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Abstract

Background: Quinoa (Chenopodium quinoaWilld.) is a gluten-free pseudocereal, rich in starch and high-quality proteins. It can
be used as a cereal. Recently, a variety of nontraditional food products were developed; however, the sharp bitterness and the
earthy aroma of unprocessed quinoa interfered with the acceptance of these products. Malting of cereals is known to improve
their processing properties and enhance their sensory quality. To evaluate the acceptance and potential of quinoamalt as a raw
material for beverage production, malt quality indicators (e.g., soluble protein) and the aroma profiles of different quinoamalts
were compared.

Results: Initial sensory assessment of quinoa in its native and malted state identified differences in their aroma profiles and
revealed that pleasant nutty and caramel aromas were formed by malting. Subsequently, three complementary isolation tech-
niques and gas chromatography-olfactometry/mass spectrometry (GC-O/MS) were used for volatile analysis. Instrumental anal-
ysis detected 34 and 62 odor-active regions in native quinoa and quinoa malt, respectively. In the second part, storage and the
impact of three malting parameters on volatile formation were examined. By varying the malting parameters, seven additional
odor-active malting byproducts were revealed.

Conclusion: Three naturally occurring methoxypyrazines were identified as important contributors to the characteristic quinoa
aroma. In all fresh quinoamalts a similar number of volatile compounds was perceived but their intensity and composition var-
ied. Higher germination temperature promoted the formation of lipid oxidation products. Fatty smelling compounds and car-
boxylic acids, formed during storage, were classified as aging indicators of quinoa malt.
© 2022 The Authors. Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of
Chemical Industry.
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INTRODUCTION
Quinoa (Chenopodium quinoaWilld.) is a gluten-free pseudocereal
of the Amaranthaceae family, indigenous to the Andean region of
South America.1 Quinoa is a dicotyledonous plant and therefore
not a true cereal (i.e., monocotyledonous); however, due to its
starch-rich seeds (69.0%–75.8%)2,3 it is referred to as pseudocer-
eal, it can be milled into flour and used in a similar way to cereals
(e.g., barley).4 Quinoa seeds are primarily consumed in a similar
manner to rice but can also be used to produce a variety of food
products. The main uses are soups and breads as well as the tradi-
tional beverage, chicha. Other food products made from quinoa
are porridge, desserts, and pasta.5-9 The protein content (12.5%–
16.7%)2,10 in quinoa is higher than in most cereals and further
characterized by high levels of lysine (5.8%–6.4%),2,3 a limiting
essential amino acid in cereals.11,12 Consequently, quinoa is being
introduced in other countries and nontraditional functional food

products are being developed. However, the pericarp of quinoa
seeds is rich in bitter-tasting saponins, which interfere with the
palatability and digestibility of quinoa-based food products. The
maximum saponin range for consumer acceptance is 0.06%–
0.12%.13 In an effort to improve the agronomic properties and
development of quinoa cultivars with desirable profiles, its
genome was recently assembled14 and the metabolic diversity
(e.g., saponins) in 471 quinoa cultivars was determined.15

Although 90%–95% of saponins can be removed by different
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desaponification methods (e.g., mechanical abrasion, washing),16

a bitter aftertaste has been reported in quinoa-rich products.17

Moreover, the aroma of unprocessed quinoa is often described
as unpleasant due to its grassy and earthy notes.4,18 Quinoa-
based food products could benefit from an additional steeping
(i.e., soaking) step and further processing of the seeds.
In cereals such as barley and rye, malting improves the proces-

sing properties (e.g., viscosity) and generates a distinct color,
taste, and aroma. During germination, hydrolytic enzymes cata-
lyze structural modifications in the kernel resulting in the degra-
dation of the macromolecules into free amino acids and
reducing sugars. Germination is followed by the drying process
(i.e., kilning); interactions between the available amino acids and
reducing sugars during kilning yield new substances, in particular,
nonenzymatically formed, odor-active compounds.19 Acceptance
of new quinoa products has relied on sensory analyses; however,
these fail to identify the odor-active compounds responsible for
specific aromas. Moreover, the aroma profile of native quinoa
remains largely uncharacterized and only limited data are avail-
able on quinoa aroma. Volatile compound analysis of quinoa
and quinoa products helps understand how they are generated
and how to improve the aroma. Recent studies have looked at
the odor-active volatiles present in thermally treated quinoa food
products such as porridge,20 bread,21-23 biscuits,24 and different
colored quinoa seeds (i.e., white, red, black).25,26

Hitherto, aroma improvement of quinoa seeds by fermentation27

has been investigated but not by malting (i.e., germination and kiln-
ing). To better understand the effect of malting on quinoa and eval-
uate its acceptance and potential as a brewing rawmaterial, themalt
quality indicators (e.g., soluble protein, viscosity) and aroma profiles
of several quinoa malts were examined in this study. In the first part,
initial aroma characterization of quinoa in its native andmalted state
was carried out by trained panelists. Subsequently, sensory profiles of
unmalted (UM) quinoa and corresponding standard malt (M) were
complemented by instrumental analysis of the volatile compounds.
The chemical diversity (e.g., polarity) of the volatile compounds pre-
sent in quinoa is high; consequently, the choice of extractionmethod
will impact the composition and characterization of the volatile pro-
file. Three complementary isolation techniques, including headspace
solid-phase microextraction (HS-SPME) and two solvent extraction
methods, simultaneous distillation-extraction (SDE) and solvent
assisted flavor evaporation (SAFE), were therefore used to create
detailed aroma profiles. Gas chromatography-olfactometry/mass
spectrometry (GC-O/MS) was used to analyze, describe, identify,
and classify the odor-active compounds in the quinoa volatile
isolates.
Depending on the precursor pool generated duringmalting, it is

possible to create different malt qualities and aroma profiles. In
part two, therefore, the impact of the malting parameters

(i.e., steep moisture, germination temperature, and germination
time) on the odor-active volatiles in a diverse set of malts
(e.g., high and low modification; Hi and Lo) was investigated.
The malts that were produced, however, aimed to be within the
accepted processing quality range of commercial barley malts
(i.e., malting standard). Gas chromatography-olfactometry/mass
spectrometry and comparative aroma extract dilution analysis
(cAEDA) were used to determine and compare the flavor dilution
(FD) factors of the perceived odor-active volatiles in the quinoa
malts. The collected data were used to identify the malting
parameters that yield a high quality malt (e.g., high extract) and
pleasant caramel aromas. Lastly, the storage (St) effects on the
aroma profile of the standard quinoa malt were also investigated
by cAEDA.

MATERIALS AND METHODS
Seed material
Organic white quinoa (variety unknown, Bolivia) with 9.4% mois-
ture, 9.1% protein dry matter (d.m.), 65.8% starch (d.m.), and
7.1% fat (d.m.) was purchased from Ziegler & Co. GmbH
(Wunsiedel, Germany).

Chemicals
Chemicals were purchased from the following sources: diethyl
ether (≥99.5%), ethanol p.a. (≥99.8%), and anhydrous sodium sul-
fate (Na2SO4) (≥99.0%) from Sigma−Aldrich (Taufkirchen,
Germany). Reference standards of aroma compounds were pur-
chased from commercial sources: Alfa Aesar (Karlsruhe, Germany);
Merck (Darmstadt, Germany); or Sigma−Aldrich.

Malting
All malting trials were produced in 1 kg batches in themalting facility
at the Institute of Brewing and Beverage Technology, Technische
Universität München (Freising, Germany) as described by the Mitte-
leuropäische Brautechnische Analysenkommision e.V. (MEBAK)
(R-110.00.008 [2016–2103]).28 An overviewof themalting parameters
for the different quinoa samples is shown in Table 1. All samples used
in this study were produced in three biological replicates, transferred
into hermetic glass jars, and stored in a dry anddark location until fur-
ther analysis.
To determine the malting regimes required to produce the stan-

dard malt, as well as malts with high or low modification
(i.e., Table 1 samples), Design-Expert® Software (version 8.0.6; Stat-
Ease, Inc., Minneapolis, MN, USA) was used to create a face-cen-
tered, central composite design. This experimental design (data
not shown) investigates the effect of steep moisture, germination
temperature, and germination time on malt quality indicators
(e.g., extract, viscosity) in quinoa. To cover a broad range of

Table 1. Overview of malting regimes for experimental quinoa malts

Sample Codea Steep Moisture (%) Temperature (°C) Time (d) Storage

Unmalted Qui-UM
Standard Qui-M 46 16 6
Standard stored Qui-St 46 16 6 18 months
High modification Qui-Hi 46 18 6
Low modification Qui-Lo 40 12 4

a Qui = quinoa, UM = unmalted, M = standard malt, St = stored standard malt, Hi = high modification, Lo = low modification.
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modification, all malting parameters were tested at three different
levels. Each series was malted twice and consisted of 25 samples;
the factorial and center points were included in duplicate and trip-
licate, respectively. For each malting series, the experimental data
of the analyzed malt quality indicators were statistically evaluated
using ANOVA (P < 0.05). Subsequently, multiple regression ana-
lyses of the experimental data were done to calculate quadratic
models. Different tests were used to validate the statistical models;
these include the F-value (P < 0.05), the coefficient of determina-
tion (R2 > 80%), and the lack of fit (P > 0.05) to assess the signifi-
cance, the reliability, and the adequacy of the fitted model,
respectively.29,30

Quinoa and malt standard analyses
The moisture of the samples was determined following MEBAK
method R-200.18.020 [2016–2103].28 To assess the malt modifica-
tion, the malts were isothermally mashed at 65 °C for 1 h as out-
lined in MEBAK method R-207.00.002 [2016–2103].28 The
resulting laboratory worts were used to measure the pH, extract,
total protein, soluble protein, free amino nitrogen (FAN), and vis-
cosity of the producedmalts. All analyses were carried out in tech-
nical triplicates using the MEBAK methods.28

Sensory characterization of quinoa
Freshly ground (Laboratory Disk Mill DLFU; Bühler Group, Uzwil,
Switzerland) quinoa samples (10 g) were presented in a clear glass
(⌀ 6.5 cm) and covered with a watch glass. Randomized three-digit
number codes were assigned to the samples; the quinoa samples
were evaluated by a trained sensory panel consisting of 11 certified
beer judges (five female, six male; ages 22–57). All panelists had
been trained in weekly sensory sessions for the evaluation of
(pseudo)cereal based fermented products (e.g., beverages and
bread) following the DLG (Deutsche Landwirtschafts- Gesellschaft
e.V.) guidelines (i.e., DIN EN ISO 8586:2014–2105).31 In preliminary
sessions, the panel members generated ten descriptors by
descriptive analysis. In the following sessions, the panelists evalu-
ated the odor intensity of six of these attributes as well as the
overall intensity on a four-point linear sensory scale ranging from
not detectable (0) to extreme (3). To accurately differentiate
among the samples, dichotomous assessment was conducted
for the remaining descriptors. Finally, each panelist was asked to
rate the preference of the samples on a six-point hedonic sensory
scale ranging from dislike extremely (0) to like extremely (5). The
sensory evaluation of the samples was executed in four indepen-
dent sessions.

Isolation of volatiles
Headspace solid-phase microextraction. The 50/30 μm divinylben-
zene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS; Supelco
Inc., Bellefonte, PA, USA) fiber was selected for volatile analysis
because of its highest adsorption capacity across a range of vola-
tile polarities. New fibers were attached to a solid-phase microex-
traction (SPME) holder for manual sampling and conditioned in a
GC injector at 270 °C for 1 h. Manual HS-SPME extraction was con-
ducted as described by Roth et al.32 Prior to adsorption, samples
were ground with a mortar and pestle. Freshly ground samples
(3 g) in sealed 20 mL headspace vials were equilibrated with the
fiber for 30 min at 50 °C before desorption and GC-O/MS analysis.
Volatiles were desorbed at 250 °C for 30 s. Before the next analy-
sis, the fiber was reconditioned at 250 °C for 15 min in a GC injec-
tor to avoid carry over of compounds from previous samples.

Simultaneous distillation-extraction. The extraction was done using
a Likens–Nickerson apparatus as described by Roth et al.32 In a
round-bottomed flask, 100 g of finely ground sample
(Laboratory Disk Mill DLFU; Bühler Group, Uzwil, Switzerland)
was suspended in 350 mL of distilled water (dH2O) containing
an antifoam agent. The sample-dH2O suspension and 100 mL of
diethyl ether were boiled for 2 h. After cooling down to room tem-
perature, the diethyl ether extract was dried over anhydrous
sodium sulfate and concentrated to 1 mL using a Vigreux column
(30 cm × 1 cm inner diameter; i.d.) at 38 °C. The concentrated
extract was stored in 2 mL amber glass vials at −20 °C until use.
Three replications of each extraction were carried out.

Solvent assisted flavor evaporation. Prior to distillation, 150 g of
finely ground sample (Laboratory Disk Mill DLFU; Bühler Group,
Uzwil, Switzerland) was mixed with 200 mL of diethyl ether;
500 μL of methyl decanoate (c = 1.05 g/L) was added for semi-
quantification. After 60 min shaking, the organic phase was col-
lected and 60 mL of diethyl ether was added to the grist and
the extraction continued for 60 min at room temperature. The
combined extract was filtered through a paper filter to remove
grist residues, afterwards it was concentrated to 50 mL. Subse-
quently, the volatile fraction was isolated under high-vacuum by
SAFE at 40 °C.33 The distillate was dried over anhydrous Na2SO4

and concentrated to 1 mL using a Vigreux column at 38 °C. The
concentrated extract was stored in 2 mL amber glass vials at
−20 °C until use. Extractions were conducted at least in triplicate.

Comparative aroma extract dilution analysis. To simulate a serial
dilution, 2 μL of the concentrated SAFE malt extract was injected
(autosampler injection) in different split modes into the GC,
including the splitless mode. The following split ratios were used
in this series, 1:5, 1:10, 1:20, 1:40, and 1:80; for the highest dilution,
1 μL was injected in a 1:80 split. The samples were analyzed by GC-
O/MS and each odor was assigned an FD factor corresponding to
the highest dilution at which the odor was recognized, thus result-
ing in factors of 1 (splitless), 5, 10, 20, 40, 80, or 160, respectively. In
the cAEDA series each extract was first analyzed at the highest
dilution (i.e., FD = 160) to avoid false recognition due to memory
effects. The peak areas of the internal standard and selected com-
pounds were measured and compared to validate the accuracy
and reproducibility of the dilution series.

Separation and identification of volatiles
Gas chromatography-olfactometry/mass spectrometry parameters.
Analysis of the aroma extracts was carried out on a Trace 1300 Ultra
gas chromatograph (Thermo Fisher Scientific Inc., Waltham, MA,
USA) fitted with a TG-5MS (i.e., DB-5) silica capillary column
(Thermo Fisher Scientific Inc., Waltham, MA, USA; 60 m × 0.25 mm
i.d., 0.25 μm film thickness). Column carrier gaswas heliumat a con-
stant flow of 1.85 mL/min. The injector temperature and the trans-
fer line temperature were 250 °C. The initial temperature was
maintained at 40 °C for 4 min. Subsequently, the heating rate was
5 °C/min until reaching 170 °C, afterwards the rate was increased
to 10 °C/min to reach a final temperature of 250 °C and was held
for 2 min.
The GC was coupled to a single quadrupole mass spectrometer

(ISQ QD, Thermo Fisher Scientific Inc., Waltham, MA, USA) and an
olfactory detection port (ODP 3, Gerstel GmbH & Co. KG, Mühl-
heim an der Ruhr, Germany). The effluent was split into two equal
parts with a micro-flow splitter. The sniffing port was heated to
250 °C and flushed with humidified air to avoid dehydration of
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the nasal membranes. Mass spectrometry detection was accom-
plished with an electron ionization (EI) energy of 70 eV. The ana-
lyzed mass range was 35–350 amu in EI mode. Peak detection
was performed in Thermo Xcalibur™ 3.1.66.10 (Thermo Fisher Sci-
entific Inc., Waltham, MA, USA). Olfactometric assessment was
done at least in triplicate by three panelists trained specifically
on cereal, malt, and beverage aromas.

Aroma compound identification. Identification of aroma com-
pounds was based on odor description, linear retention indices
(RIs), and comparison with reference substances and mass spec-
trometric data from the literature, the National Institute of Stan-
dards and Technology (NIST) library (NIST 08, version 2.0f), and
in-house mass spectral libraries. If the recorded MS data were
too weak for unequivocal identification, aroma compounds were
tentatively identified based on the remaining criteria. Linear
retention indices of the compounds were calculated as described
by van Den Dool and Kratz,34 using a series of n-alkanes, C6−C20,
under the same operating conditions outlined above.

Statistical analysis
Statistical analyses were performed using JMP Pro (version 12.2.0;
SAS Institute Inc., Cary, NC, USA). The normality of the analytical
data was examined using the Shapiro–Wilk W test (⊍ > 0.05). Sig-
nificant differences of normally distributed data were identified
using one-way ANOVA (P < 0.05). For post hoc analysis
(P < 0.05), the Tukey–Kramer honestly significant difference
(HSD) test and Student's t-test were conducted for group means
and pair means, respectively.

RESULTS AND DISCUSSION
Quinoa quality parameters
Unlike cereals in which the storagemacromolecules are located in
the cells of the endosperm, quinoa starch is found primarily in the
perisperm, which is located in the center of the seed35; whereas
proteins are stored mostly in the endosperm and embryo.36 Malt-
ing increased the amylolytic activity (i.e., extract), promoted stor-
age protein degradation, and reduced the viscosity of quinoa
(see Table 2). However, only the composition of Qui-M was close
to the recommended quality range for commercial barley pale
malt.37 The soluble protein content of Qui-Hi was significantly
above the range but the extract was much lower. In comparison
with the other malts, the malting conditions of Qui-Lo were not

favorable for sugar and protein solubility. Although malting of
quinoa is not common, the correct malting parameters can
enhance its properties. The structural modifications caused by
germination not only improve the processing properties of qui-
noa, they also provide a rich source of precursors (i.e., reducing
sugars and amino acids) for the aroma generating reactions. The
formation of new odor-active compounds can positively modify
the aroma profile, therefore, germination and further processing
(i.e., thermal heating) of quinoa were carried out to produce Mail-
lard reaction, Strecker degradation, and thermal reaction
compounds.38,39

Sensory characterization of quinoa
Initial aroma assessment in freshly ground quinoa samples was
carried out by a trained panel. Figure 1 compares the odor inten-
sity of six predefined attributes in quinoa in its native and malted

Table 2. Means and standard deviations (n = 9) of the standard analysesa of unmalted quinoa and quinoa maltsb (n = 3)

Sample Moisturec (%) pHc
Extractc

(%, d.m.)

Total
proteinc

(%, d.m.)

Soluble
proteinc

(mg/100 g d.m.)
FANc

(mg/100 g d.m.)

Viscosity
(8.6%)c

(mPa × s)

Pale maltd n.d. 5.80–6.00 >81.0 9.0–11.5 570–670 >140 <1.60
Qui-UM 9.4 ± 0.0a 6.29 ± 0.03a 34.6 ± 0.45d 9.1 ± 0.18c 597 ± 2b 46 ± 0c 3.36 ± 0.14a

Qui-M 2.3 ± 0.1b 5.46 ± 0.03b 79.2 ± 0.22a 12.7 ± 0.81b 644 ± 45b 130 ± 12b 2.30 ± 0.27b

Qui-Hi 2.1 ± 0.2b 6.10 ± 0.20a 52.0 ± 3.7b 15.9 ± 0.57a 844 ± 44a 163 ± 16a 2.59 ± 0.34b

Qui-Lo 2.1 ± 0.1b 6.07 ± 0.05a 42.0 ± 3.6c 15.9 ± 0.24a 309 ± 14c 70 ± 9c 2.70 ± 0.18b

Abbreviation: n.d. = not defined.
a Analyses done on laboratory worts produced by isothermal 65 °C mashing as described in MEBAK.28
b Malting regimes are described in Table 1. Qui = quinoa, UM = unmalted, M = standard malt, Hi = high modification, Lo = low modification.
c Different superscript letters in a column indicate significant differences in data sets (ANOVA followed by Tukey–Kramer HSD-test, P < 0.05).
d Recommended quality range for commercial barley pale malt measured in isothermal 65 °C mash.37
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Malty****

Grainy***  Qui-UM
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Figure 1. Aroma profile of quinoa. Intensity means (n = 44) of the attri-
butes rated by a trained panel (n = 11) on a four-point linear sensory scale
ranging from not detectable (0) to extreme (3). Hyphenated line repre-
sents the unmalted (UM) sample and solid line represents the standard
malt (M). Asterisks indicate significant differences in data pairs (ANOVA fol-
lowed by Student's t-test, P < 0.05; **** P < 0.0001; *** P < 0.001; *
P < 0.05). Malting regime is described in Table 1.
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state. Malting simultaneously increased the intensity of the grainy
and malty attributes and decreased the musty character in qui-
noa. Subsequently, for a more detailed characterization of the
malty and musty attributes, the presence of roasted and caramel
aromas or boiled potato and mushroom notes, respectively, were
assessed. The malty character of Qui-M was both roasty and cara-
mel-like but the caramel odor predominated. The musty attribute
had a subtle mushroom aroma in both samples, whereas the
boiled potato character was frequently identified in Qui-UM but
malting reduced its intensity. The green note markedly decreased
after malting while only a minor change in the intensity of the
boiled vegetables attribute was perceived. In Qui-M, a marked
shift was recorded for the butter descriptor; however, the stronger
butter odor did not have a negative impact on the preference rat-
ing. The overall odor intensity and preference of Qui-Mwere rated
higher than the unmalted sample (see Table 3).
The aroma profile of native quinoa is characterized by green

notes as well as musty and vegetal odors. Malting increased the
overall odor intensity and led to the development of the pleasant
grainy and malty character in quinoa. The sensory results indicate
the presence and influence of volatiles from the kilning process
such as pyrazines (e.g., malty) or sugar degradation products
(e.g., caramel) on the aroma profile. Sensory-directed investiga-
tions coupled with instrumental analysis were therefore con-
ducted to understand the importance of the perceived aroma
attributes in quinoa.

Odor-active volatiles in quinoa
The different extractionmethods offer a number of individual advan-
tages but also suffer from specific limitations. In complex matrices,
the chemical diversity (i.e., volatility, polarity) of the volatile com-
pounds present is high. The choice of extraction method impacts
compound selectivity and the composition of the volatile isolate as
well as the subsequent identification of odor-active compounds. By
using different isolation methods it is therefore possible to achieve
a representative classification of the odor-active volatiles in quinoa.
As expected from the overall odor intensity values, a higher number
of odor-active compounds was detected in the volatile fraction of
quinoa malt than in the unprocessed seeds. Using three extraction
methods revealed 34 and 62 odor-active regions in Qui-UM and
Qui-M, respectively. The detected odor-active compounds and their
descriptors are listed and compared in Table 4. In quinoa malt,
28 compounds were detected by all techniques, hence indicating
these are not isolation artifacts. Further, the collected GC-O/MS data

of the volatile fraction of Qui-UM confirmed 17 of these compounds
are native to quinoa and survive the malting and extraction pro-
cesses. All other odor-active regions were detected by at least one
of the extraction methods used, thereby confirming the importance
of the isolation technique used and the application of complemen-
tary methods. Carbonyl compounds, in particular aldehydes, as well
as the N-heterocyclic compounds (e.g., pyrazines) were dominant
in quinoa. The remaining identified compounds were classified as
acids, esters, alcohols, phenols, terpenes, lactones, or sulfur com-
pounds. Unequivocal MS data could not be obtained for 1-penten-
3-one, (Z)-4-heptenal, 3-(methylsulfanyl)propanal (i.e., methional),
2-acetyl-1-pyrroline, oct-1-en-3-one, (Z)-1,5-octadien-3-one, and
3-methyl-1H-indole and were, thus, tentatively identified based on
their odor description, RI, and comparison with literature data. Seven
odor-active regions remain unknown as these could not be identified
in the volatile isolates due to their low concentrations and limited
MS data.
Only 3-(methylsulfanyl)propanal, three methoxypyrazines, (E,Z)-

2,6-nonadienal, and (Z)-4,5-epoxy-(E)-2-decenal were detected in all
samples. These compounds contribute to themusty character of qui-
noa and are known for their extremely low odor-recognition thresh-
olds.40-43 The sensory evaluations revealed their perceived intensity
in the ground samples decreased upon malting. Further, the boiled
potato note, commonly associated with 3-(methylsulfanyl)propanal,
was less frequently recorded in quinoa malt. Several sensory panels
have reported the characteristic musty, earthy odor in quinoa food
products44,45 but no compounds have been ascribed to this attribute.
In this study, threemethoxypyrazineswhich impart distinctivemusty,
earthy notes were identified by GC-O/MS in the quinoa volatile iso-
lates. Unlike barley and rye where methoxypyrazine formation is
induced by germination,46 these occur naturally in quinoa. Despite
the structural similarities, different intensities and aromas were
described for the methoxypyrazines. 2-Methoxy-3-isopropylpyrazine
delivers an odor resembling fresh cucumber or asparagus and was
often described as ‘quinoa’, whereas 2-methoxy-3-sec-butylpyrazine
and 2-methoxy-3-isobutylpyrazine confers a potent bell pepper
aroma. The former could be distinguishedby the perceived freshness
at the sniffing port and the latter by its pungency. The linolenic acid
degradation product, (E,Z)-2,6-nonadienal, also evoked a cucumber
note but lacked the crispness of themethoxypyrazine aroma. In con-
trast, the 4,5-epoxy-(E)-2-alkenals delivered a metallic odor; however
only the cis C10 isomer was perceived in all samples. Another com-
pound contributing to the musty character is oct-1-en-3-one, it was
perceived in all samples except the SAFE extract of Qui-UM. In addi-
tion to themetallic note, theC8 ketone and its corresponding alcohol,
oct-1-en-3-ol, evoke the characteristic mushroom odor. Based on the
sensory evaluations, malting did not alter the perception of the
mushroom note. Gentle distillation (i.e., SAFE), however, was not
favorable for the isolation of ten additional odor-active regions native
to quinoa, which also survived the malting process. These include
compounds that deliver green notes (e.g., hexanal) as well
as compounds that contribute to the roasted, nutty odor
(e.g., 2,3-diethyl-5-methylpyrazine) of quinoa. Moreover, the lipid
degradation products such as both 2-nonenal isomers were not
extracted fromQui-UM by SAFE, these give rise to unpleasant rancid,
fatty odors in quinoa.
Eleven malting odor-active byproducts were detected in Qui-M

by all sampling techniques; germination was essential for the for-
mation of eight of these. Their absence in the SDE extract of
unmalted quinoa confirmed germination is required because
heating alone is not enough to release these compounds from
their precursors. The contribution of two Maillard reaction

Table 3. Mean intensity and preference scores and standard devia-
tions (n = 44) of quinoa in its unmalted and malteda state as assessed
by panelists (n = 11) in the sensory evaluation sessions (n = 4)

Scale Qui-UM Qui-Mb

Intensity (0–3)c 1.93 ± 0.76 2.52 ± 0.63***
Preference (0–5)d 1.55 ± 1.00 2.50 ± 1.75**

a Malting regime is described in Table 1. Qui = quinoa,
UM = unmalted, M = standard malt.
b Asterisks indicate significant differences in data pairs (ANOVA fol-
lowed by Student's t-test, P < 0.05; *** P < 0.001; ** P < 0.01).
c 4-point linear sensory scale ranging from not detectable (0) to
extreme (3).
d 6-Point hedonic sensory scale ranging from dislike extremely (0) to
like extremely (5).
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Table 4. Odor-active volatiles detected in quinoa in its unmalted and malteda state by SPME, SDE, and/or SAFE (n ≥ 9)

No. RIDB-5
b Compoundc Odor Descriptord

SPME SDE SAFE

Qui-UM Qui-M Qui-UM Qui-M Qui-UM Qui-M

1 534 Dimethyl sulfide boiled vegetables x
2 551 Butane-2,3-dione buttery x x x x
4 649 3-Methylbutanal malty x x x
5 681 1-Penten-3-onee vegetables, cheesy x
7 721 Unknown sulfury, onion x x
8 755 Ethyl 2-methylpropanoate fruity x x
10 800 Hexanal fresh grass x x x x x
11 810 2-Methylthiazole garlic, onion x
12 824 2-Methylpyrazine onion, garlic x x x x
13 832 3-Methylbutanoic acid cheesy, vomit x x x
14 842 2-Methylbutanoic acid cheesy, sweet x
15 852 Ethyl 2-Methylbutanoate fruity, pineapple x
16 856 Ethyl 3-Methylbutanoate fruity, berries x x x
17 870 Unknown musty x x x x
18 901 (Z)-4-Heptenale raw potatoes, fishy x x x x x
19 910 3-(Methylsulfanyl)propanale boiled potatoes x x x x x x
20 912 2-Acetylfuran roasted, burnt x x
21 925 2-Acetyl-1-pyrrolinee malty, roasted x x x x x
22 940 ⊍-Pinene pine tree x x x x
23 963 Ethyl 4-methylpentanoate fruity, berries x x
24 971 5-Methylfurfural nutty, roasted x
25 977 Dimethyl trisulfide sulfury, onion x
26 980 Oct-1-en-3-onee mushroom x x x x x
27 987 (Z)-1,5-Octadien-3-onee geranium x x x
30 1005 Octanal orange peel, citrus x x
31 1007 2,3,5-Trimethylpyrazine nutty, roasted x x
32 1039 1,8-Cineole eucalyptus x
33 1042 4-Hydroxy-5-methyl-3(2H)-furanone caramel, sweet, nutty x x
34 1049 Phenylacetaldehyde floral, honey x x
35 1057 Unknown nutshells x x x x x
36 1061 (E)-2-Octenal green, fatty x
37 1069 4-Hydroxy-2,5-dimethyl-3(2H)-furanone caramel, strawberry x x x
38 1083 2-Ethyl-3,6-dimethylpyrazine roasted, chocolate x x x
39 1089 2-Ethyl-3,5-dimethylpyrazine roasted, nutty, bread x x x x x
40 1095 (E)-2,3-Epoxyoctanal flower peduncle x x
41 1098 2-Methoxy-3-isopropylpyrazine asparagus, cucumber x x x x x x
43 1110 3-Hydroxy-4,5-dimethyl-2(5H)-furanone dehydrated broth x
44 1121 2-Phenylethan-1-ol floral, roses x x x
45 1150 (Z)-2-Nonenal fatty, rubber x x x x x
46 1159 (E,Z)-2,6-Nonadienal stale cucumber x x x x x x
47 1160 2,3-Diethyl-5-methylpyrazine nutty x x x x x
48 1163 (E)-2-Nonenal fatty, cardboard x x x x x
49 1170 Unknown floral, honey x x x x x
50 1177 2-Methoxy-3-sec-butylpyrazine fresh bell pepper x x x x x x
51 1186 2-Methoxy-3-isobutylpyrazine green bell pepper, pungent x x x x x x
52 1197 (E)-2,3-Epoxynonanal fruity, plastic x
53 1205 Unknown dusty x x
54 1220 (E,E)-2,4-Nonadienal deep fried x x x x x
55 1240 1,3-Benzothiazole malty, dusty x x
56 1247 Unknown fruity, citrus x x x
57 1283 (E)-4,5-Epoxy-(E)-2-nonenal mealy, metallic x x x
58 1290 4,5-Epoxy-(E)-2-nonenal mealy, metallic x x x
60 1323 (E,E)-2,4-Decadienal rancid cooking oil x x x x
61 1325 2-Methoxy-4-vinylphenol clove, spicy x x x x
62 1345 Unknown chlorine x
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products to the malty character of quinoa is particularly significant.
Although compounds that evoke pleasantmalty, caramel odors are
present in Qui-UM, their interactions with 3-methylbutanal and
4-hydroxy-2,5-dimethyl-3(2H)-furanone (i.e., furaneol) led to higher
malty and caramel scores, respectively, in quinoamalt. In sharp con-
trast, the combined contribution of (Z)-1,5-octadien-3-one and
2-phenylethan-1-ol did not intensify the floral perception in Qui-M.
In addition to the malty and floral malting byproducts, germination
induced the formation of the fruity esters, ethyl 3-methylbutanoate
and ethyl (E)-3-phenylprop-2-enoate. Conversely, as confirmed by
SDE analysis, elevated temperatures sufficed to release butane-2,-
3-dione (i.e., diacetyl), (E,E)-2,4-decadienal, and 2-methoxy-
4-vinylphenol (i.e., 4-vinylguaiacol; 4-VG) from the unmalted seeds
during SDE isolation. These three compounds are known to increase
upon thermal treatment.47-50 The presence of butane-2,3-dione in all
Qui-M isolates confirm the influence of this volatile on the butter
descriptor sensory score assigned to the malt sample.

Odor-active volatiles detected by HS-SPME
Initial analysis by HS-SPME provides an overview of the volatile
composition of the samples. In Qui-UM and Qui-M, 24 and
42 odor-active regions were perceived at the sniffing port, respec-
tively. Headspace volatile analysis allowed the identification of
dimethyl sulfide (DMS) in the malt sample as there is no interfer-
ence from the solvent peak. Although DMS was only identified
in Qui-M by GC-O/MS analysis, the sensory score for the boiled
vegetables descriptor was higher in Qui-UM; consequently, indi-
cating that other compounds contribute to this attribute. Two
additional compounds native to quinoa were detected by HS-
SPME analysis only. However, HS-SPME failed to isolate 2-ethyl-3,-
6-dimethylpyrazine, which was identified as a malting byproduct
by the other two extraction methods but not by headspace
analysis.

Odor-active volatiles detected by SDE
In Qui-UM, the highest number of odor-active volatileswas found in
the SDE extract. The gas chromatograms revealed 28 and 41 odor-
active regions in Qui-UM and Qui-M, respectively. Nine additional
odor-active volatiles were found in the quinoa SDE extracts. Most
of these compounds are typical thermal reaction products, which
were not perceived by SPME or SAFE; therefore, artifact formation

during distillation should not be disregarded. Five compounds
were perceived in both SDE extracts but not by the other two isola-
tion techniques. Heating released these volatiles from the
unmalted seeds during SDE extraction; the Qui-M SDE data con-
firmed that these also survived the malting process. 2-Acetylfuran
and 4-hydroxy-5-methyl-3(2H)-furanone (i.e., norfuraneol) impart
roasted, caramel notes. Solvent extraction at higher temperatures
also released the stewed apple aroma delivered by (E)-⊎-damasce-
none, a typical thermal reaction product.51 Although these com-
pounds were not detected by SPME and SAFE, these aromas can
form upon further processing (i.e., boiling) of quinoa. In addition
to the pleasant aromas, two undesirable compounds (3-methyl-
1H-indole) formed during extraction at high temperatures. Upon
germination and kilning, four additional compounds were
extracted by SDE. These include, 5-methylfurfural which delivers a
pleasant nutty odor andwas previously identified in cooked quinoa
(i.e., 100 °C) but not in unprocessed quinoa.25 ThisMaillard reaction
product was also detected in a selection of gluten-free breads but
the highest amount was measured in quinoa bread crust (i.e.,
190 °C).22 Conversely, the malting byproducts, 1-penten-3-one,
2-methylthiazole, and 2-methylbutanoic acid deliver unpleasant
notes. As previously mentioned, high temperatures can promote
the formation of an array of compounds, yet the thermal alteration
of the quinoa volatile fraction isolated by SDE was also confirmed
by the absence of the naturally occurring ⊍-pinene and fivemalting
odor-active byproducts.

Odor-active volatiles detected by SAFE
In comparison with SPME and SDE, the lowest and highest number
of odor-active regions were detected in the SAFE extracts of Qui-
UM (eight) and Qui-M (47), respectively. The SAFE extracts revealed
ten additional compounds, which were not perceived by the other
extraction methods. Except for ethyl 4-methylpentanoate, these
compounds were malting odor-active byproducts with low odor
recognition thresholds,42 including dimethyl trisulfide, 3-hydroxy-
4,5-dimethyl-2(5H)-furanone (i.e., sotolon), (E)-4,5-epoxy-(E)-2-dece-
nal, and 5,6-dihydro-6-pentyl-2H-pyran-2-one. In addition, fruity
smelling compounds (e.g., ethyl 2-methylbutanoate) as well as
compounds contributing to the green note (e.g., 1,8-cineole) in
Qui-M were exclusively extracted by SAFE. Another malting bypro-
duct contributing to the green, floral note is phenylacetaldehyde;

Table 4. Continued

No. RIDB-5
b Compoundc Odor Descriptord

SPME SDE SAFE

Qui-UM Qui-M Qui-UM Qui-M Qui-UM Qui-M

63 1358 Ethyl 3-Phenylpropionate citrus, strawberry x x
64 1379 (Z)-4,5-Epoxy-(E)-2-decenal dusty, metallic, chalk x x x x x x
65 1384 (E)-4,5-Epoxy-(E)-2-decenal dusty, metallic, dry x
66 1396 (E)-⊎-Damascenone stewed apple x x
67 1408 3-Methyl-1H-indolee fecal x x
68 1478 Ethyl (E)-3-Phenylprop-2-enoate fruity, strawberry x x x
69 1483 5,6-Dihydro-6-pentyl-2H-pyran-2-one soapy, waxy x

Note: x = perceived.
a Malting regimes are described in Table 1. Qui = quinoa, UM = unmalted, M = standard malt.
b Retention indices on a DB-5 column.
c Identified compounds by retention index, odor description, and mass spectrum obtained in EI.
d Odor description as perceived at the sniffing port.
e Tentatively identified compounds by retention index, odor description, and comparison with reference substance.

Odoractive volatile compounds in quinoa and quinoa malt www.soci.org

J Sci Food Agric 2023; 103: 2283–2294 © 2022 The Authors.
Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

wileyonlinelibrary.com/jsfa

2289

http://wileyonlinelibrary.com/jsfa


however, the Strecker aldehyde was not detected in the volatile
fraction isolated by SAFE. Overall, more compounds were detected
in quinoa malt than in Qui-UM and in comparison with the other
isolationmethods, SAFE produced an extract with the highest num-
ber of odor-active compounds. Consequently, in the second part of
this study, further aroma characterization was only done on malt
using SAFE extraction. Subsequently, cAEDA was carried out to
examine and compare the effect of different malting regimes as
well as storage of the standard malt on the aroma profiles of the
quinoa malts that were produced.

Comparison of odor-active compounds in quinoa malts by
cAEDA
Table 5 lists the 56 odor-active regions detected in the quinoamalts
and their corresponding FD factors. Variation in themalting param-
eters resulted in noticeable changes in the volatile composition and
intensity of the quinoa malts. Seven additional compounds were
detected in Qui-Hi and Qui-Lo but not in Qui-M; and of the per-
ceived compounds, 36 were common to all quinoa malts. In the
fresh samples, the highest number of volatile compounds was per-
ceived in the standard quinoa malt (i.e., 47). In Qui-M, only the nat-
urally occurring 2-methoxy-3-isopropylpyrazine and 2-methoxy-
3-isobutylpyrazine were assigned the highest FD factor
(i.e., FD = 160), whereas 2-methoxy-3-sec-butylpyrazine was per-
ceived at a lower intensity (FD = 80). The different malting condi-
tions did not impact the intensity at which the asparagus note,
delivered by the former, was perceived. Conversely, varying the
malting parameters resulted in weaker intensities for the other
two methoxypyrazines. After storage, all methoxypyrazines were
perceived at the same intensity as in the fresh standard malt and
their odor quality remained unchanged. All 4,5-epoxy-(E)-2-alkenals
were, generally, perceived at higher intensities in Qui-Hi andQui-Lo
than in Qui-M; in addition, the C10 compounds elicited a more
intense metallic odor. In the sensory assessment, the musty attri-
bute was further characterized as potato-like or mushroom-like.
GC-O/MS analysis revealed 3-(methylsulfanyl)propanal and (Z)-
4-heptenal contribute to the former and oct-1-en-3-one to the lat-
ter. The odor delivered by the Strecker aldehyde was four times
stronger and resembled boiled potatoes whereas the lipid degra-
dation product had an earthy taint. The intensity of both potato
smelling compounds declined after the storage period; conversely,
the mushroom note increased. Although the same FD factor was
assigned to 3-(methylsulfanyl)propanal and oct-1-en-3-one in Qui-
M; their odor detection thresholds in water are 0.430 μg/L and
0.016 μg/L,42 respectively, explaining the higher detection fre-
quency of the latter in the sensory sessions.
Malting reduced the intensity of the musty attribute and modi-

fied the distinctive green note perceived in the milled seeds. In
comparisonwith the volatiles contributing to themusty character,
lower FD factors were assigned to the green and floral volatile
compounds. Two natural occurring compounds, hexanal and
⊍-pinene, and two malting odor-active byproducts, 1,8-cineole
and (E)-2-octenal, deliver characteristic green notes. Subtle differ-
ences in their aroma were perceived at the sniffing port. Hexanal
delivers a fresh green, grassy note, whereas the other three com-
pounds are characterized by a resinous odor. The intensity of hex-
anal also increased after storage but both monoterpenes were
weakened. Differences in the preferred malting conditions for
the production of floral compounds were also reported. The rose
and geranium aroma delivered by 2-phenylethan-1-ol and (Z)-1,-
5-octadien-3-one, respectively, were favored by lower germina-
tion temperatures. In sharp contrast, higher temperatures

promoted the development of (E)-2,3-epoxyoctanal, and an
unknown floral compound with a subtle honey note
(RIDB-5 = 1170). Hexanal and (E)-2,3-epoxyoctanal usually increase
during storage and are common indicators of oxidation in quinoa
and cereals (e.g., oats).52,53

Compared to Qui-UM, the butter attribute followed by malty
scored the highest sensory intensity values in the standard quinoa
malt. The FD factors assigned by GC-O/MS analysis to butane-2,-
3-dione and 3-methylbutanal are 20 and 10, respectively.
Although these FD factors lie at the lower end of the dilution
series, both attributes received high scores in the sensory assess-
ment. Butane-2,3-dione is a highly volatile compound; the buttery
odor is probably among the first compounds to reach the olfac-
tory receptors, thus, higher scores were assigned. Similarly,
3-methylbutanal is highly volatile, however the malty attribute is
enhanced by pyrazines and furanones, which give rise to nutty
and caramel notes, respectively. The more odor-active 2-ethyl-3,-
5-dimethylpyrazine54 as well as 2,3-diethyl-5-methylpyrazine
were already present in perceivable amounts in Qui-UM. Malting
enhanced or suppressed the production of these naturally occur-
ring nutty pyrazines but storage did not. Two additional pyrazines,
2,3,5-trimethylpyrazine and 2-ethyl-3,6-dimethylpyrazine, were
formed upon malting but their strong roasted aroma decreased
during storage. Both caramel furanones are malting odor-active
byproducts; 3-hydroxy-4,5-dimethyl-2(5H)-furanone evokes a
spicy note, whereas 4-hydroxy-2,5-dimethyl-3(2H)-furanone
delivers a pleasant caramel aroma in thermally processed
foods.55,56 The 3(2H)-furanone is considered an important con-
tributor to the overall aroma of colored barley malt57,58 and wheat
and rye breads.59 In comparison with an array of gluten-free
breads and a control wheat bread, higher proportions of this 3
(2H)-furanone were reported in quinoa bread crust.22 In Qui-M, it
contributes to the frequently perceived caramel-like character in
the sensory sessions.
Unlike most perceived compounds, the fruity esters were

almost exclusively identified in Qui-M. The malting conditions of
Qui-Hi and Qui-Lo caused the naturally occurring ethyl
4-methylpentanoate to disappear and did not allow the develop-
ment of four fruity volatiles. Except for ethyl hexanoate formed
during storage, the perceived intensity of the berry aromas
decreased after the storage period. These esters were probably
evaporated out of the seedmatrix due to their low concentrations
and high volatility. Both low volatile esters delivered strawberry
notes; ethyl (E)-3-phenylprop-2-enoate was only identified in
Qui-M but the malting conditions of Qui-Lo favored the formation
of ethyl 3-phenylpropionate in quinoa. Conversely, higher germi-
nation temperature was favorable for the formation of six addi-
tional fruity and fatty compounds in Qui-Hi. In the standard
malt, pentanal, octanal, nonanal, and 2-pentylfuran were formed
during storage and the intensity of (E)-2,3-epoxynonanal and an
unknown compound (RIDB-5 = 1247) increased after the storage
period. Consequently, these could be classified as high modifica-
tion as well as quinoa aging indicators. Pentanal has also been
reported to be a crucial volatile compound, which helps discrimi-
nate among the different colored quinoa seeds,25,26 whereas non-
anal and 2-pentylfuran were identified as important aroma
compounds in cooked quinoa porridge (i.e., 100 °C).20

In addition to the compounds that deliver pleasant aromas to
quinoa, undesirable odors were also reported. The natural occur-
ring lipid derived carbonyls, (Z)-2-nonenal, (E)-2-nonenal, (E,Z)-
2,6-nonadienal, (E,E)-2,4-nonadienal as well as the malting bypro-
ducts, (E,Z)-2,4-decadienal and (E,E)-2,4-decadienal contribute to
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Table 5. Odor-active volatiles and corresponding FD factors (n ≥ 9) in quinoa maltsa by cAEDA

No. RIDB-5
b Compoundc Odor Descriptord

FD Factor

Qui-M Qui-St Qui-Hi Qui-Lo

2 551 Butane-2,3-dione buttery 20 10 - -
3 614 Acetic acid vinegar - 5 - -
4 649 3-Methylbutanal malty 10 - - -
6 698 Pentanal bready, fruity - 10 10 1
8 755 Ethyl 2-Methylpropanoate fruity 20 10 - -
9 791 Butanoic acid rancid, butter - 10 - -
10 800 Hexanal fresh grass 80 160 160 160
13 832 3-Methylbutanoic acid cheesy, vomit 10 20 5 5
15 852 Ethyl 2-Methylbutanoate fruity, pineapple 80 5 - -
16 856 Ethyl 3-Methylbutanoate fruity, berries 40 5 - -
18 901 (Z)-4-Heptenale raw potatoes, fishy 20 10 20 20
19 910 3-(Methylsulfanyl)propanale boiled potatoes 80 20 20 20
21 925 2-Acetyl-1-pyrrolinee malty, roasted 40 5 5 5
22 940 ⊍-Pinene pine tree 40 20 20 20
23 963 Ethyl 4-Methylpentanoate fruity, berries 20 5 - -
25 977 Dimethyl trisulfide sulfury, onion 20 20 - -
26 980 Oct-1-en-3-onee mushroom 80 160 160 160
27 987 (Z)-1,5-Octadien-3-onee geranium 40 10 5 10
28 993 2-Pentylfuran fruity, citrus - 10 10 5
29 999 Ethyl hexanoate fruity, berries - 10 5 1
30 1005 Octanal orange peel, citrus - 10 40 20
31 1007 2,3,5-Trimethylpyrazine nutty, roasted 40 10 - -
32 1039 1,8-Cineole eucalyptus 40 5 10 10
35 1057 Unknown nutshells 80 10 160 40
36 1061 (E)-2-Octenal green, fatty 10 10 20 10
37 1069 4-Hydroxy-2,5-dimethyl-3(2H)-furanone caramel, strawberry 80 10 20 5
38 1083 2-Ethyl-3,6-dimethylpyrazine roasted, chocolate 20 10 5 -
39 1089 2-Ethyl-3,5-dimethylpyrazine roasted, nutty, bread 80 80 10 10
40 1095 (E)-2,3-Epoxyoctanal flower peduncle 80 160 160 80
41 1098 2-Methoxy-3-isopropylpyrazine asparagus, cucumber 160 160 160 160
42 1106 Nonanal floral, citrus - 1 1 1
43 1110 3-Hydroxy-4,5-dimethyl-2(5H)-furanone dehydrated broth 5 10 5 5
44 1121 2-Phenylethan-1-ol floral, roses 20 20 10 20
45 1150 (Z)-2-Nonenal fatty, rubber 80 80 80 40
46 1159 (E,Z)-2,6-Nonadienal stale cucumber 20 5 1 5
47 1160 2,3-Diethyl-5-methylpyrazine nutty 80 80 20 20
48 1163 (E)-2-Nonenal fatty, cardboard 40 40 20 20
49 1170 Unknown floral, honey 5 40 80 40
50 1177 2-Methoxy-3-sec-butylpyrazine fresh bell pepper 80 80 10 5
51 1186 2-Methoxy-3-isobutylpyrazine green bell pepper, pungent 160 160 10 20
52 1197 (E)-2,3-Epoxynonanal fruity, plastic 10 40 160 40
53 1205 Unknown dusty - 80 160 20
54 1220 (E,E)-2,4-Nonadienal deep fried 20 20 40 40
55 1240 1,3-Benzothiazole malty, dusty 10 40 160 10
56 1247 Unknown fruity, citrus 10 20 10 5
57 1283 (E)-4,5-Epoxy-(E)-2-nonenal mealy, metallic 5 5 1 1
58 1290 4,5-Epoxy-(E)-2-nonenal mealy, metallic 20 80 80 160
59 1299 (E,Z)-2,4-Decadienal rancid, metallic - 5 10 10
60 1323 (E,E)-2,4-Decadienal rancid cooking oil 20 40 40 80
61 1325 2-Methoxy-4-vinylphenol clove, spicy 20 - - -
62 1345 Unknown chlorine 5 5 5 20
63 1358 Ethyl 3-Phenylpropionate citrus, strawberry 10 5 5 20
64 1379 (Z)-4,5-Epoxy-(E)-2-decenal dusty, metallic, chalk 80 80 160 160
65 1384 (E)-4,5-Epoxy-(E)-2-decenal dusty, metallic, dry 40 160 160 160
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the unpleasant rancid, fatty odors in quinoa. Among these alde-
hydes, (Z)-2-nonenal followed by its trans isomer, scored the high-
est FD factors in Qui-M. Storage did not increase the perceived
intensity of the 2-nonenal isomers but the malting parameters
of Qui-Lo hindered the formation of the more odor-active cis
isomer. Conversely, these malting conditions favored the devel-
opment of (E,E)-2,4-decadienal in quinoa. In previous studies,
(E,E)-2,4-decadienal was identified as a characteristic aroma com-
pound in quinoa porridge20 and in quinoa breads.22 The intensity
of (E,Z)-2,6-nonadienal decreased in Qui-St yet both 2,4-decadienal
isomers were enriched by storage of Qui-M. Three carboxylic acids
also contribute to the off–flavors and were classified as aging indica-
tors. Acetic and butanoic acid were exclusively detected in Qui-St,
whereas 3-methylbutanoic acid was also perceived in the fresh malt
samples but the unpleasant note was enriched upon storage.

CONCLUSIONS
In the sensory sessions, the panel members characterized the
aroma of native quinoa as green and musty. Malting decreased
the sensory scores of both attributes and led to the development
of the pleasant malty aroma, which was further characterized by
its caramel notes. Instrumental analysis by GC-O/MS identified
three methoxypyrazines as important aroma compounds in qui-
noa. These occur naturally in quinoa and impart the distinctive
musty, earthy notes. At the sniffing port, the perceived odor of
2-methoxy-3-isopropylpyrazine resembled quinoa the most.
Although the methoxypyrazines were detected by all methods,
HS-SPME lacked sensitivity for the extraction of nutty-smelling
heterocyclic compounds and several artifacts were produced by
SDE. Conversely, the highest number of odor-active compounds
were perceived in the SAFE extract of quinoa malt and artifact for-
mation was avoided. However, by using different extraction
methods, it was possible to achieve a representative classification
of the odor-active volatiles present in quinoa, understand their
contribution to the characteristic aroma profile, and determine
which compounds are naturally occurring in quinoa and which
require germination, kilning, or both for their formation.
In the second part of this study, a broader spectrumofmalt aromas

was obtained by varying themalting parameters. The impact of malt
modification and the effect of storage on the odor-active volatiles
were examined by cAEDA. A similar number (43–47) of volatile com-
pounds was perceived in all fresh quinoa malts but their intensity
and composition varied. The presence of the esters as well as
selected malty compounds (e.g., 3-methylbutanal) was exclusive of
Qui-M. Higher germination temperature allowed better protein deg-
radation in Qui-Hi but also promoted the formation of lipid oxidation

products such as the (E)-2,3-epoxyalkanals. In addition, high malt
modification resulted in stronger perceived intensities at the sniffing
port and the highest FD factor (FD = 160) was most frequently
assigned in Qui-Hi to compounds that contribute to the musty char-
acter of quinoa. In sharp contrast, the malting conditions of Qui-Lo
were not favorable for starch and protein solubility, thus limiting
the precursor availability. Consequently, the lowest number of
odor-active volatiles was reported in Qui-Lo and the assigned FD fac-
tors were generally lower. Although the malty smelling compounds
decreased during storage and other compoundswere no longer per-
ceived, the highest number of compounds was reported in Qui-St.
Fatty smelling compounds aswell as the undesirable carboxylic acids
were formed upon storage of Qui-M. These were therefore classified
as aging indicators of quinoa seeds. Malting changed the odor-active
volatile compound composition of quinoa; therefore, understanding
the impact of germination and storage on malt quality and aroma
properties is fundamental for improving the aroma profile of quinoa.
In comparison with unprocessed quinoa seeds, the different malting
regimes provided malts with enhanced processing properties and
pleasant nutty and caramel aromas. Quinoa malt can, therefore, be
used to adddesirable aromas and flavors to quinoa-based foodprod-
ucts and improve their acceptability.

AUTHOR CONTRIBUTIONS
Cynthia Almaguer: Conceptualization, methodology, investiga-
tion, formal analysis, data curation, visualization, writing – original
draft, review, and editing. Hubert Kollmannsberger: data curation,
writing – review and editing. Martina Gastl: Funding acquisition,
supervision, writing – review and editing. Thomas Becker: Super-
vision, resources, writing – review and editing. All authors have
read and agreed to the published version of the manuscript.

ACKNOWLEDGEMENTS
This work was supported by Fonds Baillet Latour.

CONFLICT OF INTEREST
The authors have no conflicts of interest to declare that are rele-
vant to the content of this article.

REFERENCES
1 Graf BL, Rojas-Silva P, Rojo LE, Delatorre-Herrera J, Baldeón ME and

Raskin I, Innovations in health value and functional food develop-
ment of quinoa (Chenopodium quinoa Willd.). Comprehensive
Reviews in Food Science and Food Safety 14:431–445 (2015).

Table 5. Continued

No. RIDB-5
b Compoundc Odor Descriptord

FD Factor

Qui-M Qui-St Qui-Hi Qui-Lo

68 1478 Ethyl (E)-3-Phenylprop-2-enoate fruity, strawberry 40 5 - -
69 1483 5,6-Dihydro-6-pentyl-2H-pyran-2-one soapy, waxy 1 10 10 10

a Malting regimes are described in Table 1. Qui= quinoa, M= standardmalt, St= stored standardmalt, Hi= highmodification, Lo= lowmodification.
b Retention indices on a DB-5 column.
c Identified compounds by retention index, odor description, and mass spectrum obtained in EI.
d Odor description as perceived at the sniffing port.
e Tentatively identified compounds by retention index, odor description, and in comparison with a reference substance.

www.soci.org C Almaguer et al.

wileyonlinelibrary.com/jsfa © 2022 The Authors.
Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

J Sci Food Agric 2023; 103: 2283–2294

2292

http://wileyonlinelibrary.com/jsfa


2 Kozioł MJ, Chemical composition and nutritional evaluation of quinoa
(Chenopodium quinoa Willd.). J Food Compos Anal 5:35–68 (1992).

3 Wright KH, Pike OA, Fairbanks DJ and Huber CS, Composition of Atri-
plex hortensis, sweet and bitter Chenopodium quinoa seeds. J Food
Sci 67:1383–1385 (2002).

4 Hager A-S, Mäkinen OE and Arendt EK, Amylolytic activities and starch
reserve mobilization during the germination of quinoa. Eur Food Res
Technol 239:621–627 (2014).

5 Simmonds NW, The grain chenopods of the tropical American high-
lands. Econ Bot 19:223–235 (1965).

6 Weber EJ, The Inca's ancient answer to food shortage. Nature 272:486
(1978).

7 Valencia-Chamorro SA, Quinoa, in Encyclopedia of Food Sciences and
Nutrition, ed. by Caballero B. Academic Press, Cambridge,
Massachusetts, United States, pp. 4895–4902 (2003).

8 Bojanic A, Quinoa: An Ancient Crop to Contribute to World Food Security,
ed. by RofLAat C. Regional office for Latin America and the Carib-
bean, Rome, Italy (2011).

9 Tapia ME, History of the Quinuas in South America, in The Quinoa
Genome, ed. by Schmöckel SM. Switzerland, Springer, Cham, pp. 1–
12 (2021).

10 Vega-Gálvez A, Miranda M, Vergara J, Uribe E, Puente L and
Martínez EA, Nutrition facts and functional potential of quinoa (Che-
nopodium quinoa willd.), an ancient Andean grain: a review. J Sci
Food Agric 90:2541–2547 (2010).

11 Mahoney AW, Lopez JG and Hendricks DG, An evaluation of the pro-
tein quality of quinoa. J Agric Food Chem 23:190–193 (1975).

12 Ruales J and Nair BM, Nutritional quality of the protein in quinoa (Che-
nopodium quinoa, Willd) seeds. Plant Foods Hum Nutr 42:1–11
(1992).

13 Quiroga C, Escalera R, Aroni G, Bonifacio A, González JA, Villca M et al.,
Traditional processes and technological innovations in quinoa har-
vesting, processing and industrialization, in FAO & CIRAD State of
the Art Report of Quinoa in the World in 2013, ed. by Bazile D,
Bertero D and Nieto C. Rome, Italy, pp. 218–249 (2015).

14 Jarvis DE, Ho YS, Lightfoot DJ, Schmöckel SM, Li B, Borm TJA et al., The
genome of Chenopodium quinoa. Nature 542:307–312 (2017).

15 Tabatabaei I, Alseekh S, Shahid M, Leniak E, Wagner M, Mahmoudi H
et al., The diversity of quinoa morphological traits and seed meta-
bolic composition. Scientific Data 9:323 (2022).

16 Hazzam KE, Hafsa J, Sobeh M, Mhada M, Taourirte M, Kacimi KE et al.,
An insight into saponins from quinoa (Chenopodium quinoa Willd):
a review. Molecules 25:1059 (2020).

17 Suárez-Estrella D, Torri L, Pagani MA and Marti A, Quinoa bitterness:
causes and solutions for improving product acceptability. J Sci Food
Agric 98:4033–4041 (2018).

18 Scanlin L and Lewis KA, Quinoa as a sustainable protein source: pro-
duction, nutrition, and processing, in Sustainable Protein Sources,
ed. by Nadathur SR, Wanasundara JPD and Scanlin L. Academic
Press, London, UK, pp. 223–238 (2017).

19 Briggs DE, Malts and Malting. Blackie Academic and Professional,
London, U.K. (1998).

20 Zhang Y, Zhang S, Fan W, Duan M, Han Y and Li H, Identification of vol-
atile compounds and odour activity values in quinoa porridge by gas
chromatography–mass spectrometry. J Sci Food Agric 99:3957–3966
(2019).

21 Pico J, Bernal JL and Gómez M, Influence of different flours and
starches on gluten-free bread aroma. Journal of Food Science and
Technology 54:1433–1441 (2017).

22 Pico J, Antolín B, Román L, GómezM and Bernal J, Analysis of volatile com-
pounds in gluten-free bread crusts with an optimised and validated
SPME-GC/QTOF methodology. Food Res Int 106:686–695 (2018).

23 Pico J, Khomenko I, Capozzi V, Navarini L, Bernal J, Gómez M et al.,
Analysis of volatile organic compounds in crumb and crust of
different baked and toasted gluten-free breads by direct PTR-
ToF-MS and fast-GC-PTR-ToF-MS. J Mass Spectrom 53:893–902
(2018).

24 CannasM, Pulina S, Conte P, Caro AD, Urgeghe PP, Piga A et al., Effect of
substitution of rice flour with quinoa flour on the chemical-physical,
nutritional, volatile and sensory parameters of gluten-free ladyfinger
biscuits. Foods 9:808 (2020).

25 Yang X, Zhu K, Guo H, Geng Y, Lv W, Wang S et al., Characterization of
volatile compounds in differently coloured Chenopodium quinoa
seeds before and after cooking by headspace-gas chromatography-
ion mobility spectrometry. Food Chem 348:129086 (2021).

26 Song J, Shao Y, Yan Y, Li X, Peng J and Guo L, Characterization of vola-
tile profiles of three colored quinoas based on GC-IMS and PCA. LWT
- Food Science and Technology 146:111292 (2021).

27 Li S, Chen C, Ji Y, Lin J, Chen X and Qi B, Improvement of nutritional
value, bioactivity and volatile constituents of quinoa seeds by fer-
mentation with Lactobacillus casei. Journal of Cereal Science 84:83–
89 (2018).

28 Jacob F, Brautechnische Analysenmethoden - Rohfrucht, Gerste, Malz,
in Hopfen und Hopfenprodukte. Selbstverlag der Mitteleuropäischen
Brautechnische Analysenkommission, Freising, Germany (2016).

29 Myers RH, Montgomery DC and Anderson-Cook CM, Response Surface
Methodology: Process and Product Optimization Using Designed
Experiments. John Wiley & Sons, Inc, Hoboken, NJ; USA (2016).

30 Muñoz-Insa A, Gastl M and Becker T, Variation of sunstruck flavor-
related substances in malted barley, triticale and spelt. Eur Food
Res Technol 242:11–23 (2016).

31 DIN EN ISO 8586: 2014–05. Sensory Analysis - General guidelines for
the selection, training and monitoring of selected assessors and
expert sensory assessors, (2014).

32 Roth M, Meiringer M, Kollmannsberger H, Zarnkow M, Jekle M and
Becker T, Characterization of key aroma compounds in distiller's
grains from wheat as a basis for utilization in the food industry.
J Agric Food Chem 62:10873–10880 (2014).

33 EngelW, Bahr W and Schieberle P, Solvent assisted flavour evaporation
- a new and versatile technique for the careful and direct isolation of
aroma compounds from complex food matrices. Eur Food Res Tech-
nol 209:237–241 (1999).

34 van Den Dool H and Kratz PD, A generalization of the retention index
system including linear temperature programmed gas-liquid parti-
tion chromatography. J Chromatogr A 11:463–471 (1963).

35 Wolf MJ, MacMasters MM and Rist CE, Some characteristics of the
starches of three south American seeds used for food. Cereal Chem-
istry 27:219–222 (1950).

36 Prego I, Maldonado S and Otegui M, Seed structure and localization of
reserves in Chenopodium quinoa. Ann Bot 82:481–488 (1998).

37 Back W, Gastl M, Krottenthaler M, Narziß L and Zarnkow M, Brewing
Techniques in Practice - an in-Depth Review of Beer Production with
Problem Solving Strategies. Fachverlag Hans Carl GmbH,
Nuremberg, Germany (2019).

38 Peppard TL, Halsey SA and Laws DRJ, Flavour constituents of malt, in
Flavour '81, ed. by Schreier P. Walter de Gruyter & Co, Munich,
Germany, pp. 579–597 (1981).

39 Sucan MK and Weerasinghe DK, Process and reaction flavors: an over-
view, in Process and Reaction Flavors: Recent Developments, ed. by
Weerasinghe DK and Sucan MK. Washington, American Chemical
Society, pp. 1–23 (2005).

40 Schieberle P and GroschW, Potent odorants of the wheat bread crumb
- differences to the crust and effect of a longer dough fermentation.
Z Lebensm Unters Forsch 192:130–135 (1991).

41 Maga JA, Pyrazine update. Food Rev Intl 8:479–558 (1992).
42 Czerny M, Christlbauer M, Christlbauer M, Fischer A, Granvogl M,

Hammer M et al., Re-investigation on odour thresholds of key food
aroma compounds and development of an aroma language based
on odour qualities of defined aqueous odorant solutions. Eur Food
Res Technol 228:265–273 (2008).

43 Mayer F, Takeoka GR, Buttery RG, Whitehand LC, Naim M and
Rabinowitch HD, Studies on the aroma of five fresh tomato cultivars
and the precursors of cis- and trans-4,5-epoxy-(E)-decenals and
methional. J Agric Food Chem 56:3749–3757 (2008).

44 Hager A-S, Wolter A, Czerny M, Bez J, Zannini E, Arendt EK et al., Investi-
gation of product quality, sensory profile and ultrastructure of breads
made from a range of commercial gluten-free flours compared to
their wheat counterparts. Eur Food Res Technol 235:333–344 (2012).

45 Wu G, Ross CF, Morris CF and Murphy KM, Lexicon development, con-
sumer acceptance, and drivers of liking of quinoa varieties. J Food Sci
82:993–1005 (2017).

46 Almaguer C, Kollmannsberger H, Gastl M and Becker T, Comparative
study of the impact of malting on the aroma profiles of barley (Hor-
deum vulgare L.) and rye (Secale cereale L.). [In press].

47 Steinke RD and PaulsonMC, Phenols from grain - production of steam-
volatile phenols during cooking and alcoholic fermentation of grain.
J Agric Food Chem 12:381–387 (1964).

48 Schieberle P and Pfnuer P, Characterization of key odorants in choco-
late, in Flavor Chemistry: 30 Years of Progress, ed. by Teranishi R,
Wick EL and Hornstein I. Springer, New York, pp. 147–153 (1999).

Odoractive volatile compounds in quinoa and quinoa malt www.soci.org

J Sci Food Agric 2023; 103: 2283–2294 © 2022 The Authors.
Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

wileyonlinelibrary.com/jsfa

2293

http://wileyonlinelibrary.com/jsfa


49 Gassenmeier K and Schieberle P, Formation of the intense flavour com-
pound trans-4,5-epoxy-(E)-2-decenal in thermally treated fats. J Am
Oil Chem Soc 71:1315–1319 (1994).

50 Coghe S, Benoot K, Delvaux F, Vanderhaegen B and Delvaux FR,
Ferulic acid release and 4-vinylguaiacol formation during
brewing and fermentation: indications for feruloyl esterase activ-
ity in Saccharomyces cerevisiae. J Agric Food Chem 52:602–608
(2004).

51 Chevance F, Guyot-Declerck C, Dupont J and Collin S, Investigation of
the ⊎-damascenone level in fresh and aged commercial beers.
J Agric Food Chem 50:3818–3821 (2002).

52 Ng S-C, Anderson A, Coker J and Ondrus M, Characterization of lipid
oxidation products in quinoa (Chenopodium quinoa). Food Chem
101:185–192 (2007).

53 Guth H and GroschW, Geruchsstoffe von extrudiertem Hafermehl, Ver-
änderungen bei der Lagerung. Z Lebensm Unters Forsch 196:22–28
(1993).

54 Buttery RG and Ling LC, 2-Ethyl-3,5-dimethylpyrazine and 2-ethyl-3,-
6-dimethylpyrazine: odor thresholds in water solution. LWT - Food
Science and Technology 30:109–110 (1997).

55 Zabetakis I, Gramshaw JW and Robinson DS, 2,5-Dimethyl-4-hydroxy-
2H-furan-3-one and its derivatives: analysis, synthesis and biosynthesis
—a review. Food Chem 65:139–151 (1999).

56 Schwab W, Natural 4-hydroxy-2,5-dimethyl-3(2H)-furanone (fura-
neol®). Molecules 18:6936–6951 (2013).

57 Schieberle P, Primary odorants of pale lager beer - differences to other
beers and changes during storage. Z Lebensm Unters Forsch 193:
558–565 (1991).

58 Hayashida Y and Slaughter JC, Biosynthesis of flavour-active furanones by
Saccharomyces cerevisiae during fermentation depends on the malt
type used in medium preparation. Biotechnol Lett 19:429–431 (1997).

59 Schieberle P and Grosch W, Potent odorants of rye bread crust - differ-
ences from the crumb and fromwheat bread crust. Z LebensmUnters
Forsch 198:292–296 (1994).

www.soci.org C Almaguer et al.

wileyonlinelibrary.com/jsfa © 2022 The Authors.
Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

J Sci Food Agric 2023; 103: 2283–2294

2294

http://wileyonlinelibrary.com/jsfa

	Characterization of the aroma profile of quinoa (Chenopodium quinoa Willd.) and assessment of the impact of malting on the ...
	INTRODUCTION
	MATERIALS AND METHODS
	Seed material
	Chemicals
	Malting
	Quinoa and malt standard analyses
	Sensory characterization of quinoa
	Isolation of volatiles
	Headspace solid-phase microextraction
	Simultaneous distillation-extraction
	Solvent assisted flavor evaporation
	Comparative aroma extract dilution analysis

	Separation and identification of volatiles
	Gas chromatography-olfactometry/mass spectrometry parameters
	Aroma compound identification


	Statistical analysis

	RESULTS AND DISCUSSION
	Quinoa quality parameters
	Sensory characterization of quinoa
	Odor-active volatiles in quinoa
	Odor-active volatiles detected by HS-SPME
	Odor-active volatiles detected by SDE
	Odor-active volatiles detected by SAFE
	Comparison of odor-active compounds in quinoa malts by cAEDA

	CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	REFERENCES


