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Featured Application: In the highly competitive market of spirit drinks, distillers are interested
in creating new and interesting products. It is important to be able to evaluate flavour during the
product development process. There are several sensory and analytical approaches for doing this.
This paper compares three such methods, QDA, Napping and GC‐MS, providing a detailed
comparison of each method for the evaluation of a set of unmatured whisky spirits.
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Abstract: This study compared the use of three sensory and analytical techniques: Quantitative
Descriptive Analysis (QDA), Napping, and Gas Chromatography‐Mass Spectrometry (GC‐MS) for
the assessment of flavour in nine unmatured whisky spirits produced using different yeasts.
Hierarchical Multiple Factor Analysis (HMFA) showed a similar pattern of sample discrimination
(RV scores: 0.895–0.927) across the techniques: spirits were mostly separated by their Alcohol by
Volume (ABV). Low ABV spirits tended to have heavier flavour characteristics (feinty, cereal, sour,
oily, sulphury) than high ABV spirits, which were lighter in character (fruity, sweet, floral, solventy,
soapy). QDA differentiated best between low ABV spirits and GC‐MS between high ABV spirits,
with Napping having the lowest resolution. QDA was time‐consuming but provided quantitative
flavour profiles of each spirit that could be readily compared. Napping, although quicker, gave an
overview of the flavour differences of the spirits, while GC‐MS provided semi‐quantitative ratios
of 96 flavour compounds for differentiating between spirits. Ester, arenes and certain alcohols were
found in higher concentrations in high ABV spirits and other alcohols and aldehydes in low ABV
spirits. The most comprehensive insights on spirit flavour differences produced by different yeast
strains are obtained through the application of a combination of approaches.

Accepted: 29 January 2021
Published: 4 February 2021

Keywords: QDA; GC‐MS; napping; sensory; volatile compounds; whisky

Publisher’s Note: MDPI stays
neutral with regard to jurisdictional
claims in published maps and

1. Introduction

institutional affiliations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution

(CC

BY)

license

(http://creativecommons.org/licenses
/by/4.0/).

Scotch whisky is one of the most important products for Scotland’s economy, with
133 operational distilleries adding a gross value of GBP 5.5 billion to the economy every
year. This industry employs over 10,000 people in Scotland alone and attracts 2 million
visitors to distilleries every year [1]. Scotch malt whiskies must be produced using malted
barley, yeast and water, before being matured for at least three years in Scotland in oak
casks [2]. This maintains the high standard of this spirit. Apart from caramel for colour
standardisation, nothing can be added. So, the process steps and quality of the raw
materials are essential to the final flavour.
The production of Scotch malt whisky includes several steps: malting, mashing,
fermentation, distillation, and maturation. The choice of raw materials and process
parameters dictates the final flavour. Malting allows for the amylolysis of barley starch
for the conversion to fermentable sugars. Flavours originating from this process are malty,
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bready, chocolate‐like, or damp‐straw notes. Furfural is a compound responsible for a
grainy/marzipan aroma and 2‐and 3‐methylbutanal responsible for malty aroma [3].
Other aldehydes, such as hexanal and 2,4‐decadienal, give grassy and bean‐like aromas.
These are created during malting but are reduced by kilning, the subsequent drying of the
malt [4].
Mashing uses hot water to breakdown the starch further into fermentable sugars.
There is relatively little published research on mashing and flavour, though off‐flavours
related to oxidation during mashing have been analysed [4,5]. Yeast is added to the
resulting wort and the alcoholic fermentation converts the sugars to ethanol and carbon
dioxide. The focus of this study are the secondary metabolites produced by yeast. Esters
and higher alcohols are produced during fermentation resulting in fruity and floral notes.
Aldehydes originating from the malt can be reduced to their saturated counterparts [4].
Peppery/pungent notes during fermentation can occur due to other active microorganism
like Lactobacillus spp. which can produce acrolein [3]. Distillation subsequently reduces
sulphur and meaty notes due to interactions of sulphur compounds with copper in the
still. These include dimethyl trisulphide, a compound responsible for rotten vegetable
type flavours [6]. The cut point, the fraction of the spirit collected, also affects the
composition and flavour. The distilled spirit is then filled into oak casks for at least 3 years
to mature to become Scotch whisky. Desirable flavour compounds are extracted from oak,
such as vanillin (vanilla aroma) and oak lactone (coconut). At the same time unpleasant
flavours, such as dimethyl sulphide, are reduced [3,7].
In authenticity analysis for Scotch malt whisky, the concentrations of methanol, 1‐
propanol, methylpropan‐1‐ol and 2‐methyl and 3‐methyl butanol are used as markers [8].
Further important flavour compounds are acetaldehyde, ethyl acetate, acetal, isobutanol,
fatty acids and fatty acid ethyl esters [3,9].
Most published research and data on Scotch whisky and its flavour composition are
related to the maturation or the authenticity of the final product. However, new make
spirit analysis and research are important to ensure a complementary pairing of the style
and character of the spirit with the right cask. For mashing and fermentation, the focus to
date has mainly been on high yields [7,9–11]. Recently there has been increasing interest
in other areas, such as use of heritage barley varieties [12] and new yeast strains to enhance
flavour diversity before maturation. The spirits examined in this paper were produced
using a range of yeast strains. The metabolism of different yeast strains can vary, which
alters the ratios of the secondary metabolites, i.e., flavour compounds, that they produce
[13]. These strains had been used with the aim of exploring the impact of yeast on flavour.
It is important that the whisky industry has a means of measuring flavour characteristics,
so that these differences can be both described and quantified. In this study three different
methods for assessing the flavour of new make (unmatured) Scotch whisky spirits were
compared: two sensory methods (Quantitative Descriptive Analysis and Napping) and
one instrumental method (Gas Chromatography‐Mass Spectrometry).
Sensory evaluation is the assessment of samples by a panel of human assessors using
controlled methods and conditions. In this paper, the use of Quantitative Descriptive
Analysis (QDA) is considered as one of the most common approaches for profiling the
flavour characteristics of a product. This technique was developed in the 1970s [14,15] and
since then has been widely used in food and beverage applications. Panellists individually
rate the intensities of a pre‐selected set of flavour characteristics using a scaling system.
In the case of whisky spirits, the vocabulary is already well established, being based on
The Scotch Whisky Research Institute Flavour Wheel. This flavour wheel was firstly
developed in the 1970s and is now widely used across the industry [3,16,17]. QDA is time
consuming and requires a trained sensory panel. However, it has been shown to give
informative and comprehensive results, highlighting subtle differences, and making it
easy to compare samples [15,17,18].
In recent years, several rapid sensory methods have been developed and used for the
evaluation of similar product categories, such as wine [19,20] and beer [21–23]. One of

Appl. Sci. 2021, 11, 1410

3 of 27

these rapid methods is Napping, also called projective mapping. Napping was first
introduced in 1994, being further developed in the 2000s [24–26]. It gets its name from the
word “nappé” which is the French word for tablecloth, on which the technique was first
performed. Panellists are asked to arrange samples in a two‐dimensional space based on
similarities and differences between them, placing samples that are different far apart and
samples which are alike close to each other [18]. Once placed on the nappé, the panellists
give a short description of each sample or group of samples. Untrained panellists can be
used for this approach, as they use their own criteria to sort and describe the samples.
Previous studies, with no or low alcohol products have shown that QDA and Napping
give similar product maps [18,27–31].
Gas Chromatography‐Mass Spectrometry (GC‐MS) is an analytical method that can
be used to separate and identify compounds present in a complex mixture, such as
whisky. In whisky spirit, many of these compounds are flavour active, so differences in
their relative abundance contribute to flavour differences. GC‐MS is used in the whisky
industry for quality control purposes, product development and for product
authentication [32,33]. However, due to equipment costs and the need for trained
personnel, it is not a standard method, generally only being used in larger laboratories.
GC‐MS is also used for research purposes, often in combination with sensory techniques
[34–36].
The aim of this study was to evaluate the information that each of the three
techniques (QDA, Napping and GC‐MS) provides on flavour differences across a set of
unmatured whisky spirits, including how the spirits were grouped using the three
methods, and the strengths and weaknesses of each approach.
2. Materials and Methods
2.1. Spirit Samples
Nine new make (unmatured) Scotch whisky spirits were examined in this study.
These spirits had been produced in the laboratory under controlled fermentation and
distillation conditions, each using a different strain of yeast. The different metabolic
characteristics of the yeasts resulted in spirits with a range of compositions and flavours.
The aim of this study was to focus on the differences between the measurement methods.
Hence, the impact of individual yeast strains is not reported here but will be published
elsewhere. Spirits were simply coded with A–I.
As a result of differences in fermentation performance, the spirits varied in their
alcohol strength. The alcohol by volume (ABV) was determined with a density meter,
DMA 35 (Anton Parr, Graz, Austria). Details of the ABVs of each spirit are shown in Table
1.
Table 1. Alcohol strengths of the nine new make spirits.

Spirits
A
B
C
D
E
F
G
H
I

Alcohol by Volume (ABV) [%]
73.5
73.0
66.3
62.9
62.1
60.7
34.0
33.2
29.3
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2.2. Sensory Evaluation
2.2.1. Panellists
The sensory assessments were carried out by The Scotch Whisky Research Institute
(SWRI) sensory panel. This panel consisted of 17 panellists (mixed gender, over 18 years
old), who were trained and experienced in the evaluation of Scotch whisky and other
spirits. Panellists were preselected for the panel based on their performance in an odour
recognition screening test, which evaluates their ability to identify and describe everyday
aromas. Panellists were then trained in specific whisky related flavours, with training
centred around the characteristics on the SWRI Flavour Wheel. They then undertook a
period as trainee panellists, during which time they were introduced to a range of sensory
techniques and familiarised with different spirit types. All panellists used in this study
had been judged by the panel leader as having the suitable level of expertise based on
their individual performances in relation to panel means. Regular participation in the
FlavorActiv Whisky Sensory Proficiency Scheme (https://www.flavoractiv.com/) is used
as a further check of panellist performance. The same group of 17 panellists carried out
both the QDA and Napping procedures.
2.2.2. Spirit Preparation and Presentation
In accordance with standard industry practice, the spirits were diluted to a uniform
alcohol strength of 20% ABV using water. Then, 20 mL portions were presented in 100 mL
blue nosing glasses and covered with watch‐glasses. Spirits were coded using three‐digit
random codes to hide their identities. Since the interest was in the volatile flavour
compounds of the spirits, assessments were based only on aroma with no tasting being
carried out. This is typical of standard industry practice for laboratory produced spirits.
2.2.3. Quantitative Descriptive Analysis
QDA was carried out in accordance with the procedures outlined by Lawless and
Heymann [15] and Stone et al. [14]. Spirits were presented in a randomised order.
Panellists scored the intensities of a range of pre‐defined attributes using a line scale of 0
to 3. The attributes were selected based on previous experience of new make whisky spirit,
being selected from descriptors on the SWRI Flavour Wheel: smoky, feinty, cereal, green,
floral, fruity, solventy, soapy, sweet, oily, sour, sulphury, meaty, and stale. The panellists scored
all spirits for each attribute before moving on to the next attribute. Data collection was
split into three sessions to minimise sensory fatigue, with four or five attributes evaluated
in each session. Tests were carried out in individual sensory booths under red light in the
SWRI sensory laboratory. Data were collected using Compusense software (West Guelph,
Canada). In addition to recording scores, the software also logged the time taken for
panellists to complete each session.
Data were analysed using JMP 14.3.0 software (32‐bit, SAS Institute Inc., Cary, NC,
USA). A Two‐Way ANOVA was carried out followed by multiple comparison Tukey–
Kramer HSD test. In both cases, a p‐value < 0.05 was taken as a statistically significant
difference. Normality was assumed on the basis that a trained and regularly tested panel
was used [15]. The mean panel scores for all 14 attributes were further summarised by
Principal Component Analysis (PCA) and the correlation analysis used to create a product
map using RStudio Version 1.3.103 (RStudio PBC, Boston, MA, USA) packages
FactoMineR and ggplot2 [37]. For the purposes of comparing the measurement
techniques, the first two dimensions of this analysis are presented in this paper.
2.2.4. Napping
Napping was carried out in accordance with the method described by Perrin et al.
[38]. Panellists were presented with all nine spirits to assess and asked to arrange them on
a piece of paper (A0; 841 × 1189 mm) with the instructions that spirits that were similar
should be placed close to each other, while spirits which were most different placed
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furthest apart. Panellists could place the spirits freely on the paper, rearrange them as
often as they liked, and reassess and regroup them based on their own criteria. Once the
panellists had positioned the spirits, they were asked to note the dominant flavour
characteristics next to each spirit or group. These tests were carried out individually in a
well ventilated meeting room under ambient lighting. Due to room conditions, no red
light was used. The time taken for each panellist to perform the task was recorded.
Once the panellist had completed the test, the position of the glasses was recorded
by noting the X‐ and Y‐coordinates of each spirit on the paper. The flavour descriptions
were also noted. These descriptors were then categorised according to the flavour
categories used in the QDA (Section 2.2.3). An extra category, nutty, was added as this
was frequently mentioned by the panellists. RStudio Version 1.3.103 (RStudio PBC,
Boston, MA, USA) and the packages FactoMineR and ggplot2 were used to carry out a
Multiple Factor Analysis (MFA) based on the coordinates of each spirit to create a product
map. Again, the first two dimensions are presented in this paper for the purposes of
comparing the measurement techniques.
The number of times a flavour attribute (from the categorisation process) was noted
for a spirit was totalled and used as supplementary data [39]. The RV coefficient was used
to calculate the consensus between panellists. Scores > 0.5 to the Centroid were seen as
acceptable [39].
2.3. Gas‐Chromatography‐Mass Spectrometry
Solid phase microextraction (SPME) gas‐chromatography‐mass spectrometry (GC‐
MS) was used to analyse the volatile compounds of the spirits. Then, 2.5 mL of the spirit
were filled into 10 mL magnetic screw cap vials (Gerstel, Mühlheim an der Ruhr,
Germany) and adjusted to 20% ABV with the addition of 7.5 mL of a water–ethanol
mixture. Then, 50 μL of methyl‐heptanoate (Sigma‐Aldrich, St. Louis, MO, USA) at a
concentration of 22 ppm was added as an internal standard to each spirit. Spirits were
prepared at least 24 h prior to analysis.
A Trace GC with Finnigan Trace MS from ThermoQuest (Waltham, MA, USA), with
a PAL system (CTC Analtyics, Zwingen, Switzerland) coupled to a Multi‐Purpose
Sampler MPS2‐Twister autosampler (Gerstel, Mühlheim an der Ruhr, Germany) with a
DB WAX‐UI column 60 m, 0,32 mm, 0.50 μm (Agilent, Santa Clara, CA, USA) was used to
analyse the spirits.
Spirits were incubated for 10 min at 35 °C. A DVB/CAR/PDMS 50/30 μm fibre
(Supelco Inc., Bellefonte, PA, USA) was used to extract the volatiles and injected splitless
to the column with an injector temperature of 250 °C, a split flow of 40 mL/min and a
splitless time of 1 min. The temperature program of the oven was 2 min at 35 °C with a
rate of 5 °C/min to 250 °C and holding this temperature for an additional 10 min with a
flow rate of 1.4 mL/min. Four independent samples were taken from each spirit, these
were measured in duplicate, giving a total of eight measurements per spirit. A full scan
was done with a solvent delay of 1 min. m/z between 35 and 350 were scanned. Peaks were
included where the minimum peak height of 3.0 signal to noise was exceeded and the
mass spectra could be identified by the used library NIST Mass Spectral Sear Program and
NIST/EPA/NIH Mass Spectral Library Version 1.7 (National Institute of Standards and
Technology, Gaithersburg, MD, USA). Xcalibur software (Home page version 1.2,
ThermoScientific, Waltham, MA, USA) was used to analyse the data.
Peak areas were determined for each compound and semi‐quantitatively analysed:
peak areas were measured and compared, but no standards and calibration lines were
created. Compounds were assigned to groups based on both chemical structure and
flavour. Flavour groupings were assigned based on the compound flavour descriptions
given on the Good Scents Company website http://www.thegoodscentscompany.com/.
The compounds were then grouped according to the flavour attributes used in the QDA
evaluation described in Section 2.2.3. Compounds without listed descriptors (no aroma or
not listed) were assigned as not described.
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PCA based on correlation was used to summarise the data and produce a product
map. This was carried out using RStudio Version 1.3.103 (RStudio PBC, Boston, MA, USA)
and the packages FactoMineR and ggplot2. The first two dimensions of this analysis are
presented in this paper.
2.4. Statistical Comparison of the Three Methods Using Hierarchical Multiple Factor Analysis
Hierarchical Multiple Factor Analysis (HMFA) was carried out in order to
statistically compare the three methods [38,40,41]. The QDA data were entered in the form
of mean panel scores, the same format used in the PCA analysis. The Napping coordinates
from individual panellists were used, while the GC‐MS data were the mean of the eight
measurements per spirit. The data structure of the HMFA is displayed in Figure 1. For the
data analysis, each row was allocated to a spirit, while the columns described the variables
belonging to QDA, Napping and GC‐MS. Each variable was normalised based on
performing a PCA on each data set followed by dividing the elements by the square of the
first eigenvalue obtained [42], allowing the comparison of all three methods in the same
space. Data were balanced out at each level, which allowed firstly the analysis of three
different techniques on Level 1, followed by comparing the two sensory approaches on
Level 2 and finally the sensory approaches with GC‐MS on Level 3. This was carried out
using RStudio Version 1.3.103 (RStudio PBC, Boston, MA, USA) and the packages
FactoMineR and ggplot2.

Figure 1. Levels of the HMFA grouping.

3. Results
3.1. Quantitative Descriptive Analysis
The first two dimensions from the PCA of the QDA data are shown in Figure 2. These
two dimensions accounted for 77.3% of the variance in the data.
Dimension 1 separated fruity, solventy, sweet, floral, and soapy spirits (negative end)
from feinty, cereal, sulphury, meaty, oily, stale, and sour spirits (positive end). This separation
related to the ABV of the spirits, with the high ABV spirits (A, B, C) being fruity, solventy,
sweet, floral, soapy, and green and the lower ABV spirits (G, H, I) having feinty, cereal,
sulphury and other heavier notes. The intermediate ABV spirits were found in the middle
of this dimension (D, E, F), though spirit E was located closer to the high ABV spirits and
D and F closer to the low ABV spirits than might have been expected, based on their ABVs.
The separation across Dimension 2 did not relate to ABV. Spirits C and F, and to a
lesser extent E, were on the negative end of this dimension, tending towards more smoky,
stale aromas, as opposed to soapy, green, solventy notes.
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Figure 2. PCA plot of the QDA data resulting from 17 panellists for nine new make spirits (percentage next to the sample
codes indicate the ABV).

In addition to the product map produced from the PCA of the data, QDA provides
further information on the significance of differences between the spirits. Mean panel
scores and the accompanying statistical analysis (Table A1, Appendix A) showed that all
nine spirits had been given very low scores for stale, meaty and smoky attributes. This
indicates that none of these are key attributes in any of the spirits, which in turn helps in
the interpretation of Dimension 2 of the PCA. Five of the fourteen attributes—feinty, cereal,
fruity, sulphury and solventy—showed statistically significant differences across the sample
set, indicating that these attributes are the characteristics differentiating the spirits.
Mean panel scores from the QDA can be plotted in the form of flavour profiles in a
spider diagram. An example is given in Figure A1 (Appendix A), which shows the flavour
profiles of spirits B, D and H. This presentation of the data makes it easy to view the key
characteristics of each spirit and quickly identify the main flavour differences between
spirits.
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3.2. Napping
Analysis of the Napping data showed that the RV values for all panellists were
greater than 0.5, so all 17 data sets could be included in the MFA. The first two dimensions
from the MFA are shown in Figure 3. These two dimensions accounted for 63.2% of the
variance in the data.

Figure 3. MFA biplot of the Napping data for nine new make spirits (percentages next to the sample codes indicate the
ABV). Red descriptors depict supplementary flavour information.

Dimension 1 separated fruity, sweet, floral, soapy and solventy spirits (positive end)
from sulphury, feinty, stale, cereal and sour spirits (negative end). As observed in the QDA
data (Section 3.1), this related to the ABV of the spirits. Again, as detected by QDA, the
intermediate spirits did not fully follow this trend. While they were all located between
the high and low ABV spirits, spirit E was located closer to the high ABV spirits and D
and F close to the low ABV spirits.
The separation across Dimension 2 was not correlated with ABV. This dimension
showed a separation of nutty, oily spirits (positive end) from those with cereal character
(negative end), with spirits I and F separated out at the two extremes. This separation
differed from the QDA mapping, where spirit I was close to the other low ABV spirits.
Using the Napping approach, it is not possible to plot the individual flavour profiles
of the spirits.
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3.3. Time Expenditure for QDA Versus Napping
The time taken for each panellist to carry out QDA and Napping on all nine spirits
was noted and the mean calculated. While the Napping session took on average 7.7 ± 2.9
min, the QDA data analysis for all three sessions took on average 18.7 ± 4.6 min. In
addition, the QDA was run over three sessions, so there was additional time required in
terms of sample preparation for this approach. Napping required the manual
measurement of spirits’ positions, approximately 5 min per sample set. Overall, Napping
was less time consuming both for the panellists and panel leader.
3.4. Gas‐Chromatography‐Mass Spectrometry
GC‐MS identified a total of 96 compounds in the spirits. A full list of the detected
compounds, their typical aroma descriptors, chemical group, and the peak area in each of
the spirits can be found in Table A2 (Appendix A). PCA of the peak area data is shown in
Figures 4 and 5. The first two dimensions accounted for 71.6% of the variance in the data.

Figure 4. PCA scores plot from the analysis of the peak areas of 96 compounds present in nine new make whisky spirits
(percentages next to the sample codes indicate the ABV).

The separation of the spirits across Dimension 1, shown in the scores plot in Figure 4,
was broadly related to ABV. High ABV spirits were located on the positive end of this
dimension and low ABV spirits on the negative end. However, this tendency was not fully
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followed by the intermediate ABV spirits; spirits D and F were located close to the low
ABV spirits, while E was located more towards the positive end, only being separated
from the high ABV group by Dimension 2.
The associated loadings plot (Figure 5) showed that the spirits were separated by
chemical groups. Most of the compounds on the positive end of Dimension 1 were esters,
certain alcohols and arenes, while those on the negative end were mainly other alcohols
and aldehydes. Looking in more detail at the different compounds, the low ABV spirits
contained higher levels of compounds that eluted early in the GC‐MS run and alcohols.

Figure 5. PCA loading plot from the analysis of the peak areas of 96 compounds present in nine new make whisky spirits.
Loadings are shown in the form of chemical grouping of the compounds (numbering of the compounds is detailed in
Table A2 (Appendix A)).

A further separation was observed across Dimension 2. Spirits E and B, which were
both on the positive end of Dimension 1, were separated across Dimension 2. Spirit B was
relatively high in propyl acetate, isobutyl acetate and pentyl acetate, while spirit E was
rich in a variety of decanoate esters, such as isobutyl decanoate and isoamyl decanoate.
In addition to the product map produced from the PCA, further information can be
extracted from the GC‐MS data by looking in more detail at the flavour characteristics
typically associated with the identified compounds (Table A2, Appendix A). Over half of
the compounds were typically described as having fruity characteristics, while the next
most prevalent flavour descriptions were oily, sweet, and green. Compounds with soapy,
feinty, sour and sulphury flavours were least common. Roughly one‐eighth of the
compounds could not be described. This meant that there was either no flavour description,
indicating that the flavour of this compounds had not previously been researched, or that
it was simply not flavour active. Some of the key flavour attributes used in the QDA and
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mentioned by panellists during Napping, namely cereal, meaty, and smoky, were not
directly linked to any of the compounds measured using GC‐MS. This indicates that either
the compounds responsible for these flavours are not being detected by the instrument,
or that these flavours arise from a more complex interaction of compounds. Correlating
sensory with the analytical data using statistical methods, such as Partial Least Squares,
can help to understand these interactions.
3.5. Statistical Comparison of the Three Methods Using Hierarchical Multiple Factor Analysis
Results of the HMFA of the three data sets is shown in Figure 6. The first two
dimensions of this analysis accounted for a total of 66.4% of the total variance. The
grouping of the spirits across these dimensions show that all three methods largely
discriminated between the spirits in the same way. This was further confirmed by
comparing the RV scores (Table 2). High RV scores between methods mean that they
produce similar product maps, with an RV > 0.8 considered as similar [43,44]. The RV
scores in this study were all around 0.9. Some differences could be observed, however.
For example, there were bigger differences between the QDA and Napping data for the
lowest ABV spirits (H and I), than for the highest ABV spirits (A and B). Napping
differentiated less between the spirits than QDA and GC‐MS, resulting in the same
product maps with a lower resolution for finer differences. GC‐MS appeared to
differentiate the high ABV spirits better, while the resolution for the low ABV spirits was
better using QDA.

Figure 6. Superimposed presentation of the HMFA results of QDA, Napping and GC‐MS data: Black points represent the
mean point of a spirit. The coloured plots represent the different methods: green—QDA, blue—Napping, and red—GC‐
MS. The purple points represent the overall partial point of the sensory results.
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Table 2. RV coefficient from the HMFA comparison of the QDA, Napping and GC‐MS data.

Methodology Comparison
QDA versus Napping
QDA versus GC‐MS
Napping versus GC‐MS

RV Coefficient
0.906
0.895
0.927

4. Discussion
The aim of this study was to compare two sensory approaches (QDA and Napping)
and an analytical technique (GC‐MS) for the evaluation of the flavour differences among
a set of new make Scotch whisky spirits produced in the laboratory using different yeasts.
The method of production and used yeast resulted in variable ABVs. HMFA was used to
explore the relationships between the data produced using the three methods. The results
of this analysis showed that the three techniques grouped the spirits in a similar way with
RV scores between 0.895 to 0.927. QDA discriminated the low ABV spirits better while
GC‐MS discriminated the higher ABV spirits more effectively. All three techniques
discriminated the spirits in the same way. However, Napping had a lower resolution for
distinguishing spirits from each other. The three methods are not directly interchangeable,
as the data from each provides a unique insight into how the spirits differ. There are also
advantages and disadvantages associated with each method, which we have compiled
based on existing knowledge and from experience gained from this study.
Sensory methods give a measure of human perceptions and hence are relevant to the
consumer. However, sensory evaluation can be time consuming and even with trained
panellists the data are noisy. QDA is an established sensory method, where spirits are
evaluated in terms of perceived intensity of pre‐selected flavour attributes. The advantage
of this approach is that flavour profiles can be produced for each spirit. These data can be
presented visually in a form that is easy to understand and allows spirits to be easily
compared. Differences can be confirmed through statistical evaluation of the data. The
main downsides of QDA are the requirement of trained and experienced panellists [15],
and the time required to evaluate each individual flavour descriptor. Using a pre‐selected
vocabulary may result in important flavours being be overlooked. This is a particular
concern when using QDA to evaluate novel products, such as the spirits produced from
new yeast strains used in this study. The descriptor nutty was used frequently during
Napping but had not been included in the QDA vocabulary. The solution to this would
be to carry out a preliminary session to fine‐tune the vocabulary. However, this would
add to the time and volume required to carry out the QDA which are the main limiting
factors when conducting sensory work.
This study showed that Napping was significantly less time consuming than QDA,
taking around a third of the time to carry out although having a lower resolution in
distinguishing the spirits. Similarly, in a study by Dehlholm et al. [43], the time was
decreased to nearly one third. Although QDA requires trained panellists, this is not
mandatory for Napping. This significantly reduces resource requirements, if no pre‐
trained panel is available, but the data are likely to be noisier. Although not studied here,
familiarity with the products and their experience in describing flavours could also reduce
the number of panellists required to analyse a sample set due to an increase in the quality
of their evaluations [19,43,45–49].
Although considerably more rapid, Napping resulted in a similar product map to
QDA. Other studies comparing Napping to descriptive techniques showed similar results
in most cases [18,27–31,43,50–52]. With Napping the evaluation is based on the main
characteristics of the sample, rather than full evaluation of single flavour descriptors, so
subtle differences may be overlooked. This may depend on the nature of the samples.
Some studies show that Napping is the best approach when the samples are very different,
with QDA being more efficient for picking up more subtle differences between samples
[53]. However, there have also been studies that have found a poor correlation between
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the techniques [54]. Unlike most of the previous research, our study used the same panel
in both evaluations, so any differences in the product maps were due to the technique
used rather than the panellists.
When using QDA, the evaluations were split over several sessions, while Napping
was carried out in a single session. This reduces sample preparation time and the amount
of spirit required. This can be particularly important in applications where there is a
limited amount of sample available.
The data analysis used in Napping, MFA, gives a product map but does not provide
information on the degree of difference in the sample set [18]. The nature of the data
means that they can only be used to compare samples assessed in the same session, while
with QDA data can be compared across sessions. The nine spirits used in this study was
a manageable number, but there is a limit to the number of samples that can be compared
using Napping.
Even when sensory tests are carried out under carefully controlled conditions by
highly trained panellists, the data are subjective and unavoidably influenced by their
sensitivities to individual flavour compounds. A panel of assessors is required to obtain
meaningful results. Other researchers have observed that, with high alcohol strength
spirits, only a limited number of spirits and attributes can be assessed during a session if
you want to retain the quality of the data [55]. The alternative is to use an analytical
method, which is more reproducible, less subjective and allows for the analysis of large
sets of samples.
GC‐MS is an established method which is used to understand how the chemical
composition of a product influences flavour, to predict flavour, and to show which flavour
compounds are important to create specific characteristics [34,52,56]. In this study, the
GC‐MS semi‐quantitative analysis of 96 chemical compounds gave a similar product map
showing the same spirit groupings as the two sensory approaches. The spirits which had
high ABVs and lighter flavour characteristic (fruity, floral, solventy, and sweet) contained
higher concentrations of esters, certain alcohols and arenes. The low ABV, which had
heavier flavour characteristics (feinty, cereal, sour, oily, and sulphury) contained lower levels
of these compounds and increased concentrations of other alcohols and aldehydes. This
agrees with previous research, which shows that aldehydes originate from malt and can
be reduced to their unsaturated counter parts during fermentation. Hence the degree of
fermentation, final ABV, is important for the reduction. In the spirits with a low ABV, the
fermentation was incomplete, leaving the higher level of aldehydes [4]. Additionally,
furfural concentrations emanate from the grain [3].
While GC‐MS gave rich information about the chemical composition, the abundance
of compounds and their ratios, the link between this and perceived flavour is more
difficult to interpret due to masking effects and compound interactions. For example, the
most abundant compounds present in the spirits were esters, which have fruity flavours,
but the spirits were not perceived as predominantly fruity. Previous research on American
bourbon whiskey has suggested that a chemical recreation with a selection of compounds
is possible but is not an easy task [57]. A disadvantage of chemical compositional analysis
is that there is typically not an individual compound contributing to a single flavour. For
example, the nutty character of malt whisky has been positively linked to 2,5‐
dimethylpyrazine, 2‐furanmethanol and ethyl benzoate, while γ‐nonalactone has a
negative correlation [58]. In another study, the green flavour of malt whisky was linked
to aldehydes and nonan‐2‐ol. However, even after extensive research the levels of these
compounds only gave an indication and could not totally recreate the flavour [56]. This
study showed that while there were a range of compounds contributing to certain flavour
characteristics, other flavours did not appear to be linked to single compounds. A good
example are cereal notes, which were perceived at relatively high levels in several of the
spirits. None of the compounds measured in our GC‐MS analysis were described as
having this flavour. Either the compounds responsible were not detected, the flavour
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descriptors on the Good Scents Company website were too vague or, as previous research
suggests, this cereal character is due to an interaction of several compounds.
Around one eighth of the compounds identified in the spirits could not be classified
as there was no flavour description available in the literature. This may be because the
compound is not flavour active, in which case it can be ignored. However, there may have
been compounds that were detected in this analysis that had not previously been included
in sensory studies. In this case, their potential flavour impact may have been overlooked.
Gas chromatography‐olfactometry‐mass spectrometry (GC‐O‐MS), which combines an
instrumental with a sensory analysis, could be applied to identify which compounds are
flavour‐active. Sensory thresholds are also important. Some compounds have much lower
thresholds, having more of an impact at lower levels than compounds with higher
thresholds. However, since there are no data available on threshold levels for many of
these compounds, and they were not quantified, it was not possible to account for this
factor in the analysis. Previous research conducted to determine the flavour threshold of
single compounds showed that it is still difficult to calculate the overall flavour perception
in mixtures of several compounds [34,52,56,57].
The final issue that causes problems when linking GC‐MS data to flavour perception
is that, although an appropriate method was selected for this analysis, SPME selectively
extracts some compounds more efficiently than others. Less volatile compounds, in
particular, are more difficult to detect using GC‐MS. This makes it harder to identify all
compounds that give heavier characteristics, such as phenols, fatty acids or arenes, which
are likely to have been more prevalent in the lower ABV spirits. Nevertheless, the data
can be semi‐quantitatively compared. While a comparison on a quantitative level showed
that strains with a high ABV had, in general, higher peak areas of compounds, the real
flavour can only be determined through sensory evaluation.
Data collected across the three analyses revealed two main differences among the
spirits. The biggest difference in both composition and sensory character was related to
the ABV of the spirit, the level of alcohol that had been produced by the various yeast
strains during fermentation. Higher alcohols, such as 2‐methyl‐1‐propanol or isoamyl
alcohols, distil later because their volatility increases with reducing alcohol concentration
[59]. Solely based on the distillation effect, the opposite of what would be expected was
observed, with these compounds being found in higher levels in the high ABV spirits.
These compounds are fermentation products and are more prevalent in complete
fermentations, resulting in higher ABVs. Most of the late eluting compounds detected by
the chosen GC‐MS method were linked to flavour descriptors such as sweet, oily, or fruity.
This could indicate that heavier compounds linked to sulphury, feinty, cereal, or stale
flavours were not detected by the chosen method, or that they were only produced in low
levels which could be linked back to the yeast strains used.
All three analyses also revealed more subtle differences between the spirits. Spirit B
was differentiated from the other spirits by all three methods, with GC‐MS differentiating
it most. While the sensory techniques could only highlight that this sample was different
in flavour terms, GC‐MS gave further insights. Spirit B was higher in propyl acetate,
isobutyl acetate and pentyl acetate than the other spirits. GC‐MS also differentiated spirit
E, which was rich in a variety of decanoates, such as isobutyl decanoate and isoamyl
decanoate, though this difference in composition did not appear to have a significant
impact on flavour. Such differences between the spirits can be linked back to the
metabolism of the yeast.
5. Conclusions
The three methods compared in this study each provided different insights into the
differences among whisky spirits. QDA gave quantitative data on the perceived intensity
of flavour attributes, which could be presented in an easily interpreted graphical format
and allowed statistical significance to be determined between spirits. However, this
method was time‐consuming, and required a pre‐determined vocabulary of attributes and
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a trained and experienced panel. In comparison, Napping required only around one third
of the time taken for QDA. With Napping panellists provided their own descriptions of
sample differences, so no pre‐selected vocabulary was needed. Although in this case the
same panel was used, it is possible to carry out this approach using less experienced
assessors. With Napping, differences between samples can be mapped out using PCA, but
flavour profiles of individual samples cannot be produced. GC‐MS provides information
on the compositional differences between samples. The results of this analysis can be link
to flavour differences based on previous knowledge of the sensory impacts of the
measured congeners. A detailed summary of the advantages and disadvantages of the
three techniques are summarised in Table 3.
Table 3. Overview of GC‐MS, QDA and Napping.

Nature of Analysis

Costs

Preparation time

Sample volume required
Suitable sample set size
Comparison between sample
sets

GC‐MS
QDA
Napping
Analytical
Sensory
Sensory
medium (after initial capital
cost of the GC‐MS): regular
low: sensory glasses
low: sensory glasses, nappé
replacement of column, fibre,
septa, no reuse of vials
possible, internal standard
medium: diluting samples,
medium: diluting samples
preparing GC‐MS (column,
for each session, pre‐select
low: diluting samples
injector), runtime of the
vocabulary
method
20 mL 20% ABV multiplied
20 mL at 20% ABV
1 to 5 mL at 20% ABV
by number of sessions
1 to >100
1 to 10
6 to 20
yes

yes

Panellist requirements

none

>8 trained

Time for data analysis

high: peaks can be
automatically integrated but
have to be manually checked
before statistical analysis

low: statistically analysis
directly possible

Panellist time

not applicable

Nature of results

quantitative or qualitative
concentrations of
compounds and relation to
each other

Form of results
Difficulty of data
interpretation

high

no
>15 more panellists needed if
not trained
medium: measuring
coordinates if recorded on
paper, followed by statistical
analysis

~7 min per session, analysis
often split into several
~20 min
sessions
quantitative
semi‐quantitative, qualitative
intensities of flavours

comparison plots,
highlighting the differences

low

medium

Overall, the study showed that the high ABV spirits contained relatively high
concentrations of esters and certain alcohols which were linked to lighter flavour
characteristics, such as fruity, floral, solventy, and sweet. The low ABV samples were richer
in heavy flavour characteristics, such as feinty, cereal, sour, oily, and sulphury and contained
more aldehydes, than certain other alcohols. The medium ABV spirits were more variable
in terms of flavour and composition. It was concluded that the nature of these spirits was
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likely to be due to other differences in metabolism between the yeast strains that were not
directly correlated with the amount of alcohol that they produce.
HMFA was used to statistically compare the three approaches. The results revealed
that QDA showed a better resolution between the low ABV spirits, while GC‐MS gave the
best discrimination between the high ABV spirits. Napping showed the lowest resolution
of the samples, though overall the product map was similar. When designing a study to
determine the flavour characteristics of a set of food or drink samples, the researcher must
select a method that best matches both the information that they want to obtain and the
resources that they have available. Overall, this research has shown that the best
understanding of the flavour differences in whisky spirits will be obtained through using
a combination of sensory and compositional analyses.
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Appendix A

Figure A1. Typical presentation of QDA mean panel scores in a spider diagram for three selected
spirits. * displays significant differences (p < 0.05).
Table 1. Results from the QDA of nine new make spirits showing mean panel scores, standard deviations, and Tukey’s
groupings (a,b,c,d). * displays significant differences (p < 0.05).
Flavour
Attribute
Smoky
Feinty *
Cereal *
Green
Floral
Fruity *
Solventy *
Soapy
Sweet
Oily
Sour
Sulphury *
Meaty
Stale

A—73.5%

B—73.0%

C—66.3%

D—62.9%

E—62.1%

F—60.7%

G—34.0%

H—33.2%

I—29.3%

0.15 ± 0.3 a 0.24 ± 0.42 a 0.3 ± 0.5 a 0.15 ± 0.28 a 0.37 ± 0.44 a 0.24 ± 0.36 a 0.15 ± 0.23 a 0.19 ± 0.29 a 0.31 ± 0.36 a
0.32 ± 0.29
0.6 ± 0.47
0.71 ± 0.53 0.78 ± 0.39
0.97 ± 0.67
0.31 ± 0.31 c,d
0.22 ± 0.28 d
0.6 ± 0.47 b,c,d
1.1 ± 0.62 a
c,d
a,b,c,d
a,b,c,d
a,b,c
a,b
0.55 ± 0.59
a,b,c

0.35 ± 0.45 c 0.42 ± 0.46 b,c

0.65 ± 0.51

0.65 ± 0.51

a,b,c

a,b,c

0.65 ± 0.45 a,b,c 0.98 ± 0.8 a,b 1.06 ± 0.55 a 1.15 ± 0.57 a

0.56 ± 0.53 a 0.69 ± 0.63 a 0.61 ± 0.44 a 0.68 ± 0.42 a 0.58 ± 0.55 a 0.49 ± 0.47 a 0.61 ± 0.56 a 0.57 ± 0.49 a 0.67 ± 0.54 a
0.73 ± 0.45 a 1.09 ± 0.73 a 1.02 ± 0.62 a 0.61 ± 0.52 a 0.72 ± 0.52 a 0.6 ± 0.53 a 0.63 ± 0.6 a 0.56 ± 0.55 a 0.49 ± 0.57 a
1.03 ± 0.63 0.89 ± 0.54 0.89 ± 0.54
0.73 ± 0.64
1.32 ± 0.8 a,b 1.4 ± 0.84 a
0.7 ± 0.49 b,c 0.62 ± 0.34 c
0.61 ± 0.5 c
a,b,c
a,b,c
a,b,c
a,b,c
0.73 ± 0.57 a,b 1.02 ± 0.79 a 0.53 ± 0.4 a,b 0.6 ± 0.37 a,b 0.6 ± 0.37 a,b 0.49 ± 0.38 a,b 0.67 ± 0.49 a,b 0.48 ± 0.33 b
a

0.74 ± 0.68
0.65 ± 0.47 a
0.66 ± 0.61 a
0.46 ± 0.46 a

a

0.81 ± 0.73
0.95 ± 0.79 a
0.49 ± 0.59 a
0.36 ± 0.43 a

a

0.35 ± 0.38
0.78 ± 0.58 a
0.49 ± 0.47 a
0.51 ± 0.44 a

a

0.38 ± 0.36
0.52 ± 0.47 a
0.81 ± 0.51 a
0.56 ± 0.48 a

a

a

0.57 ± 0.5
0.35 ± 0.4
0.72 ± 0.55 a 0.56 ± 0.63 a
0.63 ± 0.54 a 0.66 ± 0.51 a
0.56 ± 0.43 a 0.54 ± 0.36 a

a

0.39 ± 0.41
0.39 ± 0.47 a
0.89 ± 0.61 a
0.54 ± 0.32 a

a

0.44 ± 0.42
0.39 ± 0.53 a
1.05 ± 0.52 a
0.74 ± 0.51 a

0.34 ± 0.36 a,b 0.24 ± 0.3 b 0.29 ± 0.35 a,b 0.48 ± 0.47 a,b 0.48 ± 0.47 a,b 0.58 ± 0.52 a,b 0.51 ± 0.51 a,b 0.75 ± 0.62 a

0.51 ± 0.47
a,b

0.48 ± 0.54 a
0.38 ± 0.54 a
0.77 ± 0.59 a
0.63 ± 0.48 a
0.64 ± 0.54
a,b

0.23 ± 0.47 0.27 ± 0.51 0.24 ± 0.37 0.28 ± 0.37 0.2 ± 0.41
0.32 ± 0.47
0.38 ± 0.5 0.53 ± 0.58 0.5 ± 0.56 a
a
a
a
a
a
a
0.32 ± 0.29 0.24 ± 0.37 0.44 ± 0.42 0.38 ± 0.32 0.35 ± 0.39 0.51 ± 0.51 0.43 ± 0.41 a 0.55 ± 0.42 a 0.56 ± 0.41 a
a

a

a

a

a

a

a

a
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Table A2. Peak areas of detected compounds by GC‐MS for nine different new make spirit (mean of four samples
measured in duplicate per spirit), standard deviation and Tukey’s groupings (a,b,c,d,e,f). In addition, the chemical group
and sensory descriptors of each compound are shown. Sensory descriptors were assigned based on the Good Scents
Company websites descriptors and grouped according the SWRI flavour wheel.

Compound
A 73.5% B 73.0%
1. Acetaldehyde
481,908 ± 521,324 ±
aldehyde
54,424 c
52,570 c
alcoholic, floral fruity
2. Dimethyl sulfide
disulfide
488,557 ± 463,450 ±
sweet, sulphury, 147,809 b,c 59,197 c
green
3.
Isobutyraldehyde 56,538 ±
50,548 ±
17,203 d
aldehyde
3244 d
floral, green
4. Methyl acetate
101,359 ± 117,666 ±
ester
20,659 a,b 11,182 a,b
alcoholic, sweet,
fruity
5. trans‐2‐Methyl‐4‐
hexen‐3‐ol
5979 ± 1587 3202 ± 545
d
d
alcohol
not described
6. 2‐Methyl‐4‐
31,077 ±
hexen‐3‐ol
15,360 ±
8052 c,d
alcohol
2621 d
not described
7. Ethyl acetate
18,382,122
ester
22,321,690
± 3,730,553
alcoholic, sweet,
± 383,721 a
a
green, fruity
8. 1,1‐
Diethoxyethane
395,771 ± 303,824 ±
acetal
111,620 c 37,278 c
alcoholic, sweet,
sulphury, green,
nutty
9. Isovaleraldehyde
aldehyde
267,053 ± 224,790 ±
alcoholic, floral,
19,695 d
21,939 d
sweet, nutty, oily,
fruity
10. Propyl acetate
244,492 ± 443,962 ±
ester
33,857 a
alcoholic, sulphury, 90,151 b
feinty, fruity
11. Methyl 2‐
3223 ± 467 2894 ± 391
methylbutyrate
c,d,e
d,e
ester

C 66.3%

D 62.9%

E 62.1%

F 60.7%

G 34.0% H 33.2% I 29.3%
1,441,220
659,602 ± 575,229 ± 462,804 ± 730,904 ± 1,149,399 ±
1,580,086
±
115,373
64,200 c 159,495 c 25,557 c
67,474 c 263,756 b
±
255,833 a
a,b
831,790 ± 646,831 ± 550,063 ± 771,636 ± 673,223 ± 808,655 ± 822,607 ±
47,118 a 334,386 a,b,c 29,253 a,b,c 56,293 a,b,c 66,403 a,b,c 142,510 a,b 111,136 a,b

99,743 ±
3424 a,b,c

76,706 ±
38,572 c,d

68,910 ±
5008 c,d

123,065 ± 79,920 ± 119,969 ± 117,905 ±
14,296 a 11,498 b,c,d 10,856 a 11,806 a,b

112,418 ±
26,146 a,b

81,077 ±
29,053 b

119,322 ± 141,544 ± 105,035 ± 110,870 ± 114,212 ±
21,799 a,b 21,077 a 31,487 a,b 11,829 a,b 27,776 a,b

12,643 ±
982 c,d

27,021 ±
13,501 b,c

9751 ±
2943 c,d

54,540 ±
4627 c,d

117,107 ±
60,489 b,c

43,430 ±
12,407 c,d

39,575 ±
6681 b

44,934 ±
13,128 b

73,897 ±
8422 a

83,902 ±
11,460 a

178,104 ± 200,046 ± 323,561 ± 360,150 ±
37,429 b
61,292 b 44,658 a 54,919 a

19,020,913 10,743,941
2,508,092 ± 3,973,210 3,723,184
11,053,271 9,781,320 ±
±
1,954,200 ± 1,859,787
b
b
758,621 c ± 348,385 c ± 439,572 c
± 376,456 3,917,725
a
b

625,277 ± 676,984 ± 435,590 ± 925,422 ± 1,965,337 ± 2,308,725 2,876,673
82,896 c 202,277 c 83,210 c 174,163 c 713,235 b ± 96,073 a,b± 686,735 a

453,132 ± 680,272 ± 312,757 ± 945,977 ± 694,170 ± 1,204,443 1,174,573
29,579 c,d 360,328 b,c 29,686 d 109,025 a,b 126,614 b,c ± 131,856 a± 110,932 a

49,898 ±
2894 c

48,993 ±
21,442 c

270,535 ±
22,953 b

70,599 ±
17,901 c

14,271 ±
4554 c

16,485 ±
1035 c

16,312 ±
1821 c

2247 ± 901 4939 ± 1549 3681 ± 208 4473 ± 240 4786 ± 259 9666 ± 705 7071 ±
e
c
c,d,e
c,d
c,d
a
1491 b
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alcoholic, green, oily,
fruity
12. Isobutyl acetate
1,975,886 ± 2,418,168 ± 513,693 ± 546,970 ± 3,159,200 ± 434,861 ± 164,831 ± 85,453 ±
ester
841,217 b 202,003 a,b 24,473 c 273,726 c 334,715 a 128,777 c 61,002 c 13,519 c
alcoholic, sweet,
fruity
13. 1‐Pentene‐3‐one
13,664 ±
11,493 ±
9690 ± 9415 ± 2079 17,437 ± 12,077 ± 8968 ± 795 11,236 ±
aldehyde
c
c
3088 a,b
796 b,c
1076 c
1564 a
1578 b,c
1219 b,c
sulphury, meaty
14. 2‐Ethyl‐5‐
78,998 ±
methylfuran
63,287 ± 75,955 ± 49,306 ± 63,610 ± 71,385 ± 31,385 ± 38,328 ±
42,083 a
arene
12,084 a
11,011 a
32,684 a
6642 a
16,008 a
3850 a
10,687 a
green, meaty
15. Ethyl butyrate
1,557,492 ± 1,705,076 ± 490,967 ± 334,084 ± 1,304,489 ± 302,383 ± 201,152 ± 115,315 ±
ester
548,733 a 133,103 a 31,338 b 173,138 b 112,516 a 87,024 b
62,397 b 15,095 b
alcoholic, fruity
16. 1‐Propanol
666,958 ± 866,202 ± 229,968 ± 385,333 ± 555,349 ± 439,314 ± 121,130 ± 121,258 ±
alcohol
alcoholic, sulphury, 82,445 b
48,897 a
5890 e
46,031 d
26,746 c
56,070 d
29,508 f 12,576 f
feinty, sour
17. Ethyl
69,540 ±
isovalerate
81,615 ± 52,892 ± 18,450 ± 66,520 ± 27,107 ± 14,343 ± 37,112 ±
28,504 a,b
ester
5173 a
1805 b,c
8870 d
8929 a,b
4546 c,d
3368 d
2914 c,d
sweet, fruity
18. Dimethyl
245,936 ± 244,873 ± 138,845 ± 105,460 ± 204,624 ± 174,837 ± 178,734 ± 110,281 ±
disulfide
47,623 a
sulfide
23,530 a
37,223 b
70,434 b 13,460 a,b 58,260 a,b 42,061 a,b 17,298 b
sulphury
19. Hexanal
88,813 ±
aldehyde
68,190 ± 109,882 ± 103,170 ± 79,626 ± 155,460 ± 132,003 ± 154,091 ±
floral, green, oily, 34,412 c,d
6782 d
2099 a,b,c,d 53,972 b,c,d 10,708 c,d 13,097 a,b 18,382 a,b,c 15,653 a,b
fruity
20. 2‐Methyl‐1‐
10,587,847
7,826,962 ±
5,988,978 ±
7,248,326
propanol
9,884,785 ±
7,834,439 ± 11,496,815
4,205,263 ±
± 838,584
1,235,571
1,378,002
± 875,791
alcohol
581,965 a,b,c
917,929 b,c,d ± 431,102 a
1,078,625 e
a,b
b,c,d
d,e
c,d
alcoholic
21. Isoamyl acetate 35,620,257
14,049,416 50,960,037 15,717,204 7,460,715 ± 3,628,765
53,609,891
±
ester
18,204,837
±
6,462,066 ± 6,037,004 ± 3,151,031 2,390,776 ± 824,823
± 1,105,546
alcoholic, sweet, 11,700,931
± 508,238 c
a
c,d
a
c,d
c,d
d
b
fruity
22. Ethyl valerate
120,237 ± 98,923 ± 63,994 ± 47,432 ± 111,105 ± 77,297 ± 40,686 ± 38,253 ±
ester
23,133 a
4823 a,b,c 11,711 c,d,e 26,293 d,e 12,852 a,b 25,304 b,c,d 11,490 d,e 4028 e
sweet, green, fruity
23. 1‐Butanol
alcohol
221,621 ± 159,773 ± 35,027 ± 26,833 ± 47,278 ± 24,135 ± 11,233 ± 12,675 ±
alcoholic, sweet, oily, 109,583 a
8053 a
1008 b
887 b
4203 b
4819 b
2224 b
974 b
feinty
24. 5‐methyl‐5‐
18,090 ±
12,391 ± 19,517 ± 24,516 ± 17,077 ± 26,453 ± 16,855 ± 19,557 ±
hepten‐3‐one
5096 c,d
1085 d
240 b,c
1901 a,b
1062 c,d
3632 a
2150 c,d
2739 b,c
ketone

19 of 27

85,611 ±
9792 c
12,189 ±
1469 b,c
35,159 ±
8913 a
113,868 ±
13,781 b
116,833 ±
15,323 f

35,741 ±
7217 c,d

173,003 ±
50,611 a,b

163,701 ±
16,008 a
5,314,747
±
2,219,781
d,e

3,663,686
± 470,296
d

37,144 ±
4759 e
12,439 ±
1159 b
20,309 ±
1716 a,b,c
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not described
25. 5‐Methyl‐2,4‐
Hexenal
51,021 ± 303,174 ± 26,022 ± 24,214 ± 65,551 ± 60,221 ±
8579 ±
4586 ±
5822 ±
b
a
b
b
b
b
b
b
aldehyde
12,868
127,475
8956
16,534
20,616
35,190
3169
1595
5390 b
not described
26. Pentyl acetate
90,060 ±
93,897 ± 40,028 ± 47,514 ± 111,553 ± 50,758 ± 36,333 ± 19,668 ± 19,475 ±
ester
17,714 a
7777 a
2711 b,c
25,183 b,c
8927 a
14,555 b
8528 b,c
4415 c
2242 c
alcoholic, fruity
27. 2‐Heptanone
ketone
40,689 ±
18,150 ± 30,143 ± 24,009 ± 49,723 ± 44,036 ± 43,271 ± 55,271 ± 50,527 ±
green, nutty, meaty, 3588 b,c
1673 d
809 c,d
7829 d
4798 a,b
4874 a,b
3644 a,b 10,628 a 2656 a,b
sour, fruity
28. Heptanal
19,474 ±
aldehyde
33,914 ± 20,984 ± 15,534 ± 18,011 ± 26,753 ± 20,667 ± 23,720 ± 25,293 ±
5909 a
alcoholic, floral,
39,102 a
2415 a
8230 a
4885 a
8272 a
3846 a
1445 a
2673 a
green, oily
29. 1‐Butanol, 3‐
methyl‐,
93,842 ± 179,940 ± 10,327 ± 3297 ± 1265 38,891 ± 10,242 ± 3490 ± 502 3278 ± 243 3886 ± 726
propanoate
c
c
c
c
76,204 b
14,247 a
1670 c
4406 b,c
2928 c
ester
not described
30. D‐Limonene
76,550 ±
54,222 ± 55,420 ± 41,451 ± 48,187 ± 64,299 ± 14,922 ± 17,295 ± 12,526 ±
terpene
29,999 a 24,589 a,b 7020 a,b 31,326 a,b 4425 a,b
24,031 a
3397 b
7110 b
6172 b
sweet, green, fruity
31. 3‐Methyl‐1‐
butanol / 2‐Methyl‐
35,207,874
25,569,536 38,863,229 25,827,190 13,077,795 13,790,941 13,022,207
1‐butanol
43,035,303 29,870,260
± 4,630,155
±
1,433,457 ± 3,081,251 ± 1,670,510 ± 1,721,053 ± 868,228 ± 801,278
alcohol
± 882,122 a ± 846,324 c
b
c
a,b
c
d
d
d
alcoholic, feinty,
sour, fruity
32. 2‐Hexenal
4399 ± 1364
aldehyde
5583 ± 385 7108 ± 750
9039 ± 596 6745 ±
8215 ± 8386 ± 875
0±0e
0±0e
d
c,d
a,b,c
a
a,b
sweet, sulphury,
1454 b,c
1136 a,b
green, nutty
33. 2‐Pentylfuran
601,438 ± 536,551 ± 784,789 ± 511,350 ± 430,067 ± 723,665 ± 281,067 ± 303,600 ± 265,816 ±
arene
sulphury, green, 223,825 a,b 90,592 a,b 181,074 a 388,544 a,b 54,886 a,b 79,541 a
34,991 b 94,489 b 77,408 b
nutty, fruity
34. Ethyl hexanoate
21,361,104
20,696,226
19,791,349 10,575,207 12,879,040 6,048,507
ester
21,754,800
9,072,237 ±
5,907,996
± 4,467,181
±
3,610,088
±
1,593,226 ± 3,221,552 ± 2,526,623
±
a
c
sweet, green, oily,
±
320,144
5,481,090
±
445,776 c
a
a
a,b
c
b,c
1,124,185 c
fruity
35. 1‐Pentanol
59,470 ±
38,153 ± 65,040 ± 106,426 ± 56,454 ± 110,575 ± 70,278 ± 119,105 ± 110,749 ±
alcohol
21,837 b,c
2780 c
3961 b,c
15,577 a
6016 b,c
17,646 a
6796 b
19,147 a
9634 a
sweet, oily, feinty
1,061,644
36. Styrene
1,218,132 ± 1,584,839 ± 1,725,646 ± 99,985 ± 79,701 ± 133,142 ± 75,142 ±
748,193 ±
± 354,016
arene
b,c
888,865 a,b 282,254 a,b 382,468 a 72,226 c
176,825
20,940 c
56,968 c
15,304 c
a,b
floral, sweet

Appl. Sci. 2021, 11, 1410

21 of 27

37. Isoamyl
84,318 ± 131,369 ± 31,650 ± 6814 ± 4290 85,595 ± 17,430 ± 10,072 ± 19,193 ± 20,362 ±
butyrate
c
47,794 b
ester
7041 a
3875 c
10,581 b
6634 c
3036 c
3709 c
1209 c
green, fruity
38. Hexyl acetate
489,986 ± 453,761 ± 226,494 ± 240,480 ± 513,665 ± 304,411 ± 215,861 ± 108,461 ± 107,566 ±
ester
125,749 a 43,030 a,b 20,254 c,d 137,346 c,d 37,021 a 95,689 b,c 58,764 c,d 28,101 d 12,342 d
sweet, green, fruity
39. Ethyl 3‐
7667 ± 3510 6417 ± 704 8345 ± 6014 ± 2116 6160 ± 336 7958 ± 2260 3693 ± 3357 ± 478 2786 ± 411
hexenoate
a,b
a,b,c
a,b,c
a,b,c
a
c
c
ester
1506 a
1328 b,c
sweet, green, fruity
40. Prenol
2079 ± 1581
4666 ± 158 3635 ± 947 2106 ± 473 3984 ± 1004 2300 ± 317 4243 ± 642 3997 ± 337
alcohol
478 ± 90 d
c,d
a
a,b,c
c,d
a,b
b,c,d
a
a,b
green, sour, fruity
41. 2‐Heptanol
33,288 ±
25,143 ± 45,455 ± 48,723 ± 24,663 ± 67,250 ± 43,599 ± 63,191 ± 57,734 ±
alcohol
c,d
18,193
2093 d
1046 b,c,d 5772 a,b,c
2909 d
13,562 a 4313 b,c,d 9954 a,b
5064 a,b
sweet, green, fruity
42. Propyl
39,592 ±
hexanoate
57,188 ± 17,122 ± 6222 ± 4376 30,246 ± 9959 ± 3427 8365 ± 3887 ± 705 3834 ± 205
d
d
d
d
15,104 b
ester
1569 a
4462 c,d
4788 b,c
2652 d
sweet, green, fruity
43. 7‐Octen‐2‐one
8349 ± 6150 1360 ± 158 1500 ± 489 1428 ± 602 11,224 ± 2713 ± 575 11,783 ± 22,898 ± 19,904 ±
alcohol
b,c
d
d
d
c,d
2137 b
1149 b
3783 a
929 a
not described
44. 2,4‐
Hexadienedioic
14,918 ±
12,934 ± 11,247 ± 10,704 ±
8864 ±
10,124 ±
8339 ± 8798 ± 819 9405 ± 770
acid, dimethyl ester
b
a,b
5514 a
862 a,b
1268 a,b
2265 a,b
1090 b
2775 a,b
1222 b
ester
not described
45. Ethyl
heptanoate
1,130,004 ± 923,846 ± 1,179,993 ± 832,334 ± 898,959 ± 980,882 ± 752,067 ± 665,463 ± 639,422 ±
ester
376,482 a 16,928 a 231,889 a 571,592 a 143,947 a 347,887 a 250,901 a 52,407 a 37,235 a
alcoholic, sweet,
green, nutty, fruity
46. 2‐Hydroxyethyl
propionate
127,963 ± 77,485 ± 208,029 ± 209,560 ± 100,126 ± 340,314 ± 245,003 ± 1,082,241 1,176,303
ester
64,010 b
2973 b
54,664 b 137,062 b
8933 b
48,466 b
74,830 b ± 247,838 a± 229,384 a
sweet, oily, meaty,
fruity
47. 1‐Hexanol
alcohol
127,988 ± 88,862 ± 139,573 ± 200,877 ± 113,253 ± 234,965 ± 150,543 ± 250,166 ± 231,403 ±
alcoholic, sweet,
40,711 c,d
6286 d
3181 c,d 13,888 a,b 9525 c,d
38,079 a 13,001 b,c 39,329 a 15,459 a
green, oily, feinty
48. Isobutyl
312,155 ± 306,401 ± 234,753 ± 45,044 ± 304,888 ± 49,764 ± 71,353 ± 23,765 ± 22,920 ±
hexanoate
157,080 a 27,847 a
ester
63,284 a
33,334 b
71,109 a
18,255 b
26,067 b
4610 b
895 b
sweet, green, fruity
49. Heptyl acetate 34,713 ±
30,435 ± 14,052 ± 7986 ± 4892 33,429 ± 20,138 ± 13,275 ±
5627 ± 5242 ± 254
d
d
ester
10,593 a
2844 a,b
2177 c,d
2836 a
6954 b,c
3980 c,d
1789 d
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alcoholic, green,
nutty, fruity
50. Methyl
octanoate
120,997 ± 171,994 ± 137,223 ± 39,251 ± 91,125 ± 49,606 ± 77,193 ± 51,048 ± 50,174 ±
ester
38,764 b,c 12,957 a 20,989 a,b 26,270 e 18,279 b,c,d 12,407 d,e 22,890 c,d,e 6883 d,e 5706 d,e
sweet, sulphury,
green, oily, fruity
51. 2‐Nonanone
28,549 ±
ketone
14,431 ± 25,227 ± 13,269 ± 18,449 ± 30,168 ± 36,125 ± 24,635 ± 24,440 ±
sweet, green, nutty, 13,708 a,b,c 1176 c,d 1525 a,b,c,d
5314 d
2299 b,c,d
8241 a,b
3001 a 4434 a,b,c,d 365 a,b,c,d
fruity
52. Nonanal
2590 ± 1134 2482 ± 307 2539 ± 291 1788 ± 526 2417 ± 619 3330 ± 1502 2392 ± 541 2157 ± 514 2081 ± 113
aldehyde
a
a
a
a
a
a
a
a
a
floral, green, oily
53. 3,5‐Octadien‐2‐
2968 ± 668 4738 ± 745 3710 ± 910 2432 ± 695 2780 ± 380 3745 ± 1305 2617 ± 878 2673 ± 352 2757 ± 134
ol
a,b
a
a,b
b
b
a,b
b
b
b
alcohol
not described
54. (R)‐(‐)‐2‐Octanol
38,783 ±
26,017 ± 44,156 ± 50,719 ± 31,972 ± 60,976 ± 40,962 ± 50,615 ± 47,893 ±
alcohol
13,899 b,c
1741 c
1294 a,b,c 12,475 a,b 3025 b,c
15,354 a
4199 a,b,c 8095 a,b
3902 a,b
green, oily, sour
55. Ethyl octanoate 92,505,435
30,061,202 73,315,080
121,187,111 88,065,236
29,630,811 38,817,582 20,086,095
±
ester
±
±
19,176,119
± 8,707,498 ± 7,990,917
± 7,412,592 ± 9,917,716
±
alcoholic, sweet, oily, 19,005,128
18,622,279 10,859,990
± 932,389 c
a
b
c
c
3,843,883 c
b
c
b
fruity
56. Furfural
324,984 ± 126,495 ± 462,183 ± 1,132,087 ± 466,830 ± 1,449,314 ± 951,675 ± 1,792,410 1,580,711
aldehyde, arene
233,569 d 18,722 d
87,303 d 146,477 b,c 121,216 d 237,701 a,b 149,006 c ± 304,014 a± 160,346 a
sweet, nutty
57. Isopentyl
746,539 ± 727,214 ± 627,587 ± 157,157 ± 880,603 ± 284,669 ± 224,690 ± 122,222 ± 109,750 ±
hexanoate
351,540 a 46,122 a 171,197 a,b 117,441 c 83,331 a 96,362 b,c 81,035 c 24,065 c
ester
9450 c
green, fruity
58. Octyl acetate
47,978 ±
ester
22,687 ±
6414 ± 7420 ± 4217 36,685 ± 14,623 ±
8923 ± 3468 ± 970 3275 ± 392
c
c
c
floral, green, nutty, 28,343 a
5789 b,c
1534 c
6362 a,b
5039 b,c
2890 c
oily, fruity
59. 2‐Methyldecan‐
3‐one
647,645 ± 1,059,357 ± 155,332 ± 418,000 ± 1,619,000 ± 445,728 ± 166,035 ± 81,845 ± 87,047 ±
ketone
258,166 c 102,156 b 19,523 d,e 240,079 c,d,e 234,068 a 58,106 c,d 64,743 d,e 13,125 e 19,372 e
not described
60. 2‐Nonanol
alcohol
28,739 ± 9704 ± 2414 32,115 ± 12,580 ± 17,353 ± 43,136 ± 19,392 ± 24,715 ± 22,083 ±
c
green, oily, sour, 22,768 a,b,c
3349 a,b
4034 b,c
3351 b,c
10,736 a
1110 b,c 4144 a,b,c 1673 b,c
fruity
61. Benzaldehyde
arene, aldehyde 119,214 ± 65,242 ± 282,004 ± 718,428 ± 205,568 ± 799,130 ± 723,093 ± 919,547 ± 1,007,765
sweet, nutty, meaty, 62,943 b
9967 b
91,678 b
94,484 a
75,371 b 217,023 a 161,943 a 234,254 a ± 169,758 a
fruity
62. Ethyl nonanoate 1,926,162 ± 1,051,770 ± 1,221,447 ± 788,277 ± 926,694 ± 893,458 ± 479,690 ± 498,155 ± 410,091 ±
ester
568,332 a 87,136 b,c 154,442 a,b 586,952 b,c 27,400 b,c 327,051 b,c 169,360 c 86,631 b,c 70,947 c
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alcoholic, oily, fruity
63. Linalool
alcohol
56,095 ±
21,981 ± 75,726 ± 87,435 ± 45,791 ± 135,643 ± 64,661 ± 96,904 ± 89,060 ±
b,c,d
floral, sweet, green, 42,410
4351 d
9786 b,c
18,664 b,c
9559 c,d
17,382 a 5776 b,c,d 15,112 a,b 5574 b
nutty, oily
64. Octyl octanoate
1,600,274 ± 1,705,887 ± 1,379,790 ± 341,077 ± 2,413,979 ± 321,637 ± 304,044 ± 150,270 ± 135,021 ±
ester
654,651 b 107,776 b 231,816 b 255,506 c 329,573 a 129,965 c 126,200 c 40,266 c 33,558 c
nutty, oily, fruity
65. 3‐Methylbutyl
8481 ± 51368144 ± 1023 9547 ± 5795 ± 4775 14,067 ± 8648 ± 3249 3581 ± 3949 ± 834 3494 ± 837
heptanoate
a,b
a,b
b
a,b
b
b
alcohol
2469 a,b
2170 a
1342 b
green, fruity
66. Isoamyl lactate
30,090 ±
14,295 ± 42,389 ± 59,798 ± 38,945 ± 71,170 ± 36,082 ± 735,431 ± 766,027 ±
ester
22,925 b
2080 b
12,843 b
18,494 b
11,941 b
7398 b
9195 b 132,659 a 110,054 a
nutty, fruity
67. Ethyl 3‐
nonanoate
46,814 ±
30,506 ± 44,532 ± 14,860 ± 38,884 ± 36,266 ± 26,386 ± 23,247 ± 17,972 ±
a
ester
24,299
2140 a,b
7714 a
10,601 b
6130 a,b 11,194 a,b 7833 a,b
2992 a,b
672 b
not described
68. Ethyl 8‐
nonenoate
9707 ± 3888 6591 ± 358 10,179 ± 8619 ± 5824 9157 ±
11,386 ±
6551 ±
5989 ± 5204 ± 171
a
a
a
a
ester
914 a
1852 a
3315 a
1929 a
1187 a
not described
69. Methyl
decanoate
136,805 ± 151,708 ± 153,104 ± 48,190 ± 74,446 ± 90,924 ± 59,963 ± 43,801 ± 39,743 ±
ester
71,439 a,b
5522 a
15,713 a
35,636 c
3784 b,c 27,602 a,b,c 16,278 c
6568 c
8555 c
alcoholic, floral, oily,
fruity
70. 2‐Undecanone
63,260 ±
20,931 ± 86,076 ± 126,252 ± 169,327 ± 292,273 ± 147,695 ± 14,057 ± 139,823 ±
ketone
b,c
72,561
20,419 b,c 73,537 b,c 67,766 b,c 46,660 a,b 117,557 a 67,327 a,b,c 1560 c 14,448 b,c
floral, oily, fruity
32,082,437
48,195,673
71. Ethyl decanoate 116,133,681157,344,789
109,626,74
68,126,749
26,093,987 15,121,898 13,059,109
ester
±
±
±
±
±
±
4±
± 8,045,711
± 6,329,905
alcoholic, sweet, oily, 19,769,284 15,847,183
22,333,847
13,593,134
b
c
d,e
e3,307,716 e
4,628,880
6,589,724
b
a
d,e
c,d
fruity
72. Isopentyl
octanoate
750,276 ± 2,390,522 ± 883,884 ± 566,012 ± 4,841,560 ± 585,569 ± 409,120 ± 238,795 ± 193,168 ±
ester
539,105 c 311,955 b 243,086 c 434,133 c 1301,331 a 171,591 c 158,046 c 121,416 c 96,340 c
sweet, green, nutty,
oily, soapy, fruity
73. Ethyl trans‐4‐
decanoate
5530 ± 67723430 ± 1098 3444 ± 5244 ± 3047 7570 ±
14,705 ±
8804 ±
10,167 ± 8966 ±
b
b
b
b
a,b
a
a,b
ester
1292
2040
3104
2638
2055 a,b
1612 a,b
not described
74. Decyl acetate
68,334 ±
19,151 ± 10,976 ± 64,762 ± 278,529 ± 253,256 ± 36,177 ± 18,566 ± 13,864 ±
ester
48,626 b
1166 b
2962 b
45,846 b 102,001 a 65,939 a
13,494 b 10,300 b
4173 b
green, oily, soapy
549,674 ±
75. Ethyl‐9‐
388,165 ± 505,882 ± 213,146 ± 960,037 ± 311,145 ± 1166,768 ± 343,276 ±
426,589 ±
153,802
decanoate
54,518 b,c 66,888 a,b,c 63,611 c 778,852 a,b 40,259 b,c 304,610 b,c 332,721 b,c
64,466 b,c
a,b,c
ester
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alcoholic, sweet, oily
76. Isopropyl
decanoate
45,054 ±
13,577 ± 11,651 ± 112,823 ± 148,479 ± 217,807 ± 34,228 ± 21,423 ± 20,051 ±
ester
41,191 c,d
2929 d
4819 d
67,092 b,c 62,231 a,b 19,412 a
9661 c,d
7897 d
4339 d
sulphury, green, oily,
fruity
77. Propyl
decanoate
24,992 ± 8500 ± 2096 7546 ±
16,487 ± 30,868 ± 33,965 ±
9534 ±
6276 ±
5280 ±
ester
b,c
21,435 a,b,c
2948 c
12,259 a,b,c 9152 a,b
10,246 a
3354 b,c
4365 c
3413 c
sulphury, green, oily,
fruity
78. Ethyl
undecanoate
4349 ± 2662
5677 ±
3714 ±
1482 ± 660 5884 ± 4024 5209 ± 7685 ± 2264 4554 ±
466 ± 158 b
a,b
b
a,b
a,b
a
a,b
a,b
ester
1826
1291
3577
2203 a,b
nutty, oily, soapy
79. Isobutyl
decanoate
300,289 ± 129,725 ± 172,082 ± 247,318 ± 497,603 ± 346,599 ± 113,646 ± 81,469 ± 65,083 ±
ester
219,409 a,b,c 22,169 b,c 49,544 b,c 161,342 a,b,c 178,774 a 89,573 a,b 40,382 b,c 49,235 b,c 33,798 c
alcoholic, sweet, oily,
fruity
80. 3‐Methylbutyl
7757 ± 58025005 ± 4982 5732 ±
nonanoate
22,249 ± 20,673 ± 15,663 ±
4363 ±
5941 ±
3654 ±
b,c
b,c
ester
2208 b,c
4020 a
8306 a
5277 a,b
1372 b,c
4496 b,c
2475 c
floral, oily, fruity
81. Methyl
dodecanoate
34,021 ±
10,354 ± 35,553 ± 102,217 ± 100,946 ± 163,632 ± 100,405 ± 78,447 ± 54,590 ±
ester
24,736 a,b
472 c
9312 a,b 83,053 a,b 24,772 a,b 22,873 a 37,590 a,b 32,177 a,b,c 24,549 a,b
nutty, oily, meaty,
soapy
82. Phenethyl
683,823 ± 161,435 ± 239,346 ± 734,898 ± 2,329,105 ± 767,940 ± 402,793 ± 305,361 ± 292,177 ±
acetate
456,857 b,c 28,242 c 58,795 b,c 25,371 b,c 534,582 a 97,739 b 139,518 b,c 66,151 b,c 27,306 b,c
ester, arene
floral, sweet, fruity
83. 2‐Phenylethyl
hexanoate
683,805 ± 161,435 ± 239,346 ± 734,870 ± 2,329,100 ± 767,931 ± 402,789 ± 305,353 ± 292,166 ±
ester, arene
456,822 b,c 28,242 c 58,795 b,c 25,423 b,c 534,574 a 97,737 b 139,522 b,c 66,162 b,c 27,328 b,c
floral, sweet,
sulphury, green, oily
84. Phenethyl
isobutyrate
683,805 ± 161,435 ± 239,339 ± 734,870 ± 2,328,598 ± 767,905 ± 402,789 ± 305,334 ± 292,142 ±
ester, arene
456,822 b,c 28,242 c 58,795 b,c 25,423 b,c 534,482 a 97,689 b 139,522 b,c 66,173 b,c 27,330 b,c
floral, fruity
85. Hexanoic acid
1764 ± 1260
22,336 ± 34,378 ± 21,026 ± 56,916 ± 43,045 ± 66,369 ± 60,122 ±
carboxylic acid
0±0d
c,d
5937 b,c,d 8615 a,b,c 11,822 b,c,d 28,989 a
9235 a,b
7485 a
24,856 a
sulphury, oily, sour
86. Ethyl
23,549,146
39,313,957 37,292,487 40,693,658
dodecanoate
37,069,182 23,900,201 19,616,178 13,204,315 9,534,318
±
± 4,699,832 ± 2,796,072 ± 2,667,062
±
±
ester
± 2,103,565 ± 5,477,888 ± 5,261,140
14,984,160
a,b
a,b
a
a,b
b,c
c
c
7,417,775 4,343,818 c
floral, sweet, oily,
b,c
soapy
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87. Isoamyl
decanoate
43,540 ±
36,563 ± 35,040 ± 46,993 ± 82,611 ±
ester
29,955 a,b,c 12,682 a,b,c 9967 a,b,c 30,979 a,b,c 36,874 a
alcoholic, sweet,
green, oily, fruity
88. Ethyl isopentyl
succinate
19,936 ± 7213 ± 1188 11,089 ± 12,041 ± 101,223 ±
b
ester
4579 b
3307 b
7962 b
23,769 a
not described
89. Ethyl palmitate
52,964 ±
36,174 ± 34,767 ± 27,736 ± 106,991 ±
ester
b
6905
3559 b,c
4511 b,c
22,109 b,c 19,913 a
oily, sour, fruity
90. Phenylethyl
313,498 ± 75,354 ± 160,682 ± 594,364 ± 835,052 ±
alcohol
alcohol, arene 229,653 c,d,e 1845 e
37,998 d,e 232,741 c,d,e 481,591 b,c
floral
91. 1‐Dodecanol
103,458 ± 22,892 ± 16,404 ± 36,847 ± 87,958 ±
alcohol
48,322 a
sweet, nutty, oily,
3936 b
5358 b
17,654 b
24,496 a
soapy
92. Octanoic acid
35,646 ± 4169 ± 1434 202,987 ± 169,648 ± 180,250 ±
carboxylic acid
c
28,778 b,c
65,586 a,b,c 69,450 a,b,c 96,869 a,b,c
sulphury, oily, sour
93. Ethyl
tetradecanoate
330,543 ± 102,320 ± 300,722 ± 571,487 ± 582,094 ±
ester
149,195 a,b 30,277 b 61,556 a,b 366,616 a 129,115 a
sweet, oily
94. Ethyl 9‐
tetradecanoate 6089 ± 1960 1450 ± 483 3052 ± 915 8286 ± 5556 14,487 ±
a,b
b
b
a,b
ester
4289 a
sweet, oily
95. 2‐Dodecanol
355,693 ± 65,427 ± 42,179 ± 174,186 ± 263,712 ±
alcohol
105,182 a 11,207 c,d 10,385 d 68,697 b,c 32,928 a,b
not described
96. Ethyl‐9‐
hexanoate
173,174 ± 96,397 ± 107,734 ± 110,130 ± 141,237 ±
ester
42,301 a,b
6544 c,d 27,922 b,c,d 54,113 b,c,d 14,123 a,b,c
sweet, green, oily,
fruity
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72,219 ±
17,665 a,b

23,851 ±
10,901 b,c

16,840 ±
14,118 c

12,590 ±
9912 c

19,158 ±
5798 b

9027 ±
8100 b

9783 ±
6009 b

6090 ±
2075 b

41,298 ±
11,891 b,c

22,407 ± 24,279 ± 15,228 ±
22,527 b,c 14,063 b,c 5218 c

1,377,261
777,606 ± 669,356 ± 1,422,707
± 113,270
403,726 c 99,565 c,d ± 104,397 a
a,b

29,529 ±
5992 b

16,758 ±
5634 b

24,703 ±
10,875 b

16,111 ±
6321 b

395,738 ± 198,817 ± 332,090 ± 303,876 ±
277,591 a 12,281 a,b,c 23,916 a 163,549 a,b
493,222 ± 453,966 ± 318,223 ± 181,455 ±
120,580 a,b 190,638 a,b 229,844 a,b 113,184 a,b

13,359 ±
3371 a

4789 ±
3125 b

108,203 ± 72,619 ±
28,715 c,d 34,477 c,d

7726 ±
5965 a,b

4042 ±
2405 b

45,895 ±
17,641 d

36,128 ±
12,572 d

186,540 ± 71,620 ± 95,337 ± 59,687 ±
16,840 a 26,218 c,d 38,507 c,d 28,428 d
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