The
study presented here was geared toward generating a
reference data set for the genus Narcissus. Future studies
should be directed toward expanding the pVOC analyses to
the remaining species and integrating these data with floral
function (i.e., morphology and reward) and pollinator data,
in order to come to an integrated understanding of flower
ecology and the evolution of flower biology in this iconic
ornamental. At present, the identification of the signals
detected (peaks) with GC–IMS remains a challenge. No
public databases for GC–IMS are currently available, but
this problem will gradually be solved as more reference
libraries are made available. In the present study, the
GC–MS reference measurements enabled the identification
of (E)‐β‐ocimene, linalool, benzyl acetate, p‐cresol, methyl

benzoate, phenethyl acetate, lilac aldehydes (A, B, and D),
3,5‐dimethoxytoluene, DL‐α‐terpineol, and indole. Further-
more, measurements of authentic standards were used
to identify or confirm the presence of benzaldehyde,
DL‐limonene, eucalyptol, β‐pinene, and α‐pinene. The
identification of new signals requires either reference
measurements with GC–MS or the measurement of
authentic standards, as retention indices can only be used
for reliable identification to a limited extent. To date, many
signals have not yet been identified, particularly in the
chemically complex section Jonquillae; thus, broadening the
basis of the GC–MS analyses and reference measurements to
address this issue will be the focus of future studies. Overall,
short sampling and analysis times and the mobility of the
GC–IMS itself are likely to lead to a quantum leap in pVOC
analyses. Our experimental GC–IMS setup (no flower
enclosure, ambient temperature, sample volume: 10mL,
sampling time: <10 s, analysis time: 10–30min) was highly
successful in capturing and documenting a wide range of
different floral volatiles. Research challenges that have been
very difficult to address in the past can now be addressed with
relative ease, including emission time series, the comparison of
a large number of individuals within and between populations,
diurnal variability, and pVOC responses to various events,
including temperature shifts or flower visitation.
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