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Microwave technology offers a rapid and uniform heating method. This study investigated how microwave
pretreatment affects the aroma precursors and flavor of fragrant rapeseed oils (FROs). Microwave pretreatment
led to decreased levels of polyunsaturated fatty acids, sugars, protein-bound amino acids, and glucosinolates.
Using gas chromatography-mass spectrometry, we identified 66 volatile compounds in the oil samples. Among
these, based on odor activity values (OAV > 1), we found 9 aldehydes, 1 ketone, 6 pyrazines, 1 isothiocyanate,

and 7 nitriles as the key aroma-active compounds, contributing fatty-like, nutty-like, and pungent-like odors,
respectively. The electronic nose results highlighted W5S and W1W as primary sensors for determining the flavor
profiles of FROs. Notably, aroma-active pyrazines exhibited strong negative correlations with sucrose, cysteine,
lysine, and isoleucine. This research provides essential insights for enhancing the aroma of FROs.

1. Introduction

Rapeseed (Brassica napus L.) is a significant contributor to the global
vegetable oil market and ranks third in importance after palm and
soybean. It accounts for approximately 12% of total oil production
worldwide (Zheng & Liu, 2022). Annual global rapeseed oil production
reached 27.98 million metric tons between 2019 and 2020 (Zhang et al.,
2021). Rapeseed oil is notable for its higher levels of oleic acid (C18:1)
and linoleic acid (C18:2) than other fatty acids and thus offers superior
nutritional value (Liang et al., 2023). Furthermore, rapeseed oil is a rich
source of various active ingredients, including tocopherols, polyphenols,
phytosterols, and carotenoids (Tan et al., 2022; Zhang et al., 2022).

Flavor is a critical sensory attribute that plays a significant role in
determining consumers' acceptance of rapeseed oil (Zhang et al., 2021;
Zhang, Cao, & Liu, 2020). Several factors can influence the flavor pro-
files of rapeseed oil, including rapeseed variety, processing methods,
degumming methods, and storage conditions (Liang et al., 2023). Cold
pressing and hot pressing are the two commonly used extraction
methods for vegetable oils and differ mainly in terms of heating pre-
treatment. Fragrant rapeseed oil (FRO) is a type of hot-pressed rapeseed
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oil that accounts for >30% of the rapeseed oil consumption in China.
Previous studies have shown that moderate heat pretreatment can
enhance the oxidative stability of FRO (Shrestha & De Meulenaer, 2014;
Tan et al., 2022). Furthermore, >100 aroma-active compounds have
been identified in FROs (Zhang et al., 2021). Consequently, heat pre-
treatment can improve the nutritional and sensory qualities of FRO.
Roasting, as a traditional pretreatment method, is widely employed in
the processing of FRO. Typically, rapeseed plants are roasted at tem-
peratures ranging from 150 to 180 °C for durations ranging from 10 to
60 min in industrial settings (Yu, Wang, Zhang, Liu, & Li, 2021; Zhang
et al.,, 2021). However, rapeseed plants are sensitive to heat, and
excessive heat can potentially degrade the quality of FRO. Heterocyclic
amines and polycyclic aromatic hydrocarbons, which are known car-
cinogens, can form during the roasting of oilseeds at high temperatures
(Zhang et al., 2020). Moreover, this method often requires a lengthy
processing time and involves substantial energy consumption (Yin et al.,
2022).

Recently, there has been growing interest in the development of
microwave pretreatment due to its numerous advantages. These include
reduced energy consumption, higher heating rates, and improved
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product quality (Musa Ozcan & Uslu, 2023). Unlike roasting, microwave
heating converts electromagnetic energy into thermal energy instead of
transferring heat (Yin et al.,, 2022). Microwave energy can quickly
penetrate oilseeds, allowing for the generation of desirable flavors and
minimizing nutrient loss in pressed oils (He, Wu, & Yu, 2021; Jia et al.,
2023). During heat processing, various complex chemical reactions
occur within rapeseed plants, including lipid oxidation, the Maillard
reaction, glucosinolate (GSL) degradation, and amino acid degradation
(Yang et al., 2022). The oxidation of fatty acids, particularly unsaturated
fatty acids, produces degradation products such as hexanal and (E,E)-
2,4-heptadienal, which contribute to fatty and green odor notes (Kiralan
& Ramadan, 2016). The Maillard reaction, on the other hand, results in
the production of compounds such as 2,5-dimethylpyrazine and 3-ethyl-
2,5-dimethylpyrazine, which contribute to nutty and roasted aromas
(Wei et al., 2012; Zhou et al., 2019). Additionally, thermal degradation
of GSLs can yield compounds such as 2,4-pentadienenitrile and 4-iso-
thiocyanato-1-butene, which are associated with pungent and spicy
flavor characteristics (Zhang et al., 2021).

Previous studies have focused mainly on the effect of microwave
pretreatment on the flavor of FROs. However, there is insufficient
literature available regarding the association between aroma precursors
in different rapeseeds and the flavor profiles of extracted FROs during
microwave heating.

The main objective of this research was to achieve the following:

1. Explore the effect of microwave pretreatment on the flavor profiles of
FROs, considering both qualitative and quantitative aspects via gas
chromatography-mass spectrometry (GC-MS) and an electronic nose
(E-nose).

2. Identify the aroma-active compounds in the FROs through odor ac-
tivity value (OAV > 1) calculations.

3. Investigate the relationships between fatty acid compositions (FACs),
amino acids, sugars, GSLs, and key volatile compounds under mi-
crowave treatment.

By obtaining a deeper understanding of the flavor profiles of FROs
prepared using microwave heating and the relationships between these
profiles and their precursor components, we aim to provide valuable
insights and a research foundation for flavor-focused production of
FROs.

2. Materials and methods
2.1. Materials

Currently, double-low (low erucic acid and low GSLs) rapeseed
comprises approximately 90% of the commercial rapeseed industry and
is generated through selective breeding and the use of high-quality
rapeseed varieties (Xiao et al., 2022). However, China, a major rape-
seed producer, still has a significant proportion of rapeseed plants with
high levels of erucic acid and GSLs (Zhang et al., 2022). Consequently,
this study utilized two types of high-generation inbred lines of seeds as
experimental materials. One variety, sample 1 (LELG), exhibited low
erucic acid (5.06%) and low GSLs (11.33 pmol/g), while sample 2
(HEHG) displayed high erucic acid (44.55%) and high GSLs (192.12
pmol/g). The seeds were sourced from the Hybrid Rape Research Center
of Shaanxi Province, China.

For the analysis, 2-octanol (purity >99%) and n-alkanes (C7-C30) of
chromatographic grade were obtained from Sigma-Aldrich (Shanghai,
China). Sucrose, glucose, fructose, raffinose, stachyose, galactose, and 5-
hydroxymethylfurfural (HMF) standards (purity >98%) were also ob-
tained from Sigma-Aldrich. The free amino acid mixed standard was
obtained from Supelco (Bellefonte, PA, USA).
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2.2. Sample preparation

Microwave heating was carried out based on a previously published
method (He et al., 2021). In this process, rapeseeds (100 g) were placed
in an 18.5 cm diameter Pyrex® glass Petri dish and roasted in a mi-
crowave oven (Midea, MG823LA3-NR, China) at 800 W for various
durations (0, 2, 4, 6, and 8 min). Subsequently, the roasted seeds were
allowed to cool naturally to room temperature. One portion was
powdered, while the other part was pressed using a pressing machine.
Finally, the free radicals and oxidation products (FROs) were collected
through centrifugation at 2191 xg for 15 min and stored at —20 °C until
further use.

2.3. Determination of chemical parameters

The peroxide value (PV), acid value (AV), p-anisidine value (p-AnV),
conjugated dienes (K232), and conjugated trienes (K268) were
measured according to the American Oil Chemists' Society (AOCS)
official methods Cd 8b-90, Cd 3d-63, Cd 18-90, and Ch 5-91,
respectively.

2.4. FAC analysis

The fatty acids were converted into their corresponding fatty acid
methyl esters (FAMEs) using the method described by Zhang, Akhy-
metkan, Chen, Dong, et al. (2022). The analysis of FAC in FRO was
performed using an Agilent gas chromatography (GC) system (6890 N,
Agilent Technologies, USA) equipped with an autosampler (7683, Agi-
lent Technologies, USA). The system was equipped with an HP-
INNOWAKX capillary column (30 m x 0.25 mm i.d., 0.25 pm f.t.) and a
flame ionization detector. The chromatographic conditions used were
the same as those previously described in our publication (Chen et al.,
2023). The column temperature was set as follows: initial temperature of
60 °C was increased to 200 °C at a rate of 10 °C/min, increased to 240 °C
at a rate of 8 °C/min, and held at this temperature for 15 min. The flow
rate was 1.3 mL/min. The temperature of the detector and injector was
set at 250 °C. Fatty acids were identified by comparison with a standard
FAME mixture (C4-C24, Supelco) and quantified using C19:0 methyl
ester as an internal standard.

2.5. Determination of sugars

The quantification of sugar contents was carried out using the
method described by Sen and Gokmen (2022). Briefly, 1.0 g of sample
was homogenized with 15 mL of distilled water and then centrifuged at
7000 xg for 15 min. The supernatants were filtered through 0.45 pm
PTFE syringe filters and transferred to chromatography vials, which
were subsequently sealed. The analysis of sugars was performed using a
high-performance liquid chromatography (HPLC) system (Waters 2695,
Waters, USA) equipped with a refractive index detector (Waters 2414,
Waters, USA). Chromatographic separation was achieved using an
Aminex HPX-87H anion-exchange column (Bio-Rad, Hercules, USA).
Isocratic elution was performed with 2.5 mM sulfuric acid at a flow rate
of 0.6 mL/min. The concentration of each sugar was determined using
external calibration curves and is expressed as mg/100 g of raw
material.

2.6. Analysis of protein-bound aids

The analysis of protein-bound amino acids was conducted according
to the literature with some modifications (Spain & Funk, 2022). For acid
hydrolysis, 50 mg of pulverized powder was weighed, placed in a glass
tube and then treated with 5 mL of hydrochloric acid at a concentration
of 6 M. The mixture was immersed in an oil bath at 110 °C for 24 h. The
resulting mixture was filtered and concentrated by evaporation at 60 °C.
After concentration, the residue was diluted with 10 mL of sodium
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citrate buffer (pH 2.2). Finally, the amino acid composition was deter-
mined using an amino acid analyzer (Biochrom 30, Biochrom, UK).

2.7. Measurement of HMF

The HMF levels in rapeseeds were detected using the method
established by Zhang et al. (2022). A precise amount of 2.0 g of powder
sample was weighed into a 10 mL centrifuge tube. To this mixture, 4 mL
of ethyl acetate was added, and the mixture was vortexed for 1 min and
then centrifuged at 2540 xgand 4°C for 10 min. This extraction process
was repeated three times. After centrifugation, the supernatants were
combined and concentrated using a rotary evaporator. Then, 1 mL of
deionized water was added to the extract, and the mixture was vigor-
ously mixed and subjected to centrifugation to remove the upper layer.
The remaining volume was filtered through a 0.45 pm filter. The filtered
extract was injected into an Agilent 1260 HPLC (Santa Clara, CA, USA)
system equipped with a UV detector and an autosampler. Chromato-
graphic separations were performed on a C18 column (Waters BEH C18,
150 x 2.1 mm, 1.7 pm). The measurement was conducted at 284 nm,
and quantification was performed using a calibration curve in the range
of 0.1-200 mg/mL.

2.8. Quantification of GSLs

A 200 g portion of the defatted sample was extracted by boiling in
70% methanol (v/v) under reflux. The extract was applied to a DEAE-
Sephadex A-25 column and eluted with 3 mL of distilled water. Subse-
quently, desulfation was carried out by adding 1 mL of purified sulfatase
solution and incubating the column for 16 h at 35 °C. The desulfated
GSLs were then washed with 5 mL of distilled water and freeze-dried.
GSL determination was conducted according to our previously pub-
lished method (Zhang, Chen, Zhao, Wang, & Yu, 2022). An Agilent 1100
series HPLC system equipped with a SinoChrom ODS-BP column (10
mm x 250 mm, 5 pm) was used for chromatographic analysis. The
quantification of GSLs was performed using sinigrin as an internal
standard, and the concentrations were adjusted according to the relative
response factors.

2.9. Volatile component analysis

Volatile compound identification was performed using headspace-
solid phase microextraction (HS-SPME) combined with GC-MS, as pre-
viously described (Zhang, Chen, Zhao, Chen, et al., 2022). Briefly, 4 g of
the oil sample was placed in a 20 mL headspace vial along with 4 L of 2-
octanol (0.49 mg/mL) as an internal standard. The sample vials were
equilibrated in an incubator at 50 °C for 30 min with agitation at 500
rpm. Subsequently, a 50/30 pm divinylbenzene/carboxen/poly-
dimethylsiloxane (DVB/CAR/PDMS) fiber (Supelco, Bellefonte, PA,
USA) measuring 1 cm in length was inserted into the headspace for 30
min. Afterward, the SPME fiber was thermally desorbed by placing it in a
GC-MS injector set at 250 °C for 3 min. A The analysis was conducted
using a Shimadzu QP2010 GC-MS system (Kyoto, Japan) and a
DB-17MS column (60 m x 0.25 mm ID, 0.25 pm film thickness). Mass
spectra were obtained in profile mode with a mass range of m/z 35 to m/
z 500. The qualitative identification of volatile compounds was based on
the retention indices of the reference standards and mass spectra
matching using the NIST mass spectral library (NIST14, Gaithersburg,
MD, USA). The quantification of volatile compounds was performed by
comparing their peak areas to that of the internal standard compound.
Compounds with <85% similarity to the NIST library were excluded.

2.10. E-nose analysis
The volatile fingerprint of the FROs was analyzed using a portable E-

nose system PEN3 (Win Muster Airsense Analytics, Inc., Schwerin,
Germany), following the method of Xu, Yu, Liu, and Zhang (2016). The
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device is equipped with a sensor array unit consisting of ten metal oxide
semiconductors (Table S1). A 1 g sample of FRO was placed in a 20 mL
headspace sample bottle and immediately capped. The sample head-
space was then pumped over the sensor surfaces at a flow rate of 400
mL/min. The detection time was 60 s, during which the sensor signals
were recorded.

2.11. Sensory evaluation

Descriptive sensory analysis of FRO was conducted using a protocol
based on our previous research (Zhang, Chen, Zhao, Chen, et al., 2022).
The sensory evaluation panel included 10 individuals (5 males and 5
females) aged between 22 and 31 years, all of whom had undergone
sensory evaluation training. An aliquot of 20 g of each sample was
placed in a 50 mL glass vial labeled with a random three-digit number
and sealed with a plastic lid. The following odor descriptors were
evaluated for the oil sample: nutty-like, burnt-like, pickled-like, pun-
gent-like, green-like, and fatty-like. The intensity of each aroma attri-
bute was scored on a 10-point scale (0 = very low intensity, 10 = strong
intensity). These experiments were conducted on rapeseed oils obtained
from raw and microwaved seeds in accordance with national regulations
(China); thus, no further ethical permission was needed.

2.12. Statistical analysis

The experiments were conducted three times on different occasions.
Comparisons were performed using one-way ANOVA followed by
Duncan's multiple range test (p < 0.05) in SPSS version 11.5. Principal
component analysis (PCA) was also conducted using Minitab (version
19.0). The effects of rapeseed variety and time on sensory evaluation
were also analyzed by two-way ANOVA using SPSS software.

3. Results and discussion
3.1. Changes in chemical parameters during microwave heating

PV was utilized to identify the primary lipid oxidation products of
oils, particularly hydroperoxides (Zhang et al., 2023). As depicted in
Fig. Sla, the PV of all the samples exhibited a general trend of initial
increase followed by a decrease. This trend could be primarily attributed
to the instability of hydroperoxides, leading to their further decompo-
sition into low-molecular-weight molecules such as aldehydes, ketones,
and acids (Chen et al., 2023).

The AV serves as a crucial parameter for assessing oil deterioration,
as it quantifies the content of free fatty acids (FFAs). FFAs are generated
primarily through triglyceride hydrolysis and partly through hydro-
peroxide degradation (Ahmad Tarmizi, Niranjan, & Gordon, 2013). In
Fig. S1b, changes in the AV in FROs during microwave heating are
illustrated. With prolonged treatment time, the AV of the FROs gradu-
ally increased. After microwave treatment, the AVs of the FROs obtained
from the LELG and HEHG were 1.10 and 0.92 mg/g, respectively.

p-AnV signifies the production of aldehydes, predominantly 2-alke-
nals and 2,4-alkadienals, which arise from hydroperoxide decomposi-
tion (Zhao, Zhang, Wang, & Devahastin, 2021). As shown in Fig. Slc, the
initial p-AnVs in the FROs decreased and then significantly increased
with prolonged usage time. By the end of the treatment, the p-AnVs of
oils obtained from LELG and HEHG increased to 6.24 and 23.88 units,
respectively. This notable difference can be attributed to the suscepti-
bility of oils rich in polyunsaturated fatty acids (PUFAs) to degradation
during heating (Zhang et al., 2022).

K232 represents the degree of primary oxidation product formation,
while K268 quantifies the levels of carbonyl compounds, particularly
ketones (Li et al., 2021). The effects of microwave pretreatment on K232
and K268 in the FROs are depicted in Fig. S1d-e. The levels of K232 and
K268 in the oils of both sample groups increased with prolonged mi-
crowave time. These findings further indicate that microwave heating
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Table 1
Changes in FAC of FROs during microwave heating.
Rapeseed Fatty acid Time (min)
varieties composition 5 4 6 3
(/100 g)
4.04 4.59
B S S S
0.02¢ Hie : i 0.01a
C18:0 123 243 + 2.47 + 2.66 + 182
0.12¢ 0.03bc 0.10bc 0.06b 0.04a
60.16 61.95 62.41 63.13 64.96
C18:1 + + + + +
4.13a 1.22a 3.51a 2.17a 1.34a
17.00 16.58 15.59 14.31
C18:2 + + 3)66f + + +
1.3la 0.8 S 1102 093
10.28 9.81 + 9.74 + 7.58 + 6.07
183 * 1132 046a  10lab =
1.21a ! : : 0.72b
5.06 4.86 + 473 £ 4.61 £ 453
€221 * 016a 008  0lla =
0.23a ’ : ' 0.07a
2.91 3.74
ae oo D e gme ome
0.03d ’ : : 0.02a
C18:0 :1t'22 1.31 + 1.54 + 2.37 £ 158
0.13b 0.27b 0.10b 0.06a 0.08a
23.01 24.66 28.97 34.27 38.82
C18:1 + + + + +
1.50c 1.63c 1.31bc 2.15ab 1.44a
cig:2 155 9.23 + 8.37 £ 7.22 £ il3
0.292 0.46ab 0.22b 0.14c 0.05d
16.45 16.04 13.27 11.25 10.05
C18:3 + + + + +
2.02a 1.72a 0.37ab 1.11ab 1.24b

44.55 44.07 43.23 40.16 39.21
C22:1 + + + + +
1.81a 1.20a 1.33a 2.47a 1.52a

Results are presented as means + SD. Values with different superscript letters
superscript in the same row are significantly different between groups (p <
0.05). Abbreviations: FRO, fragrant rapeseed oil; FAC, fatty acid composition.

can facilitate the accumulation of lipid oxidation products.

3.2. Effect of microwave pretreatment on the FACs

Table 1 displays the FAC results of the unroasted and microwave
roasted FROs. Noticeable differences were observed in the FAC of the
analyzed oils. The primary fatty acids in the raw LELG oil sample were
oleic (60.16%), linoleic (17.00%), and linolenic (10.28%) acids. In
contrast, the dominant fatty acids in the raw HEHG oil sample were oleic
(23.01%), linoleic (9.55%), linolenic (16.45%), and erucic (44.55%)
acids. Additionally, palmitic and stearic acids were present in small
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amounts in all the samples. The FAC experienced slight changes with
increasing microwave time. Linoleic and linolenic acids decreased
slightly, while the contents of palmitic, stearic, and oleic acids increased
in FROs after microwave roasting at 800 W for 8 min. Previous research
has also noted microwave-induced alterations in the FAC of Nigella seed
oil, specifically a slight decrease in PUFA levels and an increase in
saturated fatty acid concentration (Suri, Singh, & Kaur, 2022). PUFAs
are sensitive to high temperatures and are easily oxidized, which may
account for the changes in FAC observed in the oil samples following
microwave treatment (Zhang, Chen, Zhang, Sagymbek, et al., 2022).

3.3. Effect of microwave pretreatment on the sugars

Changes in sugar levels were monitored in microwave-roasted
rapeseeds (Table 2). Two predominant sugars, sucrose (53.81 mg/100
g in LELG, 39.42 mg/100 g in HEHG), stachyose (19.43 mg/100 g in
LELG, 12.24 mg/100 g in HEHG), and raffinose (5.04 mg/100 g in LELG,
3.46 mg/100 g in HEHG), were identified among the rapeseed varieties.
Furthermore, their levels in LELG were significantly higher than those in
HEHG (p < 0.05). Trace amounts of fructose, glucose, and galactose
were also detected in the samples. The concentrations of sucrose, sta-
chyose, and raffinose tended to decrease rapidly with increasing mi-
crowave time. >30 % of these sugars were lost during the microwave
heating process. Since these sugars act as direct precursors of HMF in
nuts and seeds, their abundance is expected to decrease with extended
roasting time (Sen & Gokmen, 2022).

| LELG | HEHG |
0 2 4 6 8 0o 2 4 6 8 |Content (mg/100g)

min min | min max

Aspartate 5.83 9.14
Threonine 4.16 5.32
Serine 427 5.18
Glutamic acid [ I O || 1441 19.68
Glycine 5.35 6.00
Alanine 322 4.78
Cystine 295 4.11
Valine 10.47 13.49
Methionine I 1321 18.15
Isoleucine [N I O O 13.68 17.77
Leucine [ | 1130 18.69
Tyrosine 3.36 5.24
Phenylalanine 5.28 6.59
Histidine 3.28 451
Lysine 2.68 8.16
Arginine 3.41 5.79
Proline [ B 1432 1986

min D o

Fig. 1. Changes in contents of protein-bound amino acids in two rapeseeds
during microwave heating.

Table 2
Changes in contents of sugars in two rapeseeds during microwave heating.
Rapeseed varieties Time (min) Glucose Fructose Sucrose Raffinose Stachyose Galactose
LELG 0 0.35 + 0.03Ab 0.45 + 0.05Bc 53.81 + 0.02Aa 5.04 £ 0.03Aa 19.43 + 0.16Aa 0.02 £+ 0.01Ac
2 0.33 + 0.02Ab 0.34 + 0.03Cd 47.39 + 0.04Bb 3.38 & 0.01Bbc 16.64 + 0.01Bb -
4 0.32 + 0.03Ab 0.31 + 0.00Cd 46.45 + 0.02Cc 3.26 £+ 0.06Bc 16.30 £+ 0.03Cc -
6 0.18 + 0.01Bc 0.47 £+ 0.01Bc 36.41 + 0.13Dg 3.05 + 0.03Cd 15.28 + 0.02Dd -
8 0.36 + 0.04Ab 0.60 + 0.03Ab 23.53 + 0.11Eh 2.88 £ 0.01De 13.60 + 0.02Ee -
HEHG 0 0.56 + 0.03Aa 0.33 &+ 0.02Cd 39.42 + 0.04Ad 3.46 + 0.03Ab 12.24 + 0.02Af 0.37 £ 0.01Aa
2 0.33 + 0.01Bb 0.11 £+ 0.01De 39.41 + 0.04Ad 3.35 + 0.10Abc 11.40 + 0.06Bg 0.23 + 0.02Bb
4 0.27 + 0.02Bb 0.08 + 0.01De 39.08 + 0.13Be 2.81 + 0.02Bef 11.20 £+ 0.03Cg -
6 0.33 + 0.01Bb 0.51 + 0.04Bc 37.26 + 0.08Cf 2.69 + 0.04Bf 9.70 + 0.08Dh -
8 0.57 £+ 0.05Aa 1.02 + 0.02Aa 14.39 + 0.06Di 1.21 + 0.02Cg 5.23 + 0.05Ei -

Results are presented as means + SD. Column values in the same rapeseed variety with the different capital letters are significantly different (p < 0.05); column values
in the different rapeseed varieties with different lowercased letters are significantly different (p < 0.05); “-”, non-detectable.



81
1013
2024)
:X22(

d Chemistry: X
Foo

A

eta

hang

L. Z

ino acids
d amin
in-boun . nd
ein insa
n prot f prote ng,
ent o ks o ) Che
eatm ing bloc (Lian, ra-
retr ilding nds cent
wave p 1 bui pou id con he
icro enta compe aci io. 1. T
f m dam ma ino . ig. s
Effect o the fund: n of aro und am ed in F lutamic
3.4. rve as eratio ein-bo observ line, g ions
ids se in the gen in prot be ro trat
g Amino ac; role in thiations lnhzating Caneds were i?h corlcerllvlaﬂlar‘jl
& ial ar e ese . w he t
3} ruc he v: wav in rap line, ion of nten
& lay a c 23). T icro d in d va sion id co
S P 20 m mic foun ine, an Tessior ac ere
n, ) fro ids cine, prog mino nt wi
< & Su sulting ino acids leu The d a onte /
= in ne, 0 g. in-boun ine ¢ 2 mg
) E ions re t am isoleuci /10 in- olin 7.2 -
2 2 tio inant ¢ iso 8 mg rote in pr and 7.2 ine,
g 2 8 8 dom: ionine, 27.0 ion in p ses i 5.27 thion:
: 2 3 S |8 pre ethio 30to ction t los: ing to id, me ave
S5 < 3 3 2 id, m 11. redu eates nding ic acid, icrow:
g = ~ ol e acid, from oa gr Spo Tmic acl i als
= S 3 R wo |5 ing ad t The orre Gluta ring met
£ S 2 S |8 angi n le 22). in, ¢ ively. s du avy al
o RN S ) T ion ca 20 in 8 m ively. ase: he t al.,
Z 2 A S = 5 tion en, ithin ect cre ese e
o - 3 5 H S 03 3 ac km ith esp id de f th hen,
5| ® < Py o 9 re Go w. G, r pi ions o ao, C
8 2 - > o I3 - o ] & oW EHG, ibited ra tion: hao,
S g 3 S 3 g 2 R a (Sen t 80 d H bite tra A
5] a n hi en hen,
g =] S -+ =] o a S ] ved LG a 0 ex] ONC C
) © H 1 ! SR 3 = o bser r LE ine als the ¢ hang,
2 H 2 38 g 3 q g = o fo lysin hat ing (Z
% s 2 xXg d ly: t ting
el d S 3 § ¥ S A g 100 an own oas .
53 s g g A g cine, 1l kn ing r ting
2| g - ; 4 5| & isoleu is we dur e hea
, 2 3 S H 8 3 S g is R It i ease icrowav Sses
+ 2 ol = 2 ting. decr icro roce
2 R a ine m
£ | 2 g g N§E £ he nificantly ion during f thermal I:lgars) °2r
g S S H - =] s1g; trati Ito S€ S ig. S
= . n su X0 .
g i N & oo 8 g 2022) HMF conce foods as a reition of he 2019). Flfvave
2 & R S < = in in fo 0S en, icro
g g 3 3 8 g 5. Changes neratedhlrtlhe decomp& GOl‘mted to cted In the
= 9 Q S | =] 3.5. . € . ]Ll, jec ec t-
o B g S H | £ ) primarlly i (throllgHaanahOg ceds Sub% was det wave hea )
. § 2 s ° ] 2 3 £ HMF is melizatio (Berk, F in rapes No HM on micro18 mg/kgd
S ; = 0 e 8 4 e ara tion M ions. up 52. e
2 S 4 S < s = g 8 o hasc reac f H ratio ased LG ( form
8 s aF s 2 2 9 3 s 3 g suc illard ion o t du ncreased LE F was ir,
S > > > i ati ifferen 'dly 1 d in ™M Kau
S o g e < v < I g o H 3 e Ma: form: diffe pi rve gH ingh,
g > 2 8§ ooy th he for Is ra obse &/kg HV Sing heat
g <] o ) IS oS H o V; s t w its leve as 50 m: uri, in wi
g z o W 00 ts ion w. 11. ly, n
<] bS] o g e H =3 @ © ) sho ing at 8 er, 1 ation nly imilarly, levels
v % > o T2 S ating Howev form HG, o Sim MF le
£ < g 5 o H 5 R = he eds. HMF he HE sugars. e in H
E = i o 3 2 2|3 b, highestating' o erved e e rocess.
g &€ ¥ 3 b= ing. in of he nt e ing p
g B 32 3 2 9 Q BS ing ino mou serv. asti
B 2 B SRS 2 Z o 8 > r8m er a 0) ob the ro
S g & s 2 2 s S = afte he low (202 ion of in
= e s g = o |2 tot ingh (20 ication GSLs ainly i
[T g S +H ;H\ 2 S due and S intensifi n the nd m SIX
i av, n t o . ou d,
= b § 3 § & 6 E Y"ldavwith the i retreatmen tabolites f of rapeseenapo-
a - 3 el &0 m e p e ieties (¢0)
& z I} =} = er ay m ie . Tu 4-
5] s 8 S [ o @ g icrow dary var m, g s (
8 e < 3 P ) of mic secon e two han GSL .
g S s H \ 5 Effect ining seco of th lucoraphas dole icin),
17 is . u 1n S1
£ By g8 s @ 2 3.6. Eff lfur-contahe analys oitrin, g) three lucobras were
" |8 ¢ I3 s AN P i-progo and 4-methoxye rtiin) )
B < o 2 g =] S 2 % GSLs a e fami y itrin’ ep brassica d 4_mel conastu pmol/g >
[©] S 3 T ® ifera (o} 0 . n u 9 icin
> 2 8 o |3 S ifer rog lucobra a dg 6.8 ici
. - S s 8 E2 Cruc Ls (p nd g ssicin, a an 20-96. brass
.Q 5 a =] o H © N o =i the ic GS . al bra: lin . 2. uco S.
7 2 2 2 S S # 2 - g g g aliphatic 1uCOnapltin, gluci) Cotropaefogoitrln }Eydroxylglthe Samplgs
3| o - 8 = H 52 £ 5 in, g ssi (glu p 4- in al eeds,
sl 2 = g B s 3 iferin, bra SLs hem, d in a pes
gl = > S S g & g 5 o lei lucobras G t an, SLs of ra nd
Bl = 3 o S 3 £ roxyg atic mong 1/g), nt G SLs ste a
o = HoH T2 WEIERE hyd arom 3). A mo bunda istic G nt ta tin
2 8 3 5 BT % two ble 5 K ta teris nge ten
% Ham 5|79 s d Ta 0.2 0s rac ir pu con .
| 5o 22L& 3|8y and ¢ ied ( 06-7 the m cha their 1GSL sing.
Y Halag I83 S| 85 5 identifi in (3. ere the d as to ota oces
e AN _REN RS = . ide n ) W ize ibute he t pr he
T H<‘\l\‘qm'“ 28 api 1/g ogn tri ). T ave itate t
<+ L 2K 53 = 3 con mo. rec con 022). icrow: ilita
g +H R REEY s B B glu 62 p are cts 1, 2 micr faci ve
8 g Sgag 23 28-4. unds rodu g & Yu, after mi can icrowa
o R H & s&5g a g5 (4. ompo tion p Wang, 60% dation r mi
g H & e85 S I 2 2 c da , 91. ra de
a 2 &e8 -3 a 53 ese ra hao 6 eg un
g 2 § %. g 2 e g 2 § g g J Th their deg Chen, Zd by 78'4hat GSL d in FROs
g 534 b g S + T 2 and gjl(Zhang’deCfeaSe ealed t yanates
= s 3 S 2 8 m ds rev hioc
o IS H T 9 I ¢ g aro see have isotl
H & ; =] rape: ies nd .
£ ROE T - 5| ¢ : the ious Stu? nitriles a2018)' FROs S using
S — V. .
3 oo g 8 = § £ § Pre ation Ohou etal, ounds in the FR(i)ncluded
<] — 9 o N m Z mp . in
a ] < S S 71 N for t ( ive co ified nds 11
g b S g S5 :‘?j £ treatmen oma-dctive e identlﬁse compou 3 furans,
S > © ) =] Py . ar er he: es,
g I IS H 3 8 oS g5 is of ds w 4T lkan i
o| & B RIS ‘s 8 alys ounds able 4. 3a 0si-
%0 ‘: © Z ~ g S 3.7. An e comp izedin T 7 acids, d decomP il’lg
2| g S S Vv ix volat mari hols, . ion an tain
S| E Y m Ico tes idation -con
2| g ! Hg| e S ixty-six is, as su 12 a iocyana xida en e the
—S % | S 4R o R E = Sixty nalysis, ketones, ) iSothlocyhermal o n of oxyg nd to b tof
2| s m-H<c~z°°"" o Sa d t tio fou en
S| 5 | ] S S 3 —M 3 n the al re m
c;) E I H % : 5 2 2383 S g G;: aldehydels’nitriles’ aprocess’ in the f(:irlﬁydes Wethe develognalyzec}
5|6 [\HV.C;N = 1 1 ting It lde ing to les iena
8 223 a ines, roas ids resu 4, a ibuting il samp dien.
g N A b razin the lipids able tribu oils hepta 1
o | H g = py’ ng ed n Te on the 4- ana
00 £ 21 4 = Dur: rat . d i Os, ¢ ifically, E)-2, ile hex: .
£ E HyH @ 5t satu indicate in FR ifica E, hile ) id
E] o b dal & o tf = 2 £ tion of “Zs As Ind pounds lndors- Spec example, i(C acid, ;Nlinolelc gcas
—u,;“ «Hmvmc\.mﬁ(\iﬁ L= un', om id o For . len_ o ifie
S| &8 38 2R g 5 po sis ¢ nci des. f lino on identifi
= iR= o 8= §%g? I com roly orra dehy to dati iden
g S8 s 2 jor py tty, orz eal oduc degradati usly
2 ! 88 ° & majo n, nu -activ ion pr the €vio
% 5 HEZH % =8 § = I © % ; fatty, greggaroma eroxidatlothrough 1 were pr
|2 SERESE v o 2 ontaine ified asa p roduced d nonana
2| Ned ~ 52 ¢ identi 1 were p anal an
g & ® < £3 was eptana 1). Oct
a © s 2 nd h 202
A <+ 89 anc et al,
Ol ] « e 2 (Yin
E < 1%}
S|EE g8
g z
= T
o
Q
gl $ ©
25|58
R



L. Zhang et al. Food Chemistry: X 22 (2024) 101381

Table 4
Changes in concentrations and OAVs of volatile compounds in FROs during microwave heating.
Compounds “Odor RI Variety "Concentration (mg/kg) ‘OAV
threshold . . R . R R R . . .
0 min 2 min 4 min 6 min 8 min 0 min 2 min 4 min 6 min 8 min
(mg/kg)
Aldehydes
0.02 0.02 0.03 0.26 + 0.46 +
LELG + 0.00 + 0.01 + 0.00 0.03 0.06 <1 <1 <1 2.32 4.19
0.02 0.02 0.02 0.76 + 1.01 £
2-Methylbutanal 0.11 647 TEHG 000 1001 +o01 0.08 0.06 <1 <1 <1 6.87 14
0.04 0.06 0.06 0.11 + 0.19 +
LELG +0.01 + 0.01 + 0.01 0.01 0.03 <1 <1 <1 <1 <1
Pentanal 0.24 670 HEHG - - - - - <1 <1 <1 <1 <1
0.12 0.26 0.27 0.35 + 1.26 +
LELG 1003 1006 4003 0.06 011 1.64 3.56 3.74 4.79 17.26
Hexanal 0.073 771
HEHG 0.08 0.09 0.04 0.08 & - 1.07 1.17 <1 1.08 <1
+ 0.02 + 0.02 + 0.00 0.02
LELG io.o(?(z)l - - - - <1 <1 <1 <1 <1
2-Ethylhexanal 0.041 968 0.02
HEHG - + 0.00 - - - <1 <1 <1 <1 <1
2.51 +
LELG - - - - 0.17 <1 <1 <1 <1 3.59
3.18 + 42.25 +
Furfural 0.7 801 HEHG - - - 0.01 0.18 <1 <1 <1 4.55 60.36
0.07 0.05 0.08 0.07 + 0.08 &+
Heptanal 0.0 o LELG £ 0.01 4 0.00 L 001 0.01 0.01 1.40 1.00 1.40 1.60 2.00
0.04 0.04 0.02 0.03 + 0.04 £
HEHG +0.01 + 0.01 + 0.00 0.00 0.01 <1 <1 <1 <1 <1
0.08 0.07 0.11 0.17 £ 0.28 +
LELG 1003 1001 4 0.03 0.04 0.04 114.29 100.00 157.14 242.86 400.00
Octanl o007 e HEHG 0.01 0.04 0.08 0.11 = 0.17 % 14.29 57.14 114.29 157.14 242.86
+ 0.00 + 0.00 + 0.02 0.02 0.03 ’ : : ’ :
LELG - 0.02 0.06 0.28 & 0.91 % <1 <1 1.20 5.60 18.20
. + 0.00 + 0.01 0.02 0.08
(E,E)-2,4-Heptadienal 0.05 945
HEHG - 0.02 0.08 0.47 & 1.16 + <1 <1 1.60 9.40 23.20
+ 0.00 + 0.01 0.05 0.05
LELG 025 0.28 0.34 0.98 & 0.84 11.32 12.73 15.63 44.49 38.13
+ 0.06 + 0.03 + 0.04 0.11 0.02
Benzeneacetaldehyde 0.022 1051
HEHG 0.13 0.11 0.18 0.32 % 1.28 = 5.87 4.83 8.03 14.55 58.18
+ 0.02 + 0.03 + 0.03 0.01 0.03
0.02 0.01
LELG +0.00 - =+ 0.00 - - <1 <1 <1 <1 <1
(E)-2-Octenal 0.12 1039 HEHG - - - - - <1 <1 <1 <1 <1
0.19 0.22 0.25 0.36 + 1.49 £
Nomanal o1s Los7 LELG £ 0.05 1 0.04 1006 0.02 0.07 1.28 1.45 1.65 2.39 9.93
HEHG 0.12 0.12 0.17 1.87 £ 3.46 & <1 <1 1.13 12.47 23.07
+ 0.01 + 0.02 + 0.03 0.10 0.14
0.01 0.13 0.02
LELG + 0.00 + 0.02 + 0.00 - - <1 <1 <1 <1 <1
Decanal 0.65 1189 HEHG - - - - - <1 <1 <1 <1 <1
0.72 +
LELG - - - - 0.23 <1 <1 <1 <1 2.77
5-Methyl-2- 18.99 +
furancarboxaldehyde 0.26 938 HEHG - - - - 0.37 <1 <1 <1 <1 73.03
LELG ioéfgz B B - - <1 <1 <1 <1 <1
(Z)-2-Heptenal 0.25 932 0.03 0.10 0.07
HEHG + 0.00 + 0.02 + 0.02 - - <1 <1 <1 <1 <1
Ketones
0.09 £
LELG - - - - 0.03 <1 <1 <1 <1 <1
2-Heptanone 3 868 HEHG - - - - - <1 <1 <1 <1 <1
0.31 £ 0.56 +
LELG - - - 0.03 0.08 <1 <1 <1 102.09 185.09
0.60 +
2,3-Pentanedione 0.003 768 HEHG - - - - 0.06 <1 <1 <1 <1 201.21
0.03 £ 0.08 £
LELG - - - 0.00 0.01 <1 <1 <1 <1 <1
0.38 + 4.77 +
1-(2-Furanyl)-ethanone 10 884 HEHG - - - 0.03 0.12 <1 <1 <1 <1 <1
Nitrile
1.23 12.70 + 18.21 +
LELG - - +0.11 0.6 0.31 <1 <1 1.23 12.70 18.21
2.20 3.85 8.81 1.38 £ 0.13 +
Methallyl cyanide 1 718 HEHG o038 1017 +o13 0.05 0.02 2.20 3.85 8.81 1.38 <1

(continued on next page)
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Table 4 (continued)

Compounds “Odor RI Variety °Concentration (mg/kg) ‘0AV
threshold K 3 K ) X X X ) X ,
0 min 2 min 4 min 6 min 8 min 0 min 2 min 4 min 6 min 8 min
(mg/kg)
0.10 + 0.09 +
LELG - - - 0.02 0.03 - - - - -
0.05 0.06 0.19 11.16 + 15.96 +
2,4-Pentadienenitrile - 734 HEHG + 0.01 + 0.01 + 0.02 0.23 0.16 - - - - -
LELG - - - - - <1 <1 <1 <1 <1
>-(Methylthio)- 0.05 1130 0.05 006 023 421+ 674
pentanenitrile HEHG 1001 10,02 4 0.04 0.10 0.21 <1 1.20 4.60 84.20 134.80
0.21 0.23 0.22 1.94 + 0.72 +
LELG <1 <1 <1 3.88 1.43
Benzenepropanenitrile 0.5 1201 £002 002 £001 0-16 0.13
HEHG - 0.80 0.39 13.18 = 17.98 + <1 1.60 <1 26.35 35.96
+0.02 + 0.06 0.09 0.08
0.17 0.22 0.25 0.98 + 0.13 +
LELG +0.03 +0.06 +0.04 0.04 0.01 - - - - -
6-(Methylthio) 0.04 0.46 0.22 8.73 + 13.25 +
hexanenitrile - 1277 HEHG +0.01 + 0.05 + 0.01 0.12 0.13 - - - - -
0.10 0.05 1.20 + 1.64 +
LELG - +0.01 + 0.00 0.23 0.06 <1 <1 <1 <1 <1
0.54 0.53 1.27 24.51 + 31.69 +
5.Cyano-1-pentene 10 s23  TEHG 1006 1002  +o008 0.47 0.35 <1 <1 <1 245 .17
0.07 £
LELG - - - 0.01 - - - - - -
Heptanonitrile - 947 HEHG - - - - - - - - - -
0.43 +
LELG - - - - 0.08 <1 <1 <1 <1 4.26
2-Methyl-butanenitrile 0.1 684 HEHG - - - - - <1 <1 <1 <1 <1
2.04 +
LELG - - - - 0.04 - - - - -
148.45 157.72
3-Methylcrotononitrile - 725 HEHG - - - +2.90 + 3.81 - - - - -
LELG - - - - - - - - - -
5-Methyl-hexanenitrile - 914 223 +
HEHG - - - - 0.02 - - - - -
0.07 +
LELG - - - - 0.02 - - - - -
0.01 3.00 + 4.41 +
2-Pentenenitrile - 743 HEHG - - + 0.00 0.06 0.05 - - - - -
Isothiocyanates
0.05 0.20 0.28 0.41 + 0.65 +
. LELG + 0.00 +0.02 +£0.03 0.03 0.10 <1 283 400 5.86 929
4-Isothiocyanato-1-butene 0.07 953
HEHG 1.83 4.50 3.74 3118 £ a4t 26.08 64.23 53.47 445.50 334.88
+ 0.05 +0.06 +0.05 1.38 2.51
0.01 0.03 + 0.15 +
LELG - - +0.00 0.00 0.03 <1 <1 <1 <1 3.02
2-Isothiocyanato-butane 0.05 905 HEHG - - - - - <1 <1 <1 <1 <1
Pyrazine
0.01 0.09 0.01 1.06 + 6.31 +
LELG <1 <1 <1 4.26 25.24
Methyl pyrazine 0.25 797 + 0.00 +0.03 + 0.00 0.05 0.16
2.74 + 4.00 +
HEHG - - - 0.06 0.10 <1 <1 <1 10.98 15.98
LELG 0.14 0.20 270 1049 = 1627 + 7.01 10.00 135.00 524.50 813.50
. . +0.01 +0.02 +0.14 0.37 0.29
2,5-Dimethylpyrazine 0.02 888
HEHG 0.03 0.06 0.11 8.91 £ 9-29 £ 1.34 3.00 5.50 445.66  464.40
+ 0.02 + 0.02 + 0.01 0.11 0.26
1.01 +
LELG - - - - 0.04 <1 <1 <1 <1 11.35
Ethylpyrazine 0.089 892 HEHG - - - - - <1 <1 <1 <1 <1
0.06 + 1.89 +
LELG - - - 0.02 0.08 <1 <1 <1 <1 4.72
0.16 £ 117 £
2,3-Dimethylpyrazine 0.4 896 HEHG - - - 0.03 0.01 <1 <1 <1 <1 2.92
0.42 + 1.03 £
LELG - - - 0.01 0.03 <1 <1 <1 16.01 39.62
0.32 + 0.68 +
2-Ethyl-6-methylpyrazine 0.026 977 HEHG - - - 0.05 0.03 <1 <1 <1 12.46 26.15
1.98 + 349 +
LELG - - - 0.05 0.10 <1 <1 <1 6.81 12.03
1.65 + 2.82 +
Trimethylpyrazine 0.29 982 HEHG - - - 0.01 0.02 <1 <1 <1 5.69 9.72
LELG - - - - - <1 <1 <1 <1 <1
2-Ethyl-5-methylpyrazine 1 977 0.41 + 117 +
HEHG - - - 0.06 0.01 <1 <1 <1 <1 1.17
3-Ethyl-2,5- 0.03 2.21 + 3.53 +
dimethylpyrazine 0.079 1062 LELG - - =+ 0.00 0.08 0.17 <1 <1 <1 28.02 44.66

(continued on next page)
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Table 4 (continued)

Compounds “Odor RI Variety °Concentration (mg/kg) ‘0AV
threshold K 3 K ) X X X ) X ,
0 min 2 min 4 min 6 min 8 min 0 min 2 min 4 min 6 min 8 min
(mg/kg)
2.10 +
HEHG - - - - 0.05 <1 <1 <1 <1 26.58
0.27 +
2-Ethyl-3,5- LELG - - - - 0.03 <1 <1 <1 <1 13.50
dimethylpyrazine 0.02 1098 HEHG - - - - - <1 <1 <1 <1 <1
0.16 + 0.34 +
(Z)-2-Methyl-6-(1- LELG - - - 0.02 0.04 <1 <1 <1 17.97 37.38
propenyl)-pyrazine 0.009 1081 HEHG - - - - - <1 <1 <1 <1 <1
0.23 +
3,5-Diethyl-2- LELG - - - - 0.01 <1 <1 <1 <1 16.40
methylpyrazine 0.014 1142 HEHG - - - - - <1 <1 <1 <1 <1
Alcohols
0.03
LELG - - +0.01 - - <1 <1 <1 <1 <1
0.04 0.13 0.18
3-Methyl-1-butanol 0.1 716 HEHG +0.01 + 0.02 + 0.02 - - <1 1.31 1.80 <1 <1
LELG - - - - - <1 <1 <1 <1 <1
1-Methoxy-2-propanol 4 659 HEHG 0.02 B B B B <1 <1 <1 <1 <1
+0.00
0.17 0.19 0.24 0.30 + 0.32 £
LELG + 0.05 +0.03 +0.03 0.01 0.04 <1 <1 <1 <1 <1
1-Pentanol 1.5 746 HEHG - - - - - <1 <1 <1 <1 <1
LELG - - - - - <1 <1 <1 <1 <1
2,3-Butanediol 668 767 0.02 0.03 0.02
HEHG +0.00 +£000 +0.01 - - <1 <1 <1 <1 <1
LELG - - - - - <1 <1 <1 <1 <1
2-(Methylthio)-ethanol 0.12 813 0.01 0.12 0.04
HEHG +0.00 +0.01 +0.01 - - <1 1.00 <1 <1 <1
0.12 + 0.54 +
LELG - - - 0.01 0.02 <1 <1 <1 <1 <1
1.20 + 3.43 +
2-Furanmethanol 15 835 HEHG - - - 0.02 0.04 <1 <1 <1 <1 <1
0.19 0.35 0.21 +
LELG + 0.05 - + 0.06 0.03 - <1 <1 <1 <1 <1
0.04
1-Hexanol 10 gsa  TEHG L o01 - B - - <1 <1 <1 <1 <1
291 0.30 £
LELG - +0.13 - - 0.01 <1 3.54 <1 <1 <1
0.11 0.03
4-Methyl-1-pentanol 0.82 824 HEHG - + 0.03 + 0.00 - - <1 <1 <1 <1 <1
0.01 0.02 0.02 0.04 + 0.07 +
LELG +0.00 +0.00 +0.00 0.01 0.00 <1 <1 <1 <1 <1
0.01 0.06 0.13 0.44 + 0.71 +
1-Heptanol 20 958 HEHG +0.00 +0.01 +0.03 0.06 0.03 <1 <1 <1 <1 <1
0.05 0.08 0.13 0.20 + 0.39 +
1-Octanol 0.027 1060 LELG + 0.02 + 0.01 + 0.01 0.01 0.02 1.85 296 481 7:41 14.56
HEHG - - - - - <1 <1 <1 <1 <1
0.25 0.06
LELG - +0.03 +£0.01 - - <1 <1 <1 <1 <1
0.11 0.20 0.11
Phenylethyl alcohol 1.2 1094 HEHG +0.02 + 0.02 +0.02 - - <1 <1 <1 <1 <1
0.06 + 0.11 +
LELG - - - 0.00 0.03 <1 <1 <1 <1 <1
1,2-Butanediol 70 798 HEHG - - - - - <1 <1 <1 <1 <1
Acids
0.06 0.64 0.14
LELG + 0.00 + 0.09 + 0.01 - - <1 <1 <1 <1 <1
0.03
Propanoic acid 0.72 687 TEHG 01 - - - - <1 <1 <1 <1 <1
0.01 0.32 0.02
LELG +0.00 +0.03 +0.00 - - <1 2.37 <1 <1 <1
0.01
Butanoic acid 0.135 777 HEHG 900 - - - - <1 <1 <1 <1 <1
0.02 0.25 0.03 +
LELG +0.00 +0.01 - 0.01 - 1.13 11.54 <1 1.23 <1
0.14 0.09 0.03
3-Methyl-butanoic acid 0.022 837 HEHG + 0.02 + 0.02 + 0.01 - - 6.51 4.25 1.43 <1 <1
0.02 0.1 + 0.01 0.03 +
LELG +0.00 0.02 +0.00 0.00 - <1 <1 <1 <1 <1
0.04 0.05 0.02
2-Methyl-butanoic acid 0.11 845 HEHG +0.02 +0.01 +0.00 - - <1 <1 <1 <1 <1
0.02 0.11
Pentanoic acid 0.6 876 LELG + 0.00 + 0.01 - - - <1 <1 <1 <1 <1

(continued on next page)
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Compounds “Odor RI Variety °Concentration (mg/kg) ‘0AV
threshold K 3 K ) X X X ) X ‘
0 min 2 min 4 min 6 min 8 min 0 min 2 min 4 min 6 min 8 min
(mg/kg)
0.01
HEHG £ 0.00 - - - - <1 <1 <1 <1 <1
0.05 0.46
LELG + 0.01 + 0.03 - - - <1 <1 <1 <1 <1
0.03 0.16 +
Hexanoic acid 0.46 972 HEHG + 0.00 - - 0.03 - <1 <1 <1 <1 <1
LELG - - - - - <1 <1 <1 <1 <1
Nonanoic acid 0.05 1253 0.45 + 1.07 +
HEHG - - - 0.05 0.02 <1 <1 <1 9.08 21.38
Alkane
0.07 0.80 0.13 0.11 + 0.20 +
LELG + 0.02 + 0.03 +0.03 0.04 0.03 <1 <1 <1 <1 <1
0.05 0.09 0.09 0.16 + 0.78 +
Cyclohexane 160 657 HEHG =+ 0.00 + 0.02 + 0.01 0.03 0.02 <1 <1 <1 <1 <1
0.23 0.03
LELG - + 0.01 + 0.01 - - - - - - -
0.03
2,4-Dimethylheptane - 796 HEHG - + 0.00 - - - - - - - -
1.58
LELG - + 0.05 - - - <1 1.68 <1 <1 <1
0.02
Octane 0.94 948 HEHG =+ 0.00 - - - - <1 <1 <1 <1 <1
Furans
0.04 0.02 0.16 0.06 + 0.03 +
LELG + 0.00 + 0.00 + 0.01 0.00 0.01 - - - - -
5-Ethyldihydro-2(3H)- 0.02 0.23 0.13 £ 0.06 +
furanone - 1103 HEHG - + 0.01 + 0.04 0.02 0.02 - - - - -
0.01 +
LELG - - - - 0.00 - - - - -
Dihydro-2-methyl-3(2H)- 0.07
furan-one - 791 HEHG B - +0.01 B B B B B B -
LELG - - - - - - - - - -
2(5H)-Furanone - 823 0.15
HEHG - 1 0.03 - - - - - -
Note: “-”, non-detectable. Abbreviations: FRO, fragrant rapeseed oil; RI, retention index; OAV, odor activity value.

2 Odor thresholds were from references (Jia et al., 2020; Xu et al., 2022; Zhou et al., 2019).

b The average concentration of sample.
¢ OAVs were calculated by dividing the concentrations by the odor thresholds.

volatiles in FROs, predominantly resulting from the oxidation of oleic
acid (Zhang, Chen, Zhang, Sagymbek, et al., 2022). Other aldehydes
observed were products of carbohydrate pyrolysis, such as furfural,
benzeneacetaldehyde, and 5-methyl-2-furancarboxaldehyde. The levels
and OAVs of these aldehydes in the oils generally increased with
increasing microwave heating time. In addition, compounds such as 2-
heptanone, 1-(2-furanyl)-ethanone, 2-furanmethanol, 1-heptanol, 1,2-
butanediol, and cyclohexane were considered significant groups of
oxidized and carbohydrate-degraded compounds found in the oils. The
odor threshold values of these two compounds were 3, 10, 15, 20, 70,
and 160 mg/kg, respectively (Jia et al., 2020; Xu et al., 2022; Zhou et al.,
2019). Due to their relatively high odor thresholds, these compounds
have a limited impact on the flavor profile of FROs.

Apart from oxygen-containing compounds, nitrogen-containing
compounds were also identified as typical volatiles in FROs. Amino
acids and reducing sugars present in rapeseeds act as substrates for the
Maillard reaction, leading to the formation of pyrazines during micro-
wave heating (Zhang, Chen, Zhao, Chen, et al., 2022). The analysis of
the oil samples revealed the presence of six aroma-active pyrazines,
namely, methyl pyrazine, 2,5-dimethylpyrazine, 2,3-dimethylpyrazine,
2-ethyl-6-methylpyrazine, trimethylpyrazine, and 3-ethyl-2,5-dimethyl-
pyrazine. These pyrazines start accumulating after 6 min of treatment
and are associated with nutty or roasted fragrance characteristics that
significantly contribute to the distinctive aroma of FROs (Jia et al.,
2020). Compared to those in HEHG, a greater variety and concentration
of pyrazines were detected in the LELG samples.

The pungent, cabbage-like, and onion-like odors detected in the oil
samples were primarily attributed to the presence of isothiocyanates and

nitriles, which have been previously identified as key odorants in FRO
(Zhou et al., 2019). A total of eight important compounds, 4-isothiocya-
nato-1-butene, methallyl cyanide, 2,4-pentadienenitrile, 5-(methyl-
thio)-pentanenitrile, benzenepropanenitrile, 6-(methylthio)
hexanenitrile, 5-cyano-1-pentene, and 3-methylcrotononitrile, were
detected in the oil samples. Significantly increased concentrations of
these substances were observed with extended treatment time.
Furthermore, the isothiocyanate and nitrile species and contents iden-
tified in the HEHG were greater than those in the LELG. Consistent with
the findings of previous reports, elevated levels of isothiocyanates and
nitriles generally indicate GSL degradation during roasting. For
example, 4-isothiocyanato-1-butene may be generated from the thermal
degradation of gluconapin, while 2,4-pentadienenitrile could be gener-
ated from progoitrin when the roasting temperature exceeded 150 °C
(Zhang, Chen, Zhao, Wang, & Yu, 2022; Zhang, Lv, Yang, Zheng, et al.,
2022).

3.8. E-nose analysis of FROs

PCA is a multivariate analysis technique that reduces dimensionality
or converts multiple indicators into a few comprehensive indicators (Xu
et al.,, 2016). As shown in Fig. 2a, a PCA distribution diagram was
constructed based on the E-nose data collected from ten sensors for
FRO:s. A total of eight components were extracted from the E-nose data
by PCA, accounting for 100% of the total variance. The first two prin-
cipal components (PC1 and PC2) explained 87.3% of the variance
(76.2% and 11.1%, respectively). Among the treated samples, those
roasted for 6 min (only HEHG) or 8 min were distributed on the positive
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Fig. 2. The PCA sample distribution diagram (a) and loading plot (b) based on
sensor responds of FROs with different pretreatment time via E-nose.

side of PC1, while the remaining samples were located on the negative
side of PC1. Based on Fig. 2b, the differences among the samples were
mainly detected by the response values of W5S (sensitive to nitrogen
oxide compounds) and W1W (sensitive to sulfides). The mean response
signals of each sensor at a response time of 57-60 s were investigated.
Correlation analysis (Fig. S3) revealed a significant positive correlation
(R =0.64-0.86, p < 0.05) between the response values of W1W and W5S
and the concentrations of relevant volatiles, particularly sulfides (4-
isothiocyanato-1-butene) and nitrogen oxide compounds (pyrazines and
nitriles). This difference may be attributed to the accelerated Maillard
reaction and GSL degradation rates with increasing treatment time (He
et al., 2021).

3.9. Sensory evaluation analysis

A spider diagram was generated to depict the distribution of sensory
characteristics for each oil sample (Fig. S4). In line with previous
research by Jing, Guo, Wang, Zhang, and Yu (2020), the primary aromas
detected in virgin rapeseed oils were green-like and pickled-like notes.
However, with increased microwave time, there was a gradual intensi-
fication of burnt-like, fatty-like, and nutty-like odor attributes in all the
samples. This can be attributed to the higher concentrations of alde-
hydes and pyrazines, as observed in the study by Zhou et al. (2019).
Analysis of Fig. S4 revealed that the pungent-like attribute played a key
role in distinguishing between oil samples, with the highest intensity
observed in the HEHG sample and a lesser intensity in the other LELG
samples. This discrepancy may be attributed to the increase in iso-
thiocyanates and nitriles, which are dominant in HEHG samples and are
responsible for the pungent aroma, as suggested by Zhang et al. (2021).
Additionally, Jia et al. (2023) reported that the degradation of GSL
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induced by microwave treatment significantly contributed to the pun-
gent odor of radish seed oils.

Table S2 presents the results of the investigation of rapeseed variety
and time effects based on F value evaluation. A higher F value indicates a
more significant difference between the variables (Chen et al., 2020).
For the attributes of nutty-like, burnt-like, pickled-like, green-like, and
fatty-like, the effect of time was more significant than that of rapeseed
variety. However, in terms of the pungent-like attribute, contrasting
results were observed. Overall, these findings align with the volatile
component analysis results discussed earlier.

3.10. Relationship between aroma precursors and aroma-active
compounds

The relationships between 24 aroma-active compounds and aroma
precursors are depicted in Fig. S5. Notably, the content of aldehydes in
octanal exhibited a significant negative correlation with the content of
linolenic acid (p < 0.01; Fig. S5a). Notably, aroma-active aldehydes are
not direct byproducts of the Maillard reaction. However, certain alde-
hydes resulting from lipid oxidation can contribute to this reaction
(Zhou et al., 2019). Moreover, the type of amino acid plays a crucial role
in determining the backbone structure of pyrazines, as the nitrogen
atoms in pyrazines originate from amino acids (Bi et al., 2022). Ac-
cording to Fig. S5b, sucrose, cysteine, lysine, and isoleucine exhibited
the strongest negative correlations with the six aroma-active pyrazines
(p < 0.05). These findings are consistent with previous studies in which
sucrose, cysteine, lysine, and isoleucine were identified as important
precursors in Maillard reaction model systems (Shrestha & De Meule-
naer, 2014; Zhang, Chen, Zhao, Chen, et al., 2022). In comparison to
conventional roasting, microwave treatment results in the generation of
fewer thermorelated nitriles and isothiocyanates (Jia et al., 2020). This
outcome can be attributed to the different roasting intensities employed,
as well as the distinct microstructures and compositions of the raw
materials. As indicated in Fig. S5¢, only benzenepropanenitrile exhibited
a significant negative correlation with 4-hydroxyglucobrassicin (p <
0.05). Overall, these results reveal a close linear relationship between
aroma-active pyrazines and their aroma precursors.

4. Conclusions

In summary, the levels of polyunsaturated fatty acids, sugars,
protein-bound amino acids, and GSLs decreased during the microwave
heating process. In contrast, elevated amounts of FFAs, p-AnV, K232,
K268, saturated fatty acids, and HMF were detected. GC-MS analysis
revealed a total of 66 volatile compounds in the oil samples, 24 of which
were identified as key odorants (OAV > 1). Aldehydes, pyrazines, iso-
thiocyanates, and nitriles were found to substantially contribute to the
flavor of the evaluated FROs. Among the 10 odor sensors tested, W1W
and W5S exhibited the highest sensitivity in distinguishing the flavor
characteristics of FROs. Understanding the effect of microwave pre-
treatment on the alteration of aroma-active compounds and studying
aroma precursors will be beneficial for enhancing the flavor of FROs and
facilitating their industrial application.
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