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allows you reaching outstanding performance in your volatile analyses for
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Just connect the LFSESI to your mass spec, use a line of air to flow the
volatiles in (Fig. 1), and start measuring ≈1000 compounds in real time:
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Figure 1: Typical arrangement for food volatile research
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While yeast is one of the most studied organisms, its intricate biology remains to be fully mapped and
understood. This is especially the case when it comes to capture rapid, in vivo fluctuations of metabolite
levels. Secondary electrospray ionization-high resolution mass spectrometry SESI-HRMS is introduced
here as a sensitive and noninvasive analytical technique for online monitoring of microbial metabolic
activity. The power of this technique is exemplarily shown for baker’s yeast fermentation, for which the
time-resolved abundance of about 300 metabolites is demonstrated. The results suggest that a large
number of metabolites produced by yeast from glucose neither are reported in the literature nor are
their biochemical origins deciphered. With the technique demonstrated here, researchers interested in
distant disciplines such as yeast physiology and food quality will gain new insights into the biochemical
capability of this simple eukaryote.
Metabolites are small molecules that provide a direct readout of organisms’ phenotypes and cellular activity1.
During metabolic processes2, a subset of the metabolites, the so-called volatile organic compounds (VOCs) are
released to the ambient at normal pressure and temperature. VOCs are organic compounds typically C5-C203 with
molecular weights up to 500 Da4, boiling point up to 250 °C5 and high vapor pressure. Many living organisms
including humans, animals, plants, and even microorganisms, produce large varieties of VOCs6. The sum of all
VOCs produced by an organism has been termed the volatilome7–9. While some VOCs have dedicated pathways,
many are intermediates of anabolic pathways or are synthesized by moonlighting activities of enzymes10, hence
reflect promiscuous enzymatic activities in the underlying metabolic network11,12. Although generally produced
in small concentrations (parts-per-million to parts-per-trillion range)13, VOCs reflect the metabolic state of a
cell and, thus, can be used to understand many biological processes such as, e.g., oxidative stress14–16. VOCs are
also at the core of the flavor and fragrance manufacturing, an industry with a focus on plant-derived VOCs.
Volatile metabolites are also of importance in the food industry as taste and smell is informing the consumer
on the quality of a product. A volatile metabolite, industrially produced in large quantities, is alcohol (i.e., ethanol), synthesized by yeast from glucose during fermentation. Interestingly, since ethanol is neutral-flavored,
the taste of fermented drinks originates from minor compounds, such as higher alcohols, aldehydes, esters, and
acids. Most of these metabolites are volatile and intensely flavored. Indeed, monitoring VOCs (i.e., diacetyl,
2,3-pentanedione) abundance in beer is industrial standard, since it has a strong effect on the product quality17.
The economic impact of monitoring such compounds is thus vast18.
Gas chromatography-mass spectrometry (GC-MS)-based methods have been the workhorse to analyze VOC
profiles. The main limitation of such methods is that it requires sample manipulation, resulting in laborious procedures19,20. A more recently deployed approach is ion mobility spectrometry, which provides near real-time analysis, but its poor resolution compared to mass spectrometry compromises metabolite coverage and compound
identification capabilities21–24. Real-time mass spectrometric methods used for on-line quantification of a handful
of VOCs include proton transfer reaction (PTR)13 and selected ion flow tube (SIFT)25. A recent mass spectrometric method based on direct flow injection, has shown to monitor metabolite dynamics in the 15–30 second range
and was used to gain insights into cellular responses to environmental changes26.
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Figure 1. Real-time monitoring of volatile metabolites during yeast growth; (a) raw time profiles of ethanol
(detected as the dimer) and acetic acid during growth on 12C6-glucose and re-injection of glucose after ~27 h;
(b) normalized raw time profiles of ethanol (detected as the dimer), acetic acid and the image signal captured
by a time-lapse camera during growth on 13C6-glucose; c) heatmap showing 263 time-dependent signals during
yeast growth. All the signals in the heatmap were labeled with 13C. For reference, the ethanol signal is shown on
the top.
In line with such efforts to develop instrumentation capable of monitoring time-resolved metabolic information, we show here how secondary electrospray ionization (SESI)27–39 coupled to high resolution mass spectrometry (HRMS) captures on-line an unprecedented wealth of volatile analytes emitted in vivo by growing baker’s
yeast (Saccharomyces cerevisiae).

Results and Discussion

Volatiles emitted by wild type Saccharomyces cerevisiae during growth in13C6-glucose.

Initially, to confirm that SESI-HRMS is indeed suitable to track growth-related metabolites in real-time, we grew
the yeast in glucose minimal medium and monitored well-known end products40 like ethanol or acetic acid. As
expected, we observed the production of ethanol despite full aeration because baker’s yeast is Crabtree positive.
Figure 1a shows such an example, in which ethanol production kicked off shortly after the start of the growth
experiment. The concentration increased exponentially to then level off, presumably concomitant with glucose
depletion. Eventually, ethanol started to decrease again. Such a diauxic growth is expected for yeast fermentation
on glucose. The depletion kinetic, however, seems too fast to be solely explained by metabolization. Evaporation
of this volatile metabolite might have been enforced by the vigorous aeration (25 gas volume flow per unit of liquid volume per minute; vvm) of the bioreactor. When ethanol was almost completely depleted, we spiked glucose
into the medium (~27 h; see Methods section for experimental details). The cells immediately re-started glucose
consumption as evidenced by the instantaneous production of ethanol and acetic acid.
One of the advantages of SESI coupled to high-resolution mass spectrometry (HRMS) is that it can detect
a wide range of analytes, including species of low vapor pressure at concentrations in the low parts-per-trillion
range41. Indeed, along with the well-known volatile metabolites ethanol and acetic acid, numerous other volatile
metabolites were detected during yeast growth. Thus, we replicated the experiment independently; however, we
administered glucose labelled with 13C in all six carbon atoms. 13C label incorporation into metabolites synthesized from glucose allowed differentiating analytes of biological origin from environmental contaminants
or media components. Figure 1b shows the resulting time profiles of ethanol, acetic acid, and yeast biomass
estimated from image grayscale levels in a time-lapse video. The observed correlation between increase of ethanol and production of biomass confirmed that the analytical setup allowed capturing biological events soundly.
13
C-label incorporation confirmed that 263 signals observed in the previous experiment originated from the
yeast’s metabolism. In addition, we conducted a negative control experiment whereby a bioreactor was run under
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the very same conditions but without inoculation with yeast (monitored for ~17 hours). As expected, neither
ethanol nor acetic acid were produced (Figure S1).
The time-resolved dataset of the yeast fermentation enabled a comprehensive overview of the volatilome
dynamics (Fig. 1c). The heatmap is ordered by a cluster analysis, easing the visualization of the different
time-profiles. Note that these metabolites were captured simultaneously and in real-time without any sample
manipulation. Table S1 lists the 263 signals detected in both experiments (i.e., labeled and non-labeled glucose)
as they appear in the heatmap of Fig. 1c. Interestingly, homologous series of compounds tend to cluster together,
suggesting similar kinetics for closely related metabolites. For example, one cluster comprised the homologous
series C6H10, C7H12, C8H14 and C9H16. This bouquet of volatile metabolites remains to be annotated, but the
chemical formula suggests that these compounds could well be alkadienes. Several olefinic compounds have
been reported for diverse organisms42–46. 1,3-octadiene (C8H14), for example, is produced by several fungi and
predicted to be a degradation product of linoleic acid, but the responsible enzymes and encoding genes are yet
to be identified47. None of the potential alkadienes detected here were previously identified in the headspace of
yeast fermentations.

Volatiles emitted by wild type and mutants of Saccharomyces cerevisiae during growth in
13
C1-glucose. To demonstrate that the detected series of hydrocarbons were produced by the baker’s yeast and

not by a biological contamination of the bioreactor, we repeated the measurements. Specifically, we performed
a comparison of two baker’s yeast mutants (i) devoid of the oxidative pentose phosphate pathway (zwf1), which
is associated with oxidative stress response or (ii) limited in glycolysis (pfk1); and compared them with a wild
type (WT) strain. To discriminate in vivo pathway usage, we fed WT, zwf1, and pfk1 with 13C1-glucose. Figure 2a
shows a zoom of the m/z range 200–215 of a typical mass spectrum acquired during such measurements for WT
during the stationary phase. It shows two distinct bell-shaped isotopic distributions. The first one assigned to a
series of Cx(13C)yH25O2 with x ranging 11 to 7 and y 1 to 5 (i.e., molecular formula C12H25O2). Similarly, another
more abundant distribution of C15H25 (13C ranging from 2 to 9) was clearly observed. Apart from high resolution
(~ 30,000) enabling the discrimination of complete 13C isotopic envelopes, MS/MS capability is just another
advantage of our proposed technique over other common on-line technologies used to monitor volatiles in industrial processes48. Thus, further insights in this respect were gained by identifying some of the detected compounds. For example, the two compounds in Fig. 2a were assigned to ethyl decanoate and farnesene based on
the MS/MS spectrum (Figs 2b and S2). Ethyl esters have fruity and floral flavor and constitute important aroma
compounds in wine or beer49. It is hypothesized that fatty acid ethyl esters are formed to prevent accumulation of
medium chain fatty acid under anaerobic conditions during which fatty acid synthesis is inhibited and these fatty
acids are prematurely released from the fatty acid synthase50. The sesquiterpene farnesene is synthesized from
farnesyl diphosphate, an intermediate of the mevalonate pathway.
Figure 2c shows an example of some representative time profiles for a set of metabolites present in the zwf1
mutant but absent in WT and pfk1. Notably, this set of metabolites is a homologous series of odd-numbered
carbons ranging from C7 to C15. This observation was replicated in an independent experiment (Figure S3). We
hypothesize that these compounds are methyl ketones, which can be derived from β-oxidation of fatty acids, but
their identity remains to be fully elucidated51. Likewise, some analytes were characteristic for pfk1 (see example
in Figure S4).
Figure 2d (top) shows the time traces for ethanol. We found that the WT produced approximately twice as
much ethanol as the mutants under the same experimental conditions. The same results were obtained in a replicate experiment (Figure S3). This is consistent with previous work, where similar, reduced glucose uptake and
growth rate ―and as a consequence, a low ethanol formation rate― was found for the zwf1 mutant52. As for
Fig. 1c, we subjected the time traces for all detected signals of the three strains to a cluster analysis and visualized
them in heatmaps. Figure 2d (bottom) shows the results, providing an overview of the differences in volatile
profiles between the strains. While the general picture seems relatively similar for WT and pfk1, the zwf1 mutant
showed marked differences for some compounds. For example, at the bottom of the heatmap one can observe
the cluster of molecules from Fig. 2b. Table S2 lists all the peaks detected in this experiment. Overall, this initial
assessment illustrates the potential of SESI-HRMS to provide a comprehensive overview of VOC production by
baker’s yeast in real-time.
Although the pfk1 cells showed a different metabolic profile than WT and zwf1 cells, our study showed an
unexpected result. The pfk1 strain was able to undergo glycolysis (apparent from lower than expected loss of 13C)
after an extended time of lag-phase growth. It is not entirely clear to us, how the pfk1 strain was able to accomplish
this. However, S. cerevisiae’s phosphofructokinase is a heterooctameric enzyme with an alpha subunit encoded
by PFK1 and a beta subunit encoded by PFK2. Thus, a single gene deletion mutant deficient in either of these
genes might retain phosphofructokinase activity, which may explain the observed labeling pattern53,54.
Another common approach to visualize multivariate data is principal component analysis (PCA). The score
plot of the mass spectra during the exponential phase (Fig. 3a) clearly shows a separation between the three
strains, confirming the existence of a distinct volatile profile for each strain. Please note that we have excluded
ethanol and acetic acid from the analysis in order to show that even without these major end-products, the less
abundant volatile compounds suggest a very distinct profile. As expected, a similar result was obtained when we
included ethanol and acetic acid in the PCA matrix (Figure S5). To understand which metabolites contributed
mostly to the separation shown in the score plot, Fig. 3b displays the loadings for the first PC, which separate WT
from the mutants. Some other highly discriminating molecules were identified via MS/MS and by comparison
with standards (Figure S2). The esters ethyl octanoate and ethyl decanoate were major contributors, along with
farnesene and octanoic acid. Tables S3 and S4 list the major contributions for PC1 and PC2, respectively. When
ethanol was included in the analysis, it was by far the major contributor to the separation shown in the score plot
(Figure S5).
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3

www.nature.com/scientificreports/

Figure 2. Growth of WT and mutants on 13C1-glucose led to complex mass spectra that revealed a unique
in vivo metabolic response; (a) Centroided mass spectrum of the region m/z 200–215 during the stationary
phase of WT yeast growth upon injection of 13C1-glucose into the system. Two isotopic envelopes for C12H25O2
and C15H25 were clearly resolved. The incorporation of 13C into ethyl decanoate and farnesene reflects the
metabolism of the yeast; (b) Fragmentation (SESI MS/MS) spectrum produced using m/z 201 as the precursor
ion from a yeast sample (top) and ethyl decanoate standard (bottom); (c) Set of odd-numbered carbon
molecules built up during growth of the zwf1 mutant but absent in WT and pfk1; (d) Heatmap for the 636
signals detected for the three strains. For reference, ethanol profiles are shown on the top.
Some of the identified compounds are not only relevant biologically, but also industrially. For example,
ethyl octanoate is a yeast-based food product with sour apple aroma55. Figure 3c shows the time traces for ethyl
octanoate for the three strains investigated. It clearly shows that the levels produced by WT were about four times
as much as that of the mutants, reinforcing the potential to monitor industrial processes. Interestingly, ethyl hexanoate showed a very similar trend (this and additional relevant examples are shown in Figure S6). Fatty acids
such as hexanoic, octanoic, and decanoic acids are just some other examples of relevant metabolites for the food
and cosmetic industry. To demonstrate that these products can also be conveniently monitored, we switched the
polarity to negative ion mode. SESI-HRMS spectra in negative ion mode are dominated by deprotonated fatty
acids56,57. Therefore, isomeric interferences such as esters could be excluded. Figure 3d shows the time traces of a
complete series of 11 fatty acids detected in WT after injecting 13C1-glucose. Acetic, octanoic, and decanoic acids
were the major products. The complete list of all 43 compounds detected in this experiment is given in supplementary Table S5.
Thus, in total, 8 compounds were identified with a high degree of confidence by real-time MS/MS, although
isomeric structures cannot be excluded. 11 fatty acids were also confirmed in negative ion mode with a high
degree of confidence based on prior studies56,57. Additional hints of potential compounds were sought by querying publicly available databases. Of the 263 peaks associated to glucose metabolism in positive ion mode, 111
formulae matched at least one compound present in the yeast metabolome database (Table S1)58.
By injecting 13C1-glucose, we also aimed to confirm the validity of our approach to capture well-known biological processes. For example, while the contribution of the oxidative pentose phosphate pathway is rather small in
baker’s yeast grown on glucose, this little contribution should be detectable59. This is indeed suggested in Fig. 3c,
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Figure 3. Distinct volatile metabolic profiles and production kinetics for yeast WT and mutants; (a) PCA
score plot of average spectra in the exponential phase for WT and mutants suggests a clear distinction based
on the volatile metabolic profile; (b) the corresponding loading plot for score 1 shows that esters, acids, and
sesquiterpenes are major contributors to the separation between WT and mutants. Identified compounds are
highlighted in red. Note that ethanol and acetic acid were excluded from the PCA analysis; (c) Kinetic profiles
of the food-relevant metabolite ethyl octanoate for WT, pfk1 and zwf1 illustrates the potential to monitor
industrial processes; (d) series of fatty acids detected in negative ion mode during WT growth in 13C1-glucose;
(e) isotopic distribution for farnesene obtained during the stationary phase. As expected, it shows a greater
accumulation of 13C for zwf1; (f) Time profiles of 13C/12C ratios for ethanol dimer (i.e., m/z 95/93; black) and
acetic acid (red) for the three strains investigated. Note the different kinetic profiles. The average spectra during
the stationary phase for the ethanol dimer is shown in the insets.
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which shows the normalized isotopic distributions for farnesene for the three strains. The maximum isotope
accumulation for all three strains was found at 13C4, but clearly, the relative abundance of C5 to C9 is greater in
the culture of the zwf1 knockout strain as no 13CO2 is released during breakdown of glucose to acetyl-CoA. The
same trend was observed for acetic acid, ethanol, ethyl octanoate, ethyl decanoate, and octanoic acid. All these
observations were reproduced in a replicate experiment (Figure S7).
As metabolic systems are highly plastic, the ability to monitor metabolite dynamics is crucial for understanding cellular processes. Here, our time-resolved data was pivotal for understanding the metabolic pathways involved in the metabolism of glucose that are favored by each yeast strain. Figure 3f shows the 13C/12C
ratio for ethanol and acetic acid. Note that, in the case of ethanol, we monitored the dimer, which lead to a
triplet-like isotopic distribution (i.e., m/z 93 for C2H6O-C2H6O; m/z 94 for C(13C)H6O-C2H6O and m/z 95 for
C(13C)H6O-C(13C)H6O; inset in Fig. 3f). Both, the kinetic and isotopic ratios were different for the three strains.
Mutant zwf1 incorporated 13C into ethanol steeply to reach a plateau of 13C/12C ratio of ~1.2 after 5 h. The label
incorporation in ethanol formed by the WT was similar but reached lower final fractional labeling. In contrast,
no labeled ethanol was observed for pfk1 in the first 4 h after the 13C tracer injection and did not reach a steady
labeling within the 25 h of the experiment. This is explained by a slowed-down glucose metabolism and the
delayed ethanol formation in this mutant. Interestingly, the 13C in acetic acid built up immediately upon glucose
injection in all strains. Other compounds showed different kinetics (Figure S8). The time resolution capability
allowed to exquisitely capture fine details of kinetic profiles, which is crucial to adjust industrial parameters to
tune in real-time the desired volatile profile.
In conclusion, we deployed a sensitive and selective, yet, real-time mass spectrometric technique to investigate
the production of volatile metabolites during yeast growth. The technique gently tracks biological processes at
the metabolic level in vivo with a time resolution of less than one minute. Thus, we benchmarked the technique
by observing well-known processes such as production of ethanol from glucose. However, despite being one of
the most widely studied organisms, the rich volatile profiles (~300 metabolites combining positive and negative mode) of S. cerevisiae detected in these analyses, including non-reported analytes suggests that much work
remains to be accomplished to fully map the metabolism of yeast. Such comprehensive metabolic coverage may
also have potential to tune industrial processes where yeast fermentation is involved.

Methods

Secondary Electrospray Ionization-High Resolution Mass Spectrometry (SESI-HRMS). SESI-

HRMS experiments were carried out using a commercial ion source (SEADM S.L.)60 plugged onto a ThermoFisher LTQ Orbitrap mass spectrometer. The SESI solvent was 0.1% formic acid in water infused at ~100 nL/
min through a 20 μm ID silica capillary. The electrospray voltage was set to 5.4 kV in positive mode (i.e., focusing
electrode 2.59 kV and impact electrode 1.6 kV) and to 5 kV in negative mode. The sweep gas used for cleaning the
electrospray region was set to 2 a.u. All other internal Orbitrap parameters were optimized during calibration.
Orbitrap scan parameters: scan type: FTMS full MS [50–500 Da]; source fragmentation: off; resolution: 30.000;
polarity: positive and negative; Typical mass accuracies were within 2 ppm by using common chemical noise
encountered in SESI-HRMS background as lock masses (i.e. m/z 149.0233, 279.1591 and 445.1200)61,62. AGC
target: 30.000; Maximum injection time: 150 ms; micro scans: 30, which led to acquire a profile mass spectrum
every ~49 seconds to prevent the generation of intractable large files during several hours of volatiles monitoring.
The system was properly calibrated in the respective polarities prior to the analysis. MS/MS fragmentation spectra
for both, yeast and standards, were obtained under identical conditions: Same collision energies; 5 microscans;
Isolation width: 1 Da; Activation Q: 0.25 and Activation time: 30 ms.

Yeast cell cultures. The bioreactor consisted of an autoclaved 100 mL three-neck flask filled with 20 mL of
medium, stirred at 800 rpm with a Teflon magnet and uniformly heated at 40 °C in a water bath. The metabolites
produced during yeast growth were dragged downstream towards the SESI source by a continuous flow of compressed air at 0.5 L/min. The compressed air was filtered and humidified upstream the bioreactor. The bioreactor
was connected to the ion source through a stainless-steel tube (OD 6 mm) heated at 130 °C to minimize metabolite adsorption onto the tube walls.
All the described experiments in this study were performed with Saccharomyces cerevisiae, prototrophic,
YSBN.6 (wild-type) strain. Cells were grown in minimal defined medium: BD (DIFCO) yeast nitrogen base
(#233520); and 2% glucose (as only carbon-source). For each experiment, pre-cultures were inoculated from SD
plates and grown at 30 °C while shaking with 300 rpm for 8 to 10 hours in 1 mL pre-culture tubes. Then, the cells
were inoculated (starting optical density; OD ~0.1) in 500 mL Erlenmeyer flasks with 50 mL of growth medium.
Cultivation was performed at 30 °C with stirrer bar at 300 rpm until an OD of 1.2. The YSBN.6 strains zwf1Δ
(Δzwf::Kan) and pfk1Δ (ΔPFK1::Kan), were grown in a similar minimal defined medium with the addition of
0.02% (v/v) of kanamycin and under the same time, temperature, and mixing conditions. To start the experiment,
1 mL of inoculum with an OD (between 0.8 to 1.0) was injected into the bioreactor for obtaining a starting OD
of 0.1. When the ethanol signal decayed, 0.8 mL of 50% glucose was injected to prolong the exponential growth
phase.
During the experiment, a time-lapse camera took a picture of the bioreactor every minute. Using ImageJ, an
open platform for scientific image analysis63, yeast concentrations of relative values were obtained by averaging
grayscale level in a region of interest of the image in a video. Absolute OD values were also obtained at the beginning and at the end of each experiment with a Thermo electron corporation GENESYS 10 UV spectrophotometer.
Figure 4 shows a schematic of the experimental set-up (photograph in Figure S9).
Data analysis. The raw mass spectra were transformed into mzXML format via MSConvert (Proteowizard)64

and imported to MATLAB (R2016b). Each sample file was interpolated linearly (106 points in the range
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Figure 4. Experimental set-up: 0.5 L/min of compressed air flowed constantly through an active carbon filter
(1); it was humidified in a gas washing bottle (2) before entering the bioreactor (3), a three-neck bottle with
rubber stoppers filled with 50 mL of medium, heated to 30 °C and stirred at 800 rpm. The gas-phase metabolites
were dragged to the SESI source (4) to be analyzed in the mass spectrometer.

50–500 Da). These interpolated profile mass spectra were then centroided (intensity threshold of 50 a.u.), resulting in ~4,400 mass spectral features (number of peaks dependent of course on the experiment performed).
Subsequently, we computed the time traces for each of these peaks by adding the signal intensities ± 2, 5 mDa
around the peaks. The resulting time traces (i.e., signal intensity for each m/z value as a function of time) were
subjected to an agglomerative hierarchical cluster tree (Ward method; Euclidean distance; Figs 1c and 2d). To
ease visualization, the time traces were smoothed (moving mean; span = 25). The 263 features finally considered
(Table S1) were retained as they raised upon the 12C-glucose and 13C-glucose injection but did not experience
any temporal change in a blank experiment were glucose was spiked in sterile fermentation medium. The signal
to noise ratios were determined as the ratio of the variances of the signals of the experiment with yeast and the
negative control where we spiked glucose into sterile medium (Figure S1).
The generation of molecular formulae from accurate mass was performed assuming protonated ions in the
positive ion mode and deprotonated ions in negative mode. The following rules65 were taken into account: Masses
up to 500 Da; considered elements were restricted to C, H, N and O; restricted maximum number of each of these
elements, bounded H/C ratio and heteroatom/C ratio and limited number of double-bond equivalent.
Principal component analysis (PCA) was also used for dimensionality reduction and visualization of the mass
spectra (Fig. 3a,b). The matrix subjected for PCA consisted of 30 rows (i.e., ten time points during the exponential
growth for each of the three strains investigated) and 636 variables (i.e., peaks listed in Table S2). The data was
mean-centered prior PCA. No further transformation of the matrix was applied.
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We present a rapid and sensitive method based on secondary electrospray ionization mass spectrometry
(SESI-MS) for proﬁling volatile emissions from the intact berries of non-Muscat grape cultivars (Pinot
Noir, Chardonnay and Sauvignon Blanc). The method does not require sample preparation or concentration steps. Grape volatiles were tentatively identiﬁed based on accurate mass, the related elemental
composition and literature. Approximately 300 peaks were detected in positive ion mode, and fewer (70
e100) in negative ion mode. We monitored changes in grape berry volatile composition during ripening
to screen for potential ripeness markers and observed ten [MþH]þ peaks and two [M-H]- peaks that
evolved in a signiﬁcant linear trend (R2  0.80, p < 0.05) for the combined data across all cultivars either
increasing or decreasing in the ﬁnal four weeks of ripening. Peaks assigned to C13-norisoprenoids and
benzenoid derivatives have shown similar trends in previous studies using ofﬂine gas chromatography
(GC) approaches. Principal components analysis showed that negative ion mode clearly separated each
stage of grape ripeness, whilst positive ion mode only separated berries in the ﬁnal stage, pre-harvest.
From this preliminary study, we conclude that SESI-MS holds promise as a tool for rapid screening of
grape volatiles. Some marker ions had no interfering peaks within a 1-Da window, such that they could
be monitored with simple unit-resolution instruments in future studies. This implies that SESI-MS in
combination with portable MS instrumentation has potential for ﬁeld analysis where real-time analysis
is key.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction
Grape maturity is an important issue in winemaking because
the grape chemical composition at harvest time is a key determinant of the resultant wine quality (Aleixandre et al., 2015; Coelho,
Rocha, Barros, Delgadillo, & Coimbra, 2007; Giovenzana, Civelli,
Beghi, Oberti, & Guidetti, 2015; Vilanova, Genisheva, Bescansa,
Masa, & Oliveira, 2012). The grape ripening period from postraison (i.e. color change) to harvest is the most critical stage
ve
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1
Current address: Department of Analytical Chemistry, Annex Marie Curie
rdoba, Spain.
building, Campus of Rabanales, 14071, Co
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0956-7135/© 2017 Elsevier Ltd. All rights reserved.

(Geffroy et al., 2014) because many compounds of oenological
importance (free and bound aroma compounds, phenolics, sugar
́ organic
́ acids) undergo complex changes in this growth phase
and
reaching an “optimal” quality (for a given style of wine) at a certain
point in time (Bisson 2001).
Even though sugar and acidity measurements are the most
common indices of grape maturity, it is well recognized that they
lezprovide only basic information related to wine quality (Gonza
ndara, 2013) and
Barreiro, Rial-Otero, Cancho-Grande, & Simal-Ga
no information on the aromatic quality of the grapes. Furthermore,
as there is no physiological basis for the general inverse correlation
between sugar and acidity during ripening (Jackson, 2008) many
exceptions have been observed (Moreno & Peinado, 2012).
Accordingly, there is a need to complement sugar and acidity
indices with other measures to better reﬂect the multifaceted
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nature of grape quality (Suklje
et al., 2014).
Grape-related wine aromas are derived from volatile organic
compounds (VOCs) present in grapes as “free” aroma compounds
and indirectly from non-volatile “bound” aroma precursors that are
released during the winemaking process. Volatile emissions play a
key role in fruit ripening (Goff & Klee, 2006) and therefore, VOC
emissions from grape berries (whether directly related to wine
aroma quality or not) may provide indicators of grape maturity and
ripeness (Aleixandre et al., 2015). Previous studies regarding the
evolution of free grape berry VOCs have focused on aromatic
Muscat grape varieties in part because of the low concentration of
VOCs in neutral non-Muscat grape cultivars (Ferrandino,
Carlomagno, Baldassarre, & Schubert, 2012; Kalua & Boss, 2010;
Salinas, Zalacain, Pardo, & Alonso, 2004). Furthermore, most
studies analyzed grape must (crushed grapes) rather than the intact
berries. Sensitive analysis of VOCs directly from intact grapes could
ultimately facilitate the deployment of miniature mass spectrometer systems on all-terrain autonomous mobile robots in precision
viticulture applications (Lopes et al., 2016).
In this preliminary study we use a numerically optimized Secondary Electrospray ionization Mass Spectrometry (SESI-MS) ionsource (Barrios-Collado, Vidal-De-Miguel, & Martinez-Lozano Sinues, 2016), (SEADM, Spain) to analyze VOCs directly from intact
grapes without sample concentration steps. SESI-MS has already
demonstrated promise in the real-time analysis of VOCs (Sinues
et al., 2012; Wu, Siems, & Hill, 2000), including monitoring VOC
emissions from plants (Barrios-Collado et al., 2016). Furthermore, a
similar technique was previously shown to discriminate different
stages of ripeness in a variety of fruits including table grapes (Chen,
Sun, Wortmann, Gu, & Zenobi, 2007).
Grape berry volatiles from three non-Muscat cultivars (Pinot
Noir, Chardonnay and Sauvignon Blanc) were monitored over a
four-week period in the lead-up to harvest date. Our aims were to
determine: (i) the VOC signals (i.e. high resolution m/z and
elemental composition) that can be detected directly from intact
grapes in real-time (ii) whether clear trends in the evolution of
speciﬁc ion signals can be identiﬁed as potential candidates for
grape ripeness markers. We utilize a high resolution Orbitrap™ MS
(Thermo Fisher, Bremen) in this preliminary study to maximize the
chemical information collected. We note however, that a SESI
source can be readily interfaced to a mini-MS for portable applications (Lee, Misharin, Novoselov, Laiko, & Doroshenko, 2013).
2. Materials and methods

(Pinot Noir). Grape samples were collected weekly from September
4th to September 25th. Approximately, 200 grape berries were
collected for each cultivar, randomly sampled from different
grapevines (both shadowed and sun exposed bunch positions)
from the same rows of vines each week. Picked grapes (pedicel
removed) were immediately placed in food-grade plastic bags,
stored in a cooler and delivered to the lab for analysis within 3 h of
picking. Approximately 50 berries were used for classical ripeness
assessment conducted by Vinalytik (Seewen, Schwyz, Switzerland);
pH and total acidity were measured by a potentiometer whilst
glucose, fructose, tartaric and malic acid were measured using
high-performance liquid chromatography (HPLC).
2.3. SESI-orbitrap-mass spectrometry
Grapes were counted, weighed and equilibrated to room temperature (21  C) prior to SESI-MS analysis. The assessment of grape
volatiles was conducted on the same day as sample collection
avoiding freezing and storage steps. A random sample of the
collected grapes (~80 berries) was measured per cultivar over a
2 min period. Grapes were placed in a 500 ml Schott bottle, closed
using a modiﬁed cap that enabled the headspace of the bottle to be
continuously swept (1 L/min, air) into the SESI source (SEADM, S.L.).
The SESI source was interfaced to a Thermo-Fisher LTQ-Orbitrap XL
mass spectrometer (Thermo Fisher Scientiﬁc, Bremen, Germany).
The ion source, and MS settings were as previously described
(Barrios-Collado et al., 2016). Grapes were also measured in negative mode in the ﬁnal three weeks prior to harvest (September 11th,
18th and 24th, 2015) to explore a wider range of VOCs. In negative
mode, lock masses were m/z 61.98837 and m/z 115.07645, corre
sponding to NO
3 and C6H11O2 respectively. External mass calibration was performed weekly prior to grape VOC analysis. MS
sensitivity was checked weekly (post-measurement) using triethylamine as a standard.
After a 2 min blank measurement the bottle was opened, ﬁlled
with sample grapes and closed. Grape berry VOCs were swept from
the sample bottle headspace into the ion source. The headspace
was measured continuously (3 micro-scans per scan, maximum
injection time of 0.2 s) for 2 min, after which the bottle was
removed and replaced with an empty, clean bottle. The ion source
was ﬂushed with clean air for 10 min between samples to avoid
carryover. Negative-ion mode measurements were conducted on
the same grape berry samples, following a 15 min equilibrium
period.

2.1. Chemicals
2.4. Data processing and analysis
Triethylamine (99.5% purity) and chromatography grade water
(Sigma-Aldrich, Buchs, Switzerland). A standard solution was prepared 10 mg/mL in water for the MS sensitivity checks and stored at
4  C. External mass calibration was performed using the standard
positive and negative ion calibration solutions from Thermo-Fisher
(Bremen, Germany).
2.2. Grape berry sampling and pre-measurement handling
procedures
The volatile composition of intact berries from three nonMuscat grape cultivars was measured weekly, over a four-week
period in the lead-up to harvest. The Pinot Noir, Sauvignon Blanc
and Chardonnay grape samples were collected from a research
€denswil, Zurich canton, Switzerland
vineyard located at Au, Wa
raison was
(8 380 43.27200 E, 47140 56.13600 N) in the 2015 vintage. Ve
August 5th for all cultivars and harvest dates were September 25th
(Chardonnay), September 29th (Sauvignon Blanc) and October 5th

MS acquisition ﬁles (.raw format) were converted to .mzml ﬁles
via ProteoWizard software (Kessner, Chambers, Burke, Agus, &
Mallick, 2008). Subsequent data processing was performed using
python modules based on pymzML (Bald et al., 2012). Data processing steps included; peak picking (measured precision 1 ppm,
minimum counts 5000), averaging spectra, m/z binning (2 ppm
tolerance), removal of contaminants (Keller, Sui, Young, & Whittal,
2008) and inter-quartile range normalization. Average spectra were
calculated over a 1 min period in the 2nd min of measurement. The
ﬁrst minute was discarded due to unstable signals from pressure
changes in the ion source when opening and closing the sample
bottle. Peak intensities were adjusted according to number of grape
berries providing results on a per berry basis. Finally, peak intensities over the four weekly measurements were z-score standardized to facilitate comparison of the evolution proﬁles for the
different m/z peaks. Principal components analysis was performed
using XLstat (Addinsoft, Paris, France, version 2015.2.01.16529).
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2.5. Compound and m/z selection
The standardized evolution proﬁles for all detected peaks were
assessed to determine those with a signiﬁcant increasing or
decreasing linear trend (R2  0.80, p < 0.05) during the ripening
process. Data was analyzed by individual cultivar and as a grouped
dataset (all cultivars) to detect potential ripeness markers. Detected
peaks were tentatively assigned to compounds based on accurate
mass (yielding the elemental composition) and those identiﬁed in
previous studies by GC.
3. Results and discussion
3.1. Classical maturity measures of ripening
Table 1 shows the classical measures of grape ripeness during
the four weeks leading to harvest. The sugar related parameters
increase over the four-week period. Sugar content for Chardonnay
plateaued by week three. Total sugar levels for all cultivars were
220e230 g l1 at week four (prior to harvest). Total acidity generally decreased for both Sauvignon Blanc and Chardonnay, however,
Pinot Noir showed little change in the ﬁnal four weeks of ripening.
3.2. High-resolution m/z detection from intact grapes
The average peak area of the external standard infusions deviated by <10% week-to-week (Supplementary Table 1) verifying that
instrument sensitivity was stable over the four-week measurement
period.
Following data processing, 280e300 mass spectral peaks were
detected at each ripening period (depending on cultivar) in positive
ion mode. Fewer peaks (70e100) were detected in negative ion
mode. The average root mean square (rms) error for the detected
peaks was 0.62 ppm in positive mode (m/z 59e310) and 0.22 ppm
in negative mode (m/z 59e283), indicating that the elemental
composition can be uniquely assigned with high conﬁdence. Peaks
were tentatively assigned across a range of compound classes
previously identiﬁed in grapes or grape must including C13-norisoprenoids, monoterpenes, sesquiterpenes, C6-aldehydes and
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alcohols, benzene derivatives and fatty acids. For all cultivars, m/z
99.0805 detected in positive mode, i.e. protonated [C6H10O]
tentatively assigned to (E-2-hexenal), was among the most abundant peaks in accordance with previous ﬁndings (Coelho et al.,
2007; Kalua & Boss, 2010; Vilanova et al., 2012; Yuan & Qian,
2016). Negative mode spectra were dominated by m/z 59.0139,
deprotonated [C2H4O2], tentatively assigned to acetic acid and is
the major volatile fatty acid in grapes and wine (Boulton, Singleton,
Bisson, & Kunkee, 1996).
In positive mode, considering all cultivars together, the grouped
data revealed 10 peaks (13C isotopes removed) with signiﬁcant
linear trends (R2  0.8, P < 0.05, n ¼ 12), either increasing or
decreasing in the last four weeks of ripening (Table 2). These peaks
exhibiting signiﬁcant linear trends for the grouped data are potential markers of the grape berry ripening process. Based on previous literature four of these peaks were tentatively assigned to
known grape VOCs (Table 2). The evolution proﬁles of the four
tentatively identiﬁed ripeness markers are presented in Fig. 1.
m/z 193.1587 corresponds with the chemical formula for three
isobaric C13-norisoprenoids compounds [C13H20O1]þ; a-ionone, bionone and vitispirane. Whilst the grouped data exhibited a signiﬁcant decreasing trend (p < 0.001), the trends for individual
cultivars (Fig. 1) were signiﬁcant for Sauvignon Blanc (p ¼ 0.02) but
not for the others (Chardonnay, p ¼ 0.07 and Pinot Noir, p ¼ 0.15).
Other authors have observed a decrease in the concentrations of
free b-ionone in the latter stages of ripening in non-Muscat cultivars including Pinot Noir (Yuan & Qian, 2016; Yuan & Qian, 2012),
and Nebbiolo, Dolcetto and Barbera (Carlomagno, Schubert, &
Ferrandino, 2016), and in other grape cultivars (Coelho et al.,
2007; Vilanova et al., 2012). Furthermore, b-ionone has previously been suggested as a potential indicator for signaling ripeness
in V. vinifera reproductive tissues (Carlomagno et al., 2016) and
other plant species (Goff & Klee, 2006). No major interfering peaks
were observed within a 1 Da window around the m/z 193.1587
peak, protonated [C13H20O1] for all cultivars (Supplementary Fig. 1).
This indicates the possibility of monitoring this signal using lower
cost, unit resolution, ﬁeld deployable mass spectrometers in future
studies.
Two of the peaks in Table 2 correspond to benzene derivatives.

Table 1
Classical measures of grape berry ripening for each grape cultivar. Accuracies are ±2% for sugar and organic acid determinations and þ0.10%, - 1.52% for total acidity and pH.
Harvest Date
Chardonnay

2015.09.25

Pinot Noir

2015.10.05

Sauvignon Blanc

2015.09.29

Glucose (g/L)
Fructose (g/L)
Total Sugar (g/L)
Tartaric acid (g/L)
Malic acid (g/L)
Total acidity (g/L)
pH
Berry weight (g/berry)
Glucose (g/L)
Fructose (g/L)
Total Sugar (g/L)
Tartaric acid (g/L)
Malic acid (g/L)
Total acidity (g/L)
pH
Berry weight (g/berry)
Glucose (g/L)
Fructose (g/L)
Total Sugar (g/L)
Tartaric acid (g/L)
Malic acid (g/L)
Total acidity (g/L)
pH
Berry weight (g/berry)

Means presented (n ¼ 50 randomly selected berries).

Week 1: 04-Sep

Week 2: 11-Sep

Week 3: 18-Sep

Week 4: 25-Sep

101.3
99.9
201.2
3.59
3.8
6.5
3.3
1.58
100.4
102.2
202.6
2.89
3.78
4.7
3.65
1.23
93.4
97.7
191.1
2.52
4.30
5.3
3.59
1.41

99.7
103.9
203.6
3.01
4.38
5.4
3.62
1.74
107.7
106.4
214.2
3.21
3.5
5.2
3.53
1.40
110.6
106.8
217.4
3.36
4.03
5.8
3.46
1.74

113.0
108.7
221.7
2.75
3.44
5.3
3.51
1.63
110.6
108.4
218.9
3.10
3.52
5.0
3.59
1.43
109.2
109.2
218.4
2.66
3.88
4.8
3.7
1.67

110.0
110.1
220.1
2.69
3.99
4.6
3.77
1.68
115.1
111.8
227.0
2.97
3.31
5.0
3.63
1.39
118.1
112.3
230.4
2.87
2.60
4.3
3.71
1.62
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Table 2
Detected m/z peaks [MþH]þ with a signiﬁcant increasing or decreasing evolution proﬁle (linear trend R2  0.8, P < 0.05, n ¼ 12), during the last four weeks of ripening. Based
on grouped data for all cultivars. Measured via positive ion mode secondary electrospray ionization mass spectrometry.
Measured m/z (Da)
[MþH]þ

Elemental Composition
[M]

Exact mass (Da)
[MþH]þ

Mass accuracy
(ppm)

Tentative compound
assignment

Coefﬁcient of determination
(R2)a

Trendb

59.0492
139.0389
151.0753

C3H6O
C7H6O3
C9H10O2

59.04914
139.03897
151.07536

1.4
0.6
0.4

acetone

0.81
0.84
0.85

þ
e
e

155.1542
163.1481
165.0910
175.1481
179.1430
193.1587

C9H18N2
C12H18
C10H12O2
C13H18
C12H18O
C13H20O

155.15427
163.14813
165.09101
175.14813
179.14304
193.15869

0.5
0.4
0.0
0.4
0.3
0.0

0.83
0.90
0.88
0.86
0.89
0.84

e
e
e
e
e
e

203.1430

C14H18O

203.14304

0.2

0.85

e

a
b

*

4-vinylguaiacol/benzyl
acetate
*
*

2-phenethyl acetate/eugenol
*
*

a-ionone, b-ionone,
vitispirane
*

All R2 values signiﬁcant (p < .001).
þ (increasing trend),  (decreasing trend). *Unassigned peaks.

Fig. 1. Tentatively identiﬁed [MþH]þ peaks with a signiﬁcant linearly increasing or decreasing trend (R2  0.80, p < 0.05) based on combined data for all cultivars. The R2 values and
signiﬁcance for individual cultivars are provided in the ﬁgure. The relative standard error was 3.2% for all time-points. Measurements via positive ion mode secondary electrospray
ionization mass spectrometry.

m/z 151.0753, protonated [C9H10O2] and 165.0910, protonated
[C10H12O2] were tentatively assigned to 4-vinylguaiacol/benzyl
acetate and eugenol/2-phenylethyl acetate respectively. These
compounds have been identiﬁed in the canopy of Cabernet Sauvignon (Skogerson, 2011), and grape must of different cultivars
(Carlomagno et al., 2016; Garcia, Chacon, Martinez, & Izquierdo,
2003; Sefton, Francis, & Williams, 1993; Vilanova et al., 2012). For
protonated [C9H10O2] the trends for the individual cultivars (Fig. 1)
were signiﬁcant for Chardonnay (p ¼ 0.01) but not for the others,
Pinot Noir p ¼ 0.13, Sauvignon Blanc p ¼ 0.10 (grouped data
p < 0.001). The decreasing trend for protonated [C10H12O2] (Fig. 1)
was signiﬁcant for Chardonnay (p ¼ 0.001) and Sauvignon Blanc
(p ¼ 0.02), but not for Pinot Noir (p ¼ 0.15). In accordance with our
observations these compounds have been observed to decrease

with ripening (Garcia et al., 2003; Vilanova et al., 2012).
Protonated [C3H6O], assigned to acetone was observed to increase in the ﬁnal four weeks of ripening in contrast to the other
compounds that decreased (Table 2). Considering the individual
cultivars, the trend (Fig. 1) was signiﬁcant for Sauvignon Blanc
(p ¼ 0.02) but not for the others (Chardonnay p ¼ 0.08, Pinot Noir
p ¼ 0.20). Acetone has not been examined in previous studies on
grape ripening.
Some positive mode peaks exhibited a cultivar speciﬁc evolution
trend. For example, m/z 111.0804 protonated [C7H10O] tentatively
assigned to (E,E)-2,4-heptadienal, m/z 121.0648 protonated
[C8H8O] tentatively assigned to 4-vinylphenol and m/z 143.1066
protonated [C8H14O2] tentatively assigned to isomers of hexenyl
acetate exhibited signiﬁcant linear trends for Pinot Noir but not the
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Table 3
Tentative fatty acid peaks, elemental composition and mass accuracy for peaks detected in all cultivars and ripening stages. Measured via negative ion mode secondary
electrospray ionization mass spectrometry.
Measured m/z (Da) [M-H]a

Elemental Composition [M]

Exact mass (Da) [M-H]

Mass accuracy (ppm)

Tentative compound assignment

59.0139
73.0295
87.0452
115.0765
143.1078
157.1235
171.1392
185.1548
199.1705
227.2019
241.2176
255.2334

C2H4O2
C3H6O2
C4H8O2
C6H12O2
C8H16O2
C9H18O2
C10H20O2
C11H22O2
C12H24O2
C14H28O2
C15H30O2
C16H32O2

59.01385
73.02950
87.04515
115.07645
143.10775
157.12340
171.13905
185.15470
199.17035
227.20165
241.21730
255.23295

0.7
0.3
0.5
0.2
0.6
0.6
0.6
0.8
0.9
1.3
1.3
1.6

acetic acid
propanoic acid
butanoic acid
hexanoic acid
octanoic acid
nonanoic acid
decanoic acid
undecanoic acid
dodecanoic acid
tetradecanoic acid
pentadecanoic acid
hexadecanoic acid

a

Measured mass ¼ the average mass detected (all cultivars and time periods).

other cultivars (Supplementary Fig. 2). The evolution of some
benzene derivatives has been found to be cultivar speciﬁc
(Carlomagno et al., 2016; Vilanova et al., 2012) as we observed for
m/z 121.0648, protonated [C8H8O].
Fatty acids are found in low abundance in grapes (Yuan & Qian,
2016) however, we were able to detect fatty acid-related signals
directly from the intact grape berries using negative mode SESI-MS.
Signals were detected for the series of saturated fatty acids from
two-carbon acetic acid to sixteen-carbon hexadecanoic acid, with
the exception of pentatonic acid (C5) and tridecanoic acid (C13) that
were not detected (Table 3). Volatile fatty acids were previously
detected by negative mode SESI-MS (Martínez-Lozano & de la
Mora, 2008).
Considering all cultivars together, the negative mode grouped
data revealed two peaks (13C isotopes removed) with signiﬁcant
linear trends (R2  0.8, P < 0.05, n ¼ 9), either increasing or
decreasing in the last four weeks of ripening. These peaks were m/z
60.9931 deprotonated [CH2O3] and m/z 141.0922 deprotonated
[C8H14O2]. No tentative assignment was possible from the literature. The evolution proﬁles for these peaks over the ﬁnal three

weeks of ripening are provided in Supplementary Fig. 3.
The PCA for the negative mode data showed superior separation
of the different stages of ripeness in comparison to positive ion
mode where grape berries were only separated from the other
ripening stages in the ﬁnal week of measurement, prior to harvest
(Fig. 2). The utility of negative ion mode in the differentiation of
wines (Cooper & Marshall, 2001) and grape musts (Catharine et al.,
2006) has been previously demonstrated by direct infusion electrospray ionization (ESI) approaches targeting non-volatile
components.
In conclusion, our preliminary results show that SESI-MS can
detect VOCs directly from the headspace of intact grape berries
without sample preparation or concentration steps. Ten peaks in
positive mode and two peaks in negative mode exhibited signiﬁcant linear trends (R2  0.8, p < 0.05) for the combined data across
all cultivars either increasing or decreasing in the ﬁnal four weeks
of ripening. These peaks may hold potential as markers of grape
maturity, however further investigation over multiple vintages and
longer ripening periods is required to test the robustness of the
trends observed in this study. Importantly, simple unit resolution

Fig. 2. Principal component analysis score plot for ﬁrst and second components (F1 and F2) for all grape cultivars and measurement time points as measured via positive ion mode
(A) and negative ion mode (B) secondary electrospray ionization mass spectrometry.
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MS instrumentation could be used to monitor particular ions of
interest indicating that SESI in combination with miniature MS
could play a role in ﬁeld deployable precision viticulture applications in the future.
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ABSTRACT: We have deployed an eﬃcient secondary electrospray
ionization source coupled to an Orbitrap mass analyzer (SESI-MS) to
investigate the emissions of a Begonia semperﬂorens. We document how
hundreds of species can be tracked with an unparalleled time resolution
of 2 min during day−night cycles. To further illustrate the capabilities
of this system for volatile organic compounds (VOCs) analysis, we
subjected the plant to mechanical damage and monitored its response.
As a result, ∼1200 VOCs were monitored displaying diﬀerent kinetics.
To validate the soundness of our in vivo measurements, we fully
characterized some key compounds via tandem mass spectrometry
(MS/MS) and conﬁrmed their expected behavior based on prior gas
chromatography/mass spectrometry (GC/MS) studies. For example, β-caryophyllene, which is directly related to photosynthesis,
was found to show a periodic day−night pattern with highest concentrations during the day. We conclude that the capability of
SESI-MS to capture highly dynamic VOC emissions and wide analyte coverage makes it an attractive tool to complement GC/
MS in plant studies.
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presence of anthropogenic pollutants;7 both ozone and aerosols
are strong airway irritants.8
VOCs released by plants to the atmosphere comprise a wide
chemical variety of molecules from 5 to 20 carbon atoms and
molecular weights up to 500 Da.9 Gas chromatography/mass
spectrometry (GC/MS) has been the main analytical technique
used for the analysis and characterization of such species.10−16
However, GC/MS has some limitations. Mainly, the need to
manipulate and often preconcentrate the gaseous samples
makes impractical the monitoring of chemical events in the
time scale of a few minutes. In addition, some studies suggest
that heatingas in the case of GC/MSsigniﬁcantly alters the
molecular proﬁles of metabolites, indicating that a signiﬁcant
amount of the spectral data generated in GC/MS experiments
may correspond to thermal degradation products.17 In contrast,
real-time mass spectrometry analysis prevents the risk of
introducing artifacts associated with sample manipulation and
exposure of the volatiles to high temperatures during extended
periods of time. In addition, it can be crucial to capture changes
in VOC emission, which in some cases occur on the order of

lants interact with their surrounding environment releasing
chemical cues. Such chemical response of plants occurs in
the form of emission of volatile organic compounds (VOCs).
Thus, plants send internal messages between their organs or as
a response against biotic or abiotic stress.1−3 Two well-known
examples are the attraction of pollinators, or the call for insect
predators when under herbivore attack. Such chemical
communication allows a fast and eﬃcient interplay between
plants, and plants and other species in the vicinity. Although
the study of plant VOCs has a long tradition due to its
extensive use in ﬂavorings and fragrances,4 research aiming to
understand their function in plant communication is relatively
young. The availability of new mass spectrometry-based
techniques has signiﬁcantly improved it since the 1990s3 and
is now a growing ﬁeld due to its important implications for
modern agriculture. For example, the study of terpenes has
helped to enhance crops endurance against abiotic stress. Thus,
oxidative atmospheric conditions have been prevented or
minimized by artiﬁcially spreading chemical warning signal
which sets the crop “on guard”, or by genetic modiﬁcations that
make the plants to release it continuously.5 Atmospheric
chemistry is another important ﬁeld in which plant-related
VOCs play a major role.6 For example, terpenes contribute to
the formation of ozone and secondary organic aerosols in the
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minutes (e.g., reaction against stressful events). For this reason,
a number of techniques have been developed that allow realtime monitoring of VOCs emitted by plants. Thus, current realtime VOC analysis is dominated by chemiluminescence,
infrared photoacoustic spectroscopy (PA), selected ion ﬂow
tube mass spectrometry (SIFT-MS), and proton transfer
reaction mass spectrometry (PTR-MS).10,18,19 Chemiluminescence was the ﬁrst real-time plant VOC analysis technique
developed to study the role of isoprene. However, chemiluminescence is often limited to this particular compound and
other fairly simple VOCs (e.g., ethane), limiting the
investigation of complex plant responses. In addition, PA
presents some limitations to resolve complex mixtures of gases,
which is typically the case in plant-borne VOCs. SIFT-MS and
PTR-MS are currently the most powerful techniques for realtime plant VOC analysis in terms of sensitivity and VOC
coverage range. They have been successfully used to complement GC/MS.19,20 However, their volatile metabolome coverage is still far from GC/MS capabilities, where hundreds of
compounds can be detected. Other limitations in comparison
to state-of-the-art mass analyzers, such as modest resolution
and lack of tandem mass spectrometry (MS/MS) capabilities,
limit the opportunities to perform untargeted metabolome
ﬁngerprinting and further compound identiﬁcation.
Our goal in this plant VOC analysis work was to achieve a
broad metabolome coverage (i.e., hundreds of species with
masses approaching 500 Da) as GC/MS does, yet in real time
as PTR-and SIFT-MS do. To do so, we developed a method
featuring a high-resolution mass spectrometer (HRMS)
coupled with a secondary electrospray ionization (SESI)
source, which provides sensitive online ionization.21 SESI is a
well-known soft ionization method for gas-phase analytes.22−30
SESI-MS has been used previously for explosives,21,31,32
drugs,25,33,34 human metabolites,35−42 food analysis,43,44 and
bacterial emissions.45−47
Here we used an optimized version of a SESI ionizer dubbed
low-ﬂow SESI (LFSESI),48 which has been recently optimized
numerically.49 This technological development was designed as
a plug-and-play add-on to preexisting atmospheric pressure
ionization mass spectrometers (API-MS). Thus, by simply
exchanging the standard ion source by the LFSESI the mass
spectrometer turns into a sensitive vapor analyzer. Here we
present the results of this new technological development for in
situ analysis of VOCs released by plants. In particular, we
document the real-time detection of hundreds of light- and
stress-induced VOCs, suggesting that, in combination with
traditional GC/MS, SESI-HRMS could provide valuable
insights into plant volatile metabolism.

Figure 1. Experimental setup used to analyze in vivo plant volatile
emissions. A commercially available secondary electrospray ionization
source was interfaced with an Orbitrap mass spectrometer. Metabolites
emitted by the plant were continuously dragged into the ion source
and mass analyzed in real time: (a) glass beaker containing the plant;
(b) SESI source; (c) SESI control module; (d) Orbitrap MS; (e) timelapse camera.

The temperature of the transfer line connecting the chamber
and the LFSESI was set to 100 °C, and the ionizer temperature
was set to 80 °C (both PID controlled), limited by the boiling
point of the ESI solvents (water−formic acid 0.1%). MS sweep
ﬂow was set to 2 (arbitrary units), and the inlet capillary
temperature was set to 225 °C. Voltages, mechanical alignment,
and electrospray tip axial position were optimized prior the
experiments. All experiments were run in positive mode. We set
the lock mass to four common mass spectrometry contaminants50 (m/z 149.02332, 279.15909, 355.06994, and 371.10124
Da, C8H4O3, C15H22O4, and [C2H6SiO]5 the latter two,
respectively) appearing in the positive ion mode.
We ran two diﬀerent experiments to illustrate the capabilities
of this technique for plant VOC analysis: we sought to identify
(i) light-induced emitted molecules and (ii) molecules emitted
by the plant under stress due to mechanical damage. In the
former case, the plant was measured nonstop during 3 entire
days (Video S1). Temperature and humidity within the
chamber were continuously monitored. Light levels in the lab
were recorded using a luxmeter (PCE Instruments, Spain). In a
second set of measurements mimicking the attack of an insect,
we measured the plant under normal conditions during 90 min
to establish the baseline. The chamber was then opened and the
upper leaves were pierced. The response of the plant was then
recorded during 120 min.
In both sets of experiments full MS scans were recorded with
a time resolution of 2 min (i.e., 250 scans; 1 scan every 500
ms). The scanned m/z range was between 50 and 500 Da and
resolution ranged from ∼88 000 at m/z 59 to ∼30 000 at m/z
445. In addition, we identiﬁed some key compounds observed
in the full scans by performing MS/MS in real time. The
fragmentation patterns were compared with standards, which
were injected into the MS using a standard ESI ion source. The
standards used were β-caryophillene (C15H24, Tokyo Chemical
Industry), methyl jasmonate (C13H20O3, Tokyo Chemical

■

METHODS
Experimental Section. In this work, we enclosed a Begonia
semperﬂorens within a 5 L glass beaker. The sampling air ﬂow
dragging volatiles continuously through the plant chamber was
set to 1 L/min. The plant chamber featured an inlet for humid,
compressed air and an outlet connected to the commercial
LFSESI ion source (SEADM, S.L.).49 The ion source was
mounted in front of a Thermo-Fisher LTQ Orbitrap mass
spectrometer. Note that the LFSESI source is easily
exchangeable with the standard ion source and it is controlled
using the MS vendor’s software (i.e., no additional requirements of compatibility). Figure 1 shows a picture and a diagram
of the setup.
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Industry), and(Z)-3-hexenyl acetate (C8H14O2, Tokyo Chemical Industry).
Data Analysis. Acquisition ﬁles, in Thermo-Fisher’s
proprietary ﬁle format.raw, were converted to .mzxml ﬁles via
ProteoWizard software51 and were subsequently postprocessed
with MATLAB (R2015b). For each scan the m/z vector (50−
500) was interpolated using 1 × 106 equidistant points. The
raw mass spectra were converted into a peak list using 5000
counts as threshold. 13C isotopes were removed from the peak
list, leading as a result to around 3000 mass spectral features.
The resulting time traces for each of the mass spectral features
were smoothed (moving average; span = 99) and autoscaled.
The resulting matrix (m/z × time) was subjected to hierarchical
cluster analysis (Euclidean distance; Ward linkage algorithm) to
identify distinct trends of time traces. Finally, we computed the
molecular formulas (elements: C, H, O, N, and S) for the
accurate masses using the approach described by Kind and
Fiehn.52
Safety Considerations. High temperatures and high
voltages are applied to the LFSESI. In order to avoid burns
and electric discharges, careful operation is required. Note
nevertheless that the commercial SESI ion source used in this
study includes the required safeguards to minimize these risks,
as listed in the European normative (Low Voltage Directive
2006/95/EC).

Figure 2. Capturing periodic VOC patterns during three entire days.
False color heatmaps of 111 diurnal (a) and 55 nocturnal (b) species.
Red and green represent relatively high and low values, respectively.
Gray bars indicate periods of darkness (i.e., <1 lx). Exact masses and
molecular formulas for each of the numerated clusters are listed in
Tables S2 and S3.

■

RESULTS AND DISCUSSION
Light-Induced Metabolism. During a three-day nonstop
measurement, we evaluated which volatiles showed a clear
correlation (either positive or negative) with the light levels in
the room. Figure S1 shows the recorded light levels across the 3
days (time resolution = 5 min), clearly showing the day/night
cycles. Our high-resolution mass spectra contained more than
3000 resolved peaks (after ﬁltering isotopes) in the range of
50−500 Da in full scan mode during the three-day experiment.
To identify those showing a correlation with day/night cycles,
we subjected the time traces matrix to hierarchical cluster
analysis. Essentially, we identiﬁed four distinct trends: (1)
compounds whose intensity showed almost no change during
the three-day experiment, (2) those which showed a decreasing
trend without day−night correlation (Figure S2), (3)
compounds with a constant rising trend (Figure S3 and
Table S1), and (4) compounds with a clear periodic pattern
correlated with the day−night cycle. Compounds of trends 1
and 2 (around 86% of all mass spectral features) were chemical
noise not related with the “plant ecosystem” (deﬁned as the
plant and the soil, as we are not able to separate them), whereas
the third (85 mass spectral features) and fourth (156 mass
spectral features) trends were associated with the plant
ecosystem. Of those showing a periodic ﬂuctuation, we found
111 diurnal species (i.e., maximum emission rates were around
midday) and 55 nocturnal species (i.e., maximum emission
rates were around midnight). Parts a and b of Figure 2 show the
heatmaps corresponding to the diurnal and nocturnal species,
respectively. Further visual inspection of the time traces
revealed 154 additional compounds which were the sum of a
periodic pattern and a decreasing negative-exponential baseline
as the emission rates did not reach the steady state in 3 days
(see, for example, the time trace of monoterpenes in Figure 3).
In a similar fashion, 74 additional nocturnal substances were
identiﬁed. Figure S4 shows the complete heatmaps of the
species with increased emission rates at day and night, including
the compounds identiﬁed by visual inspection. The accurate

masses and their corresponding molecular formulas are listed in
Supporting Information (Tables S2 and S3). For greater clarity,
the tables are organized by the diﬀerent clusters revealed by
cluster analysis. Interestingly, a number of a clusters identiﬁed
by unsupervised cluster analysis turned out to correspond to
clear chemical families. For example, among the compounds
showing a systematic increase during the 3 days (irrespective of
light conditions; trend 3), we identiﬁed a family of 20
compounds (cluster 5; Table S1) with molecular formulas
CxHyS (x = 19−23; y = 31−43). Figure S5 shows an example of
the experimental mass spectrum of [C21H37S]+ (m/z 321.2616)
and its match with the theoretical isotopic distribution,
conﬁrming the molecular formulas of this chemical family.
This group of compounds are probably monothiophenes, which
are natural wide-spectrum biocides released by the plant against
parasitic fungi and nematodes.53,54 In the case of the diurnal
species (Table S2), the dominating chemical families were
hydrocarbons (i.e., CxHy) and CxHyOz. In contrast, a large
number of nocturnal VOCs (Table S3) contained 1−2 nitrogen
atoms, possibly as a result of elimination of nitrogen by
oxidation during photosynthetic rest periods.55
To gain further conﬁdence in the value of our observations,
we followed a targeted approach focusing on key compounds
that have been extensively characterized by GC/MS. Thus,
monoterpenes (m/z 137.1324) and sesquiterpenes (m/z
205.1950) are two families of metabolites known to be related
to photosynthesis.3 Figure 3 shows the mass spectrum in the
region at m/z 137. It shows four clearly resolved peaks
separated by less than 0.1 Da (m/z 137.0248, 137.0596,
137.0958, and 137.1324). The latter corresponds to the
monoterpene family [C10H17]+. The inset shows the corresponding time traces for each of the peaks. As expected, the
C

DOI: 10.1021/acs.analchem.5b04452
Anal. Chem. XXXX, XXX, XXX−XXX

Article

Analytical Chemistry

Figure 3. High resolution is crucial in real-time analysis of complex
VOCs mixtures. Four diﬀerent species were detected at m/z ∼ 137.
The inset shows their corresponding time proﬁles, indicating that the
two minor ions were chemical noise. The monoterpenes showed the
expected periodic pattern. The dominant [C9H13O]+ ion trace
indicates that it also stems from the plant. For reference, a simulated
spectrum at resolution 3000 is overlaid, suggesting that the monitoring
of monoterpenes would have been compromised under these
conditions.

monoterpenes show a periodic diurnal behavior.3,56 The most
abundant compound at m/z 137.0958 [C9H13O]+ showed a
sort of periodic pattern with an accumulation tendency during
the 3 days. In contrast, the two minor species at m/z 137.0248
and 137.0596 showed a ﬂat or falling tendency, indicating that
they were just chemical noise not related to the plant
ecosystem. This example illustrates the importance of using
high-resolution mass analyzers for real-time analysis of complex
mixtures. For comparison, Figure 3 along with the experimental
mass spectrum, shows the simulated spectrum at resolution
3000 for these four species. This is the typical resolution of a
high-end PTR-TOF system.57 Clearly, at this resolving power,
the four species would have gone unresolved and the
identiﬁcation and quantiﬁcation of the monoterpenes would
have been seriously compromised.
Figure 4a shows two examples of compounds whose
emissions were oppositely correlated with the day−night
cycle. The ﬁrst species peaked around 8:30−9:00 a.m. to
then decline until it reached a minimum around 1 a.m., when it
bounced back to recover again the previous day’s levels (i.e.,
diurnal behavior). In contrast, the second example shown in
Figure 4a has a maximum around 1 a.m. and its levels drop until
8−9 a.m., when it reaches a minimum (i.e., nocturnal behavior).
In this case, although the period pattern is clearly preserved
across the 3 days, it shows an accumulation trend. This results
in highest concentration values during the third night. In
addition, the proﬁle shows a plateau, rather than a well-deﬁned

Figure 4. Identiﬁed compounds show the expected day−night periodic
behavior. (a) Time traces for β-caryophyllene [C15H24]+ and indole
[C8H7N]+ illustrate a typical diurnal and nocturnal pattern,
respectively. (b) MS/MS conﬁrmation of β-caryophyllene. The inset
shows the mass spectrum in the vicinity of β-caryophyllene (marked
with an asterisk).

maximum (as the diurnal compound), suggesting diﬀerent
kinetics. The fact that SESI can be interfaced with virtually any
API-MS, enabled us to take full advantage of the Orbitrap mass
analyzer to perform real-time MS/MS for further characterization. The diurnal compound was identiﬁed as β-caryophyllene (Figure 4b). The isolation mass window (1 Da) is shown
in the inset. Obviously, as a result of performing real-time
measurements, the fragmentation spectrum is populated with
fragments stemming from all the species within the isolation
mass window. In this particular case, β-caryophyllene was the
most abundant species and fragments easily. As a result, the
MS/MS spectrum is dominated by its fragments, as evidenced
by the perfect match with the standard. β-Caryophyllene is one
of the most important sesquiterpenes, which is directly related
to photosynthesis.58 Consistent with previous GC studies
investigating diﬀerent plants, we found that β-caryophyllene’s
D

DOI: 10.1021/acs.analchem.5b04452
Anal. Chem. XXXX, XXX, XXX−XXX

Article

Analytical Chemistry
emission rate is increased during the day.3,56,58 The nocturnal
compound has been tentatively assigned to indole based on its
accurate mass and isotopic distribution. Indole is usually related
to plant defense against herbivore attack59 and is also used as an
inhibitor for the germination of seeds of other plant species.56
The correlation of indole emission with light is unclear in
literature where examples of plants with maximum emissions
both at day60 or night61 can be found.
To the best of our knowledge, this is the ﬁrst study reporting
nearly 400 light-induced species captured in vivo simultaneously. This is in contrast with prior eﬀorts to monitor plant
VOCs in real time, for example, with PTR-MS and PA, where
no more than 20 volatiles have been reported.62,63 This wide
analyte coverage is actually comparable to GC/MS analysis,
where typically a few hundred compounds per run are
detected.13,14
Stress-Induced Metabolism. To further illustrate the
potential of our vapor analyzer to study plant metabolism, we
subjected the plant to a stress event and examined its response.
We ﬁrst monitored the plant around 1.5 h under normal
conditions. We then opened the glass bell jar, pierced some
upper leafs (i.e., mimicking an insect attack event), closed the
glass bell jar, and observed the plant’s instantaneous response
during 2 h after wounding the leaves. As a result of the
mechanical damage, we observed a rise in the emission of 1224
compounds. Interestingly, 996 of them were not previously
detected in the three-days experiment. This suggests that this
wide range of molecules was associated with stress-induced
metabolism. Figure 5 shows the heatmap of the 1224 species

Figure 6. (a) Diﬀerent VOCs kinetics suggest a compound-dependent
response to mechanical damage. (b and c) MS/MS spectra of methyl
jasmonate [C13H20O3]+ and (Z)-3-hexenyl acetate [C8H14O2]+ for the
plant and pure standards, respectively. As expected, these compounds
rose as a response to leaves piercing.

during ∼8 min to then reach a plateau until min 50, followed by
a decline until min 100 and when they recovered again part of
the signal during the last 20 min. In contrast, the [C7H17O2]+
species rose sharply after the mechanical damage to peak 20
min later. It then constantly declined during 80 min and
stabilized during the last 20 min. A totally diﬀerent behavior
was shown by the unknown compound at m/z 134.0808, which
increased constantly during the 2 h following the leaves
piercing. Such distinct behavior and rapid changes in VOCs
proﬁles illustrate the beneﬁt of using real-time techniques to
capture such events with enough time resolution.
Real-time techniques are particularly beneﬁcial to study
stress-induced metabolism in plants if they are able to capture
fast changes in metabolite levels with suﬃcient resolution. For
example, it has been recently shown that indole is an important
priming agent in maize.65 This GC-based study has shown that,
upon wounding maize plants, ﬁve major families of VOCs were
induced. The ﬁrst, second, and third measured time points were
45, 90, and 180 min after elicitation. While the general trends
may well be captured using this time resolution, some
important details might gone undetected. For example, Figure
S6a shows the time traces for the eight species tracked in the
study by Erb et al.65 It shows that indole rises immediately after
leaf wounding, but around 45 min later declines sharply to
reach the same levels prior to elicitation. Diﬀerent dynamics
were observed for other species in the range of 45 min,
suggesting that, indeed, real-time mass spectrometry-based

Figure 5. Plant response to mechanical damage. Heatmap of VOCs
time proﬁles providing an overview of the 1224 species whose
emission rose upon piercing the upper leaves. Table S4 lists their m/z
values and molecular formulas.

whose emission rose upon leaf piercing, providing an overview
of the plant response. Table S4 lists the associated m/z and
molecular formulas. Table S5 lists the 996 species associated
exclusively to the stress-induced metabolism. The kinetics were
similar for all the species, but with some subtle diﬀerences.
Figure 6a displays ﬁve selected examples. Two of them were
identiﬁed by MS/MS as methyl jasmonate and hexenyl acetate
(Figure 6, parts b and c).The third one is a sesquiterpene or
probably a mixture of them (i.e., isomeric structures), and the
rest are two unidentiﬁed molecules detected exclusively during
mechanical damage. Methyl jasmonate is a chemical alarm for
herbivore attack and an insect digestive inhibitor, and (Z)-3hexenyl acetate is an attractant to predatory insects.64 Both are
related through the oxylipin pathway and rose under stressful
conditions, as expected. Their time proﬁles, as well as the
sesquiterpenes, were actually very similar, with a sharp increase
E
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methods may be necessary to understand in greater detail
complex response of plants to stimuli. This notion is reinforced
by other PTR-MS studies suggesting that dramatic changes in
emitted volatiles occur in as short as 10 min after mechanical
damage.62 In another GC/MS example, a number of
compounds with a defensive function against herbivores have
been proposed.66 In this case, volatiles were trapped during 7 h.
Figure 6b displays the time traces for the compounds identiﬁed
by Kessler and Baldwin,66 suggesting again that SESI-MS could
complement GC/MS methods to capture with a ﬁner time
resolution plants’ response to herbivore infestation.
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In conclusion, we presented an analytical platform that
combines the sensitivity and selectivity required to detect
hundreds of VOCs covering typical GC/MS methods range
(i.e., 50−500 Da), yet with unparalleled time resolution and no
sample preparation. This platform combines an eﬃcient vapor
ionizer and a high-resolution Orbitrap mass spectrometer. To
illustrate the capabilities of such system in the ﬁeld of plant
metabolomics, we investigated the volatiles emitted by a B.
semperﬂorens in real time and in vivo. In a ﬁrst set of
measurements, we proved the stability of the system by
monitoring continuously the plant during three entire days.
Around 400 species were found to correlate with light levels
(i.e., diurnal and nocturnal), capturing its behavior with a time
resolution of 2 min. Some of these species were identiﬁed by
MS/MS and conﬁrmed an overlap between the species typically
investigated by GC/MS and the VOCs detected by SESI-MS.
In a second round of experiments we investigated the response
of the B. semperﬂorens to mechanical damage. We detected
more than 1200 VOCs emitted by the plant as result of
mechanical damage. As in the case of light-induced metabolites,
we found a large overlap with compounds described in the
literature. However, we observed signiﬁcant VOC changes on
the time scale of minutes, implying that these details would
have gone undetected by oﬀ-line methods without the required
sampling frequency. We therefore conclude that SESI-MS
could provide valuable complementary real-time chemical
information on plant metabolomics to GC/MS, which in
addition is still indispensable for accurate chemical identiﬁcation isomeric species. Future developments including an ion
mobility cell could add real-time separation capabilities.30
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