Elucidation of baking induced changes in key odorants of Red Jujube (Ziziphus jujuba Mill. cv.‘Junzao’)
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Abstract
 Jujube is widely consumed fresh or used as ingredient in food industry, especially in China. Processed red jujube is characterized by a caramel-like and roasted aroma which contrasted with the sweet and fruity aroma of raw red jujube. The characteristic volatiles that contribute to this aroma have never been elucidated. The volatile organic components (VOCs) of baked and raw red jujubes were determined based on molecular sensory science including gas chromatography-mass spectrometry-olfactometry (GC-MS-O), aroma extract dilution analysis (AEDA), odor activity value (OAV), recombination, and omission experiments. Results revealed that 1-(2,6,6-trimethyl-1,3-cyclohexadien-1-yl)— 2-buten-1-one, 5-butyltetrahydro-2-furanone, and hexanoic acid were the common key odor active compounds in raw and baked red jujube. However, the baking process triggered the formation of aromatic hydrocarbon molecules in red jujube including 1H-pyrrole-2-carboxaldehyde (0.21 μg/g), 3,5-dihydroxy-6-methyl-2,3-dihydro-4H-pyran-4-one (34.15 μg/g), 5-methyl-2-furancarboxaldehyde (0.36 μg/ g), and benzaldehyde (0.11 μg/g).
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Introduction

Red jujube (Ziziphus jujuba Mill.), originated from China, is a member of the Rhamnaceae botanical family (Zhang et al., 2021). Red jujube can be consumed fresh or added as an ingredient of other products after processing. The processing methods of red jujube mainly include steaming, boiling, and baking (Liu et al., 2016). After baking, red jujube can be used in products like jujube tea and cakes, which are popular among Chinese consumers (Rashwan et al., 2020). The aroma of baked red jujube is unique, attractive, and easy to recognize, and it is attributed to thermal reactions like caramelization and non-enzymatic Maillard reaction (Kays and Wang, 2020). For example, furanic compounds such as furfural generated in the Maillard reaction might be responsible for the burnt/cooked and roasted aromas in bakery and smoked products (Srivastava et al., 2018; Varlet et al., 2006). According to the descriptive analysis of aroma, the characteristics of red jujube (fresh) in aspects of sour, sweet, jujube ID (identity, a sweet and fruity flavor associated with jujube), fruity, and floral were evaluated (Galindo et al., 2015). However, the particular aroma of baked red jujube has never been evaluated and elucidated until now.
Aroma perception is a dynamic orthonasal and retronasal process related to the volatile organic compounds, structure, and chemical composition of the sample (Jourdren et al., 2017). The aroma characteristics will be affected by the number of molecules that reach the re- ceptor cells in the rear of the nasal cavity (Jourdren et al., 2017). Molecular sensory science, or sensomics, is the discipline introduced by Schieberle and co-workers to define the key-aroma components. Molecular sensory science combines the information acquired by gas chromatography-mass spectrometry-olfactometry (GC-MS-O), aroma extract dilution analysis (AEDA), odor activity value (OAV), aroma recombination, and aroma omission tests, is the most effective way for the clarification of the key aroma compounds of foods (Schieberle and Hofmann, 2011). In order to elucidate the effect of chemical stimulus on olfaction, GC-MS-O is used to fingerprint, qualify, and describe the characteristics of VOCs in foods (Giungato et al., 2018). There are three ways to determine the flavor dilution (FD) factor: I) diluting the sample concentration; II) dilution by changing the sample mass; III) dilution through adjusting the GC injector split ratio (Feng et al., 2015). OAV is the ratio of the concentration of a certain compound to its odor threshold. The combination of OAV and FD factor can reflect the contribution of the target chemical stimulus to the overall aroma. The recombined model is a mixture of compounds with OAV ≥ 1 and/or FD factor ≥ 1, which was conducted to compare its aroma characteristics with those of the target sample. Omission experiments are carried out to prove the importance of a specific compound or a class of compounds for a particular aroma characteristics, by removing one or a class of aroma compounds one by one and evaluating the aroma by a trained panel (Jelen, 2012; Zhu and Xiao, 2018). Molecular sensory science has been successfully applied in the identification of key odor active compounds that are responsible for the aroma of different fruits (jujubes and mulberry) (Zhu and Xiao, 2018; Zhu et al., 2018). For the isolation of extract from the samples, headspace solid-phase microextraction (HS-SPME) has been applied widely as it can more closely approximate the volatile aroma fraction of some food samples, save time, reduce loss of volatile components from the solvent, and avoid the masking of the detection in GC by solvents (Wang et al., 2016). For calibration methods, standard addition takes into consideration of matrix effects and accomplishes accurate analysis (Pati et al., 2021).
In relation to red jujube, hexanal, (E)—2-octenal, 1-(2,6,6-trimethyl-1,3-cyclohexadien-1-yl)—2-buten-1-one, ethyl hexanoate, 3-mercapto-hexyl acetate, and 2,5-dimethylpyrazine were identified as the key odor-active compounds in different cultivars of fresh fruits, i.e. Jinsixiaozao, Youzao, and Yuzao (Zhu et al., 2018). The key odorants for jujube cultivars of ‘Tangzao’, ‘Muzao’, ‘Lizao’, and ‘Qingrunhongzao’ were composed by (E)—2-hexenal, (E)—2-heptenal, 2,3-butanedione, 2, 5-dimethylpyrazine,	1-(2,6,6-trimethyl-1,3-cyclohexadien-1-yl)—2-buten-1-one, and 2,3-butanedione (Wang et al., 2018). However, there is no information available on the key odorants of baked jujube (cv. Junzao) as baking is a traditional way of jujube processing and endows jujube with an attractive and pleasant aroma.
The objective of this study was to reveal the key odor active com- pounds’ changes occurring in the baking process of red jujube (Ziziphus jujuba Mill. cv. Junzao) by odor description analysis, AEDA, quantitative analysis, OAV, recombination tests, omission tests, and sensory evaluation. This study could be further applied to quality improvement and control in jujube processing.

[bookmark: 2_Materials_and_methods]Materials and methods
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About 50 kg of dried-matured red jujubes, which were collected at November in 2019, were purchased from Populus Fruit Industry Co., Ltd., Alaer city, Xinjiang Uygur Autonomous Region, China (2019). The jujubes were stored at 4 ◦C until being tested. The jujubes with similar shape and size (30.00–32.00 mm vertical diameter; 45.00–47.00 mm transverse diameter) were selected.
C7 - C30 alkanes mixture was purchased from O2si Smart Solution (Charleston, West Virginia, USA). The following standards were all of GC grade. Octanoic acid (99%) and 2-cyclohexenone (95%) were purchased from MilliporeSigma (St. Louis, MO, USA). Hexanoic acid (99%) was purchased from Ehrenstorfer GmbH, Augsburg, Germany. N-hexane (99%), n-pentane (99%), methanol (99%), ethanol (99%), pentanoic acid (99%), heptanoic acid (98%), trimethyl-pyrazine (99%), 4-hydroxybutanoic acid lactone (98%), heptanal (95%), limonene (95%), benzaldehyde (98%), acetic acid (99%), benzeneacetaldehyde (97%), 1- (2,6,6-trimethyl-1,3-cyclohexadien-1-yl)—2-buten-1-one (98%), 3-hydroxy-2-butanone (97%), and ethyl benzoate (99%) were purchased from TCI Development Co., Ltd., Shanghai, China. 5-Methyl-2-furancar- boxaldehyde (98%), 5-ethyltetrahydro-2-furanone (98%), 1-acetyl-2-methylcyclopentene (96%), 5-butyltetrahydro-2-furanone (98%), 3,7-dimethyl-1,6-octadien-3-ol (97%), and 3,5-dihydroxy-6-methyl-2,3- dihydro-4H-pyran-4-one (95%) were purchased from A ChemTek, Inc., Massachusetts, USA. 1H-pyrrole-2-carboxaldehyde (98%) was purchased from Panphy Chemicals Corporation, LOS Angeles, USA. (E)-linalool oxide (furanoid) (98%) was purchased from ANPEL Laboratory Technologies Inc., Shanghai, China. Alcohol of analytical grade was purchased from Tong Guang Fine Chemicals Company, Beijing, China. Pure water was achieved by a Milli-Q purification system (Millipore, Waltham, MA, USA).
[bookmark: 2.2_Samples_and_sample_preparation]SAMPLE PREPARATION 
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Preparation of raw red jujube slices. About 500 g of red jujube without pests and diseases were cleaned, kernel removed, and sliced (4 mm). The slices from the same jujube were prepared as raw and baked samples, separately.
Preparation of baked red jujube slices. Red jujube slices obtained above were put into an ovenware tray and baked at 180 ◦C for 4 min in an isothermal forced-air oven after pre-heating the oven for 20 min at 180 ◦C (PT 2531, Media Co., Ltd., Anhui, China. Volume 25 L; size 447×348 ×320.5 mm; SU321 titanium-containing heating tubes; baking trays grids 356 ×238 mm).
Preparation of GC-MS-O samples. The raw and baked jujube slices were frozen by liquid nitrogen and ground for 90 s with Joyoung grinder (JYL-CO20, Joyoung Co., Ltd., Shandong, China).

SENSORY EVALUATION

Aroma profiles of raw and baked red jujube samples were evaluated. The sensory evaluation of red jujube was referred to the study conducted by Wojdyło et al. (2016). Twelve panelists (7 females and 5 males, aged between 24 and 35 years-old) recruited from fruit and vegetable pro- cessing team with rich experience in fruit sensory evaluation discussed the sensory attributes of raw and baked red jujube and reached a consensus. There were six sensory attributes agreed to describe the sensory characteristics, including sweet, sour, fruity, floral, caramel, and roasted. The solutions prepared from the following compounds were in concentrations of 50-fold above their individual odor threshold (500 mg/L benzyl alcohol (sweet=7), 3.75 mg/L acetic acid (sour=5), 13.25 mg/L ethyl benzoate (fruity=5), 0.5 mg/L 3,7-dimethyl-1,6-octadie- n-3-ol (floral=5), 25 mg/L 4-hydroxybutanoic acid lactone (caramel=4), and 100 mg/L trimethyl-pyrazine (roast=7) dissolved in water with addition of 5% alcohol, separately.
The aroma intensity was quantified with a numerical scale where 0 represented none and 10 represented extremely strong with an increment of 0.5. For the evaluation, fifteen raw and baked jujube slices for each panelist were served in the testing room of 26 ◦C, 50% relative humidity. The test room is large, clean and quiet, equipped with artificial lights and a ventilation system. Each sample was evaluated in triplicate with a 10 min wait.

HS-SPME GC-MS-O ANALYSIS

Accurate 2.0 g of the grounded raw and baked red jujube was put into a 20 mL vial. The vial contained was sealed with a septum and screwcap and magnetic bar was included into it. A volume of 4 mL sodium chloride solution (4 mol/L) was added into the vials. 
HS-SPME Conditions. A RTC120 HS-SPME autosampler from Guangzhou Zhida Laboratory Technology Co., Ltd., was used for the extraction of VOCs from the samples. The vials were firstly equilibrated at 60 ◦C for 15 min with a shaking speed of 450 rpm. A smart SPME arrow fiber of divinylbenzene/carbonWR/polydimethylsiloxane (DVB/CAR/PDMS) (120/20 µm film thickness, 1.5 mm inner diameter, CTC Analytics AG) was applied for the adsorption of VOCs. The fiber was preconditioned at 250 ◦C for 30 min before using. The extraction condition was set 60 ◦C for 40 min.
GC-MS-O Analysis. A GC-MS (8890–5977B, Agilent Technologies, Inc., Santa Clara, CA, USA) in combination with an olfactory detector port (OP275, GL Sciences, Inc., Tokyo, Japan) and DB-WAX column (60 m × 0.32 mm, 0.25 µm film thickness; Agilent Technologies, Palo Alto, CA, USA) were used. Helium (99.999%) was used as the carrier gas with a flow rate of 1 mL/min. The temperature of the injector, the MS interface, and the transferline were all at 230 ◦C. The extracted VOCs were desorbed in the injection port of the GC for 2 min at a temperature of 230 ◦C. The oven program started at 40 ◦C for 2 min, heated at 230 ◦C with a ramp of 5 ◦C/min, and held for 7 min. The GC column effluent was split to the MS and olfactory port in a 1:4 ratio by a 4-port splitter (SilFlow, Trajan, Australia). The splitter was flushed with helium at 5 mL/min. The electron-impact mass spectra was generated at 70 eV with a scan range from 35 to 350 m/z, ion source temperature was 230 ◦C and the temperature of quadrupole was 150 ◦C. Humidified air was provided to the sniffing port at a 15 mL/min rate to keep a relatively comfortable humidity for the nasal mucosa. Three experienced panelists, one female and two males (age 20–35), took part in the olfactory tests. The total sniffing time was 47 min. The odor descriptions were determined when at least two panelists confirmed the results. Similar odor descriptions of the VOCs were discussed, summarized, and agreed upon by all panelists, in comparison with the information from the LRI & Odour Database - Odour Data, VCF home, and Flavornet. All samples were tested in triplicate.

QUALITATIVE AND QUANTITATIVE ANALYSIS

For qualitative analysis, mass spectra of the VOCs were firstly compared with that in NIST 17 library. The retention index (RI) got from NIST 17 library was then compared with that calculated from n-alkanes (C7 - C30) with data differences less than 10. Moreover, the VOCs (FD factors≥ 1) identity was confirmed with the reference standards.
For quantitative analysis, the addition of internal standard (2-cyclohexenone, 1 μL, 100 ppm) was used at first. Secondly, the quantitation of VOCs with FD factors ≥ 1 was carried out using the standard addition method (Brown and Mustoe, 2014). In this study, five points were selected separately for the standard curve of the targeted VOCs using the standard addition method and the quantitative analysis was performed according to the quantifier ions defined in each mass spectrum. The calibration equations and quantifier ions are available in Tables 1 and S2.

AEDA

The split ratio was increased from 1:2, 1:8, 1:26, to 1:80, corresponding to FD factors of 3, 9, 27, and 81, respectively. The FD factor of a certain VOC was determined when it was not detected in the olfactory detector port of GC-MS-O by the afore mentioned three panelists with three repetitions. The OAVs were calculated according to the quantitation results together with the odor thresholds of the VOCs (Zhu and Xiao, 2018).
To prepare the non-flavor matrix, raw and baked red jujube powder were extracted with n-pentane, methanol, n-hexane, and ethanol step- wise for 36 h with a ratio of 1:6 (m/V), respectively. The residues were dried for 3 days at 25 ◦C after filtration. Then the obtained matrix was pre-frozen with liquid nitrogen, and lyophilized (Bafangzhongda LGJ-10B) at 50 ◦C for 36 h (cold trap temperature was —40 ◦C) until nothing was detected by sensory evaluation, HS-SPME-GC-MS-O, and
HS-SPME-GC-MS (Ren et al., 2021). A mixture of all quantitated odor- ants with FD and OAV ≥ 1 in their naturally occurring concentrations was added to the odorless matrix of raw and baked red jujube to set up the recombinated. Then the recombinated were compared with the original raw and baked red jujube according to the principle of triangle test, separately (UNI ISO 4120 Norm).
Omission tests were also carried out, referred to the triangle test. The recombinated were set up by omitting the VOCs (FD and OAV ≥ 1) one by one. Then the sensory notes of the recombinated with certain VOCs omitted were compared with the recombinated with all odorants (FD and OAV ≥ 1) to clarify the correlation of the certain VOCs on the corresponding sensory notes.

Table 1
Quantitative results of volatile organic compounds with flavor dilution factors≥ 1.
	Compounds
	CAS
	Quantifier ions
	Odor threshold in water (μg/g)b
	Odor descriptiona,b,g
	Raw red jujube
	 Baked red jujube

	
	
	
	
	
	Concentration
	OAV
	
	Concentration
	OAV
	

	
	
	
	
	
	(μg/g)
	
	
	(μg/g)
	
	

	heptanal
	111–71–7
	114
	0.003
	citrus, greena
	0.54
	181.1
	
	0
	0
	

	limonene
	138–86–3
	136
	0.07
	lemon, orangea,g
	0.02
	0.2
	
	0.09
	1.3
	

	3-hydroxy-2-butanonef
	513–86–0
	/
	0.85
	butter, creama,b,g
	0.15 f
	0.2
	
	0.06 f
	0.1
	

	(E)-linalool oxide (furanoid)f
	34995–77–2
	/
	0.19
	citrus, flower, fresh,
	0.02 f
	0.1
	
	0.01 f
	0
	

	
	
	
	
	lemona,g
	
	
	
	
	
	

	benzaldehyde
	100–52–7
	106
	0.10
	burnt sugar, cherrya,b
	0
	0
	
	0.11
	1.1
	

	1-acetyl-2-methylcyclopentene
	3168–90–9
	109
	not found
	sweetg
	0.002
	none
	
	0.001
	none
	

	5-methyl-2-furancarboxaldehyde
	620–02–0
	110
	0.50
	sweet, caramel,
	0
	0
	
	0.36
	0.7
	

	
	
	
	
	cooked, burnt sugara,g
	
	
	
	
	
	

	benzeneacetaldehyde
	122–78–1
	120
	0.004
	fruity, berry, nut,
	2.15
	538.1
	
	0
	0
	

	
	
	
	
	pungenta,g
	
	
	
	
	
	

	5-ethyltetrahydro-2-furanone
	695–06–7
	85
	0.26
	herb, sweet, fruitya,b,g
	0.30
	1.2
	
	0.39
	1.5
	

	pentanoic acid
	109–52–4
	60
	1.37
	sour, cheese, pungent,
	2.65
	1.9
	
	0.95
	0.7
	

	
	
	
	
	putrid, sweata,g
	
	
	
	
	
	

	1-(2,6,6-trimethyl-1,3-
	23726–93–4
	190
	0.0001 h
	sweet, apple, rose,
	0.03
	300.0
	
	0.03
	300.0
	

	cyclohexadien-1-yl)— 2-buten-1-
	
	
	
	honeya,g
	
	
	
	
	
	

	one
	
	
	
	
	
	
	
	
	
	

	hexanoic acid
	142–62–1
	87
	3.000
	acid, cheese, rancid,
	6.09
	2.0
	
	6.05
	2.0
	

	
	
	
	
	sweata
	
	
	
	
	
	

	5-butyldihydro-2(3H)-furanone
	104–50–7
	85
	0.014
	fruit，coconuta,g
	0.06
	4.2
	
	0.06
	4.2
	

	heptanoic acid
	111–14–8
	101
	1.33
	rancid, sour, sweata
	1.82
	1.4
	
	2.10
	1.6
	

	octanoic acid
	124–07–2
	115
	19.00
	acid, rancid, sweata,g
	1.43
	0.1
	
	0.78
	0
	

	1H-pyrrole-2-carboxaldehyde
	1003–29–8
	95
	65.00
	burntg
	0
	0
	
	0.21
	0
	

	3,5-dihydroxy-6-methyl-2,3-
	28564–83–2
	54.6
	2.06
	bitterc
	0
	0
	
	34.15e
	16.6
	

	dihydro-4H-pyran-4-one
	
	
	
	
	
	
	
	
	
	



STATISTICAL ANALYSIS

	Significance analysis was performed using SPSS 13.0 software (SPSS Inc, Chicago, IL).

Results and discussion

[bookmark: 3.1_Optimization_of_extraction_procedure]SENSORY EVALUATION

Sensory evaluation of raw and baked red jujubes is presented in Fig. 1. Sour (3.0), sweet (7.0), fruity (8.0), and floral (2.0) were the main attributes of red jujube (Ziziphus jujuba Mill. cv.‘Junzao’). Higher in- tensities were observed for sweet and fruity attributes, followed by sour and floral ones, which were consistent with the previous study (Galindo et al., 2015). Compared with red jujubes, sweet (9.0) was still the main attribute in baked red jujube; however, caramel (8.0), and roast (7.0) notes presented a high score as well. The baking process induced the formation of roasted and caramel-like aroma after the baking process, was similar to the results observed in hazelnut (Bi et al., 2021).
ODOR-ACTIVE COMPOUNDS IDENTIFIED BY GC-MS-O 

The odor-active compounds of raw and baked red jujube were extracted by HS-SPME and identified by GC-MS-O. In terms of the normalization of the GC raw signal (Table S1), acid was the major chemical class of raw (76.47%) and baked (71.54%) red jujube. Aldehyde ranked the second major chemical class with a percentage of 8.34% and 7.51% in raw and baked red jujube correspondingly. The content of aldehydes, ketones, pyrazines, acids, esters, alcohols, alkenes, and bicyclic compounds decreased in the baked red jujube. Nevertheless, the concentration of pyrroles, thiophenes, and pyrans increased after the baking process.
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Fig. 1. Sensory evaluation results of raw and baked red jujube. Note: ‘ * ’ significant (p ＜ 0.05); ‘* *’ highly significant (p ＜ 0.01); ‘ * ** ’ very highly significant (p ＜ 0.001).

AEDA RESULTS

	Further analysis of VOCs was conducted considering both odor description and FD factors, the number of odor active compounds with FD factors ≥ 1 in raw and baked red jujube were fifteen and sixteen, separately (Table S1).
The predominant common odor-active compounds in raw and baked red jujubes were ketones (3), acids (4), furans (3), aldehydes (1), and alkenes (1) including 3-hydroxy-2-butanone (FD=3 and 3 in raw and baked red jujube, respectively), 1-acetyl-2-methylcyclopentene (FD=3 and 3), 1-(2,6,6-trimethyl-1,3-cyclohexadien-1-yl)— 2-buten-1-one (FD=81 and 81), hexanoic acid (FD=3 and 3), heptanoic acid (FD=3 and 3), octanoic acid (FD=1 and 1), 2-octenoic acid (FD=1and 1), (E)- linalool oxide (furanoid) (FD=1 and 1), 5-methyl-2-furancarboxaldehyde (FD=3 and 27), 5-ethyltetrahydro-2-furanone (FD=3 and 3), heptanal (FD=1 and 1), and limonene (FD=1 and 3) determined by GC- MS-O) (Table S1).
Ketones are formed in the metabolism of carbohydrates like the anaerobic decomposition of cellulose, starch, hemicellulose, and pectin, usually reported as sweet odors (Rosenfeld et al., 2001). Among which, 1-(2,6,6-trimethyl-1,3-cyclohexadien-1-yl)—2-buten-1-one with sweet odor has the highest FD factor (81) in both raw and baked red jujube, which means that it had a very important influence on the aroma of both. It has also been identified as one of the key odor-active compounds in dried red jujubes by other authors (Ziziphus jujuba Mill. cv.‘Jinsix- iaozao’, ‘Youzao’, and ‘Yuzao’) (Zhu and Xiao, 2018). The five compounds including 3-hydroxy-2-butanone (butter, cream), 1-acetyl-2-methylcyclopentene, hexanoic acid (acid), heptanoic acid (sour), and 5-ethyltetrahydro-2-furanone (herb like) had a lower FD factor (3) in both raw and baked red jujube, ranking the second class in the effect of the overall aroma. Another group of four compounds including octanoic acid, 2-octenoic acid, (E)-linalool oxide (furanoid), and heptanal had the lowest FD factor (1) in both raw and baked red jujube, meaning a weak impact on the whole aroma. Hexanoic acid and octanoic acid were two of the aroma-impact compounds of fresh jujube that were consistent with the previous studies (Wang et al., 2018; Song et al., 2019). However, 5-methyl-2-furancarboxaldehyde and limonene, which were identified in raw red jujube before (Ziziphus jujuba Mill. cv. ‘Junzao’), had higher FD factors in baked red jujube (27 and 3) than those in raw red jujube (3 and 1).
Through the baking process, the distinctive aroma-active compounds in raw red jujube including benzeneacetaldehyde, 5-butyldihydro-2 (3H)-furanone, and 1-(1,4-dimethyl-3-cyclohexen-1-yl)-ethanone were not perceivable, while benzaldehyde, 1H-pyrrole-2-carboxaldehyde, and 3,5-dihydroxy-6-methyl-2,3-dihydro-4H-pyran-4-one were identified as the newly formed odor active compounds in baked red jujube. Benzeneacetaldehyde is an aromatic aldehyde that is also reported in black tea (Liu et al., 2021). Combined with the results of the olfactometry, it was found that benzeneacetaldehyde contributed ‘fruity and berry’ notes to red jujube, while 1H-pyrrole-2-carboxaldehyde benzaldehyde contributed ‘burnt sugar and cherry’ notes to baked red jujube.
1H-pyrrole-2-carboxaldehyde was identified as an informative roasting indicator of roasted hazelnut with a burnt odor (Pu et al., 2018). 3, 5-Dihydroxy-6-methyl-2,3-dihydro-4H-pyran-4-one, as a bitter taste compound, was also widely found in thermal treated common products like coffee and bread (Li et al., 2021).

QUANTIFICATION RESULTS AND CALCULATION OF OAV

	The quantitation of VOCs with FD factors ≥ 1 was carried out by adding the standards into the raw and baked red jujube matrix. The standard curves, correlation coefficients, quantitation results, as well as OAVs were shown in Tables 1 and S1.
Among the seventeen quantitated compounds, hexanoic acid showed the highest concentration in raw red jujube with 6.09 μg/g, and followed by pentanoic acid (2.65 μg/g). The concentration of benzeneacetaldehyde, heptanoic acid, and octanoic acid were at the level of 1.00–2.15 μg/g. Heptanal, 5-methyl-2-furancarboxaldehyde, and 5-eth- yltetrahydro-2-furanone were present in lower amounts (0–1.00 μg/g). Meanwhile, limonene, 1-acetyl-2-methylcyclopentene, and 5-butyldi- hydro-2(3H)-furanone were detected in traces (≤58 ng/g). For baked red jujube, the content of 3,5-dihydroxy-6-methyl-2,3-dihydro-4H- pyran-4-one newly formed in the baking process, was 34.15 μg/g. The amounts of hexanoic acid and heptanoic acid were relatively lower (2.10–6.05 μg/g). Limonene, benzaldehyde, 1-acetyl-2-methylcyclopentene, 5-methyl-2-furancarboxaldehyde, 5-ethyltetrahydro-2-furanone, pentanoic acid, 5-butyltetrahydro-2-furanone, octanoic acid, and 1H- pyrrole-2-carboxaldehyde were only determined in the range of 1 ng/g to 950 ng/g.
In terms of the calculation of OAVs, the number of compounds with OAVs ≥ 1 was eight in both raw and baked red jujube (Table 1). Benzeneacetaldehyde had the highest value, equal to 538.1, followed by 1-(2,6,6-trimethyl-1,3-cyclohexadien-1-yl)—2-buten-1-one (300.0), heptanal (181.1), 5-butyldihydro-2(3H)-furanone (4.2), hexanoic acid (2.0), pentanoic acid (1.9), heptanoic acid (1.4), and 5-ethyltetrahydro- 2-furanone (1.2) in raw red jujube. These compounds were associated with odors described as sweet, fruity, citrus, green, coconut, sour, and herb-like notes.
The highest OAVs in baked red jujube were obtained for 1-(2,6,6-trimethyl-1,3-cyclohexadien-1-yl)—2-buten-1-one (300.0), followed by 3,5-dihydroxy-6-methyl-2,3-dihydro-4H-pyran-4-one  (16.6),  5-butyldihydro-2(3 H)-furanone (4.2), hexanoic acid (2.0), heptanoic acid (1.6),5-ethyltetrahydro-2-furanone (1.5), benzaldehyde (1.1), and limonene (1.3). These key aroma active compounds presented sweet, bitter, fruit, sour, herb, burnt sugar, lemon, and orange-related notes.
In addition, some VOCs with FD factor ≥ 1 identified in raw and baked red jujube showed OAVs< 1, like limonene, 3-hydroxy-2-butanone, (E)-linalool oxide (furanoid), 5-methyl-2-furancarboxaldehyde, 5-ethyltetrahydro-2-furanone in raw red jujube, and heptanal, 3-hy- droxy-2-butanone, (E)-linalool oxide (furanoid), 5-methyl-2-furancar-boxaldehyde, 1H-pyrrole-2-carboxaldehyde, and octanoic acid in baked red jujube. Besides, 5-butyldihydro-2(3H)-furanone was not identified in the olfactometry test of baked red jujube, but presented an OAV of 4.2 after quantitation. Therefore, the contribution of the above-mentioned VOCs to the aroma of the samples was disputable. This phenomenon may due to: i) the threshold was determined in water, but when the characteristics and intensity of volatilization from the real matrix were screened out, it may cause sensory interactions with a variety of elements such as sugar, protein, vitamins, etc.; ii) the baking induced changes in the texture of red jujube might cause bias in the volatility of VOCs, which in turn affects the evaluation from panelists (Marcinkowska et al., 2021). Thus, it is important to observe the FD factors and OAVs in the substantiation of odor-active compounds.

RECOMBINATION TESTS

	The recombination tests were carried out by mixing the VOCs with OAV ≥ 1 according to their concentrations (distilled water with the addition of 5% alcohol as the solvent) in Table 1 into the non-flavor matrix of raw and baked red jujube, separately. The compounds with sub-threshold 
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Fig. 2. Sensory evaluation results of the recombinates of raw red jujube (a) and baked red jujube (b) compared with their original samples.
concentrations may also have an impact on the whole aroma (Guadagni et al., 1963). Thus, 5-methyl-2-furancarboxaldehyde was also added to the non-flavor matrix of baked red jujube to comprehensively consider its contribution to the aroma perception, combining its FD factor (FD=27 in baked red jujube) and odor description of sweet, caramel, cooked, and burnt sugar detected at the port, though its OAV is lower than 1. The sensory evaluation results were shown in Fig. 2. It can be clearly seen that the intensities of the six sensory attributes of the recombinates of raw and baked red jujube were similar to those of the original raw and baked red jujube, confirming that the key odor active compounds of raw red jujube were 1-(2,6,6-trimethyl-1,3-cyclohexadien-1-yl)—2-buten-1-one, benzeneacetaldehyde, heptanal, 5-butyltetrahydro-2-furanone, hexanoic acid, acid, heptanoic acid, and 5-ethyltetrahydro-2-furanone, and those of baked red jujube were 1-(2,6,6-trimethyl-1,3-cyclo- hexadien-1-yl)—2-buten-1-one, 3,5-dihydroxy-6-methyl-2,3-dihydro-4H-pyran-4-one,  5-butyltetrahydro-2-furanone,  hexanoic  acid, heptanoic acid, 5-ethyltetrahydro-2-furanone, benzaldehyde, limonene, and 5-methyl-2-furancarboxaldehyde. Therefore, the results showed that the typical aromas of raw red jujube and baked red jujube had been successfully simulated, which was further in accordance with the identification and quantitative results.

OMISSION TEST

Omission tests were carried out by omitting certain compounds of the recombinaiton models one by one, to verify the importance of the contribution to overall aroma according to the recombination tests. The contribution of each compound was evaluated by the twelve panelists through triangle tests.
[bookmark: _Hlk205718406]As was shown in Table 2, heptanal, benzeneacetaldehyde, and 1-(2,6,6-trimethyl-1,3-cyclohexadien-1-yl)—2-buten-1-one showed a very high significance (p＜0.001), indicating their great contribution to the overall aroma of raw red jujube. The model lacking hexanoic acid and 5-butyltetrahydro-2-furanone separately showed a high significant difference (p＜0.05), compared with the recombination model. The omission of pentanoic acid also resulted in a significant difference. However, 5-ethyltetrahydro-2-furanone and heptanoic acid contribute little to the overall aroma of raw red jujube. At last, the key odor active compounds of red jujube were confirmed as heptanal, benzeneacetaldehyde, 1- (2,6,6-trimethyl-1,3-cyclohexadien-1-yl)—2-buten-1-one, hexanoic acid, 5-butyltetrahydro-2-furanone, and pentanoic acid.
In terms of omission tests for baked red jujube, the models without 5- methyl-2-furancarboxaldehyde	and	1-(2,6,6-trimethyl-1,3-cyclohexadien-1-yl)—2-buten-1-one separately resulted in a very highly significant difference in the aroma perception of baked red jujube (p＜0.001). The omission of benzaldehyde showed a high significant difference (p＜0.01). The contribution of limonene, hexanoic acid, 5-butyltetrahydro-2-furanone, and DDMP were also significant compared with the recombinated model (p＜0.05), whereas the models lacking 5-ethyltetrahydro-2-furanone, and heptanoic acid were not differentiated from the recombination model. Thus the key odor active compounds of baked red jujube were 5-methyl-2-furancarboxaldehyde, 1-(2,6,6-trimethyl-1,3-cyclohexadien-1-yl)—2-buten-1-one, benzaldehyde, limonene, hexanoic acid, 5-butyltetrahydro-2-furanone, and 3,5-dihydroxy-6-methyl-2,3-dihydro-4H-pyran-4-one.



Table 2
The results of omission tests for raw and baked red jujube.
	[bookmark: _Hlk205721125]Samples
	Model
	Odorants omitted from the recombination model
	Number (a)
	Significance (b)

	Raw red jujube
	1
	heptanal
	10
	* **

	
	2
	benzeneacetaldehyde
	12
	* **

	
	3
	5-ethyltetrahydro-2-furanone
	3
	

	
	4
	pentanoic acid
	8
	*

	
	5
	1-(2,6,6-trimethyl-1,3-cyclohexadien-1-yl)-2-buten-1-one
	11
	* **

	
	6
	hexanoic acid
	9
	*  *

	
	7
	2(3H)-furanone, 5-butyldihydro-
	9
	*  *

	
	8
	heptanoic acid
	2
	

	Baked red jujube
	1
	limonene
	8
	*

	
	2
	benzaldehyde
	9
	*  *

	
	3
	5-methyl-2-
furancarboxaldehyde
	10
	* **

	
	4
	5-ethyltetrahydro-2-furanone
	2
	

	
	5
	1-(2,6,6-trimethyl-1,3-cyclohexadien-1-yl)-2-buten-1-one
	12
	* **

	
	6
	hexanoic acid
	8
	*

	
	7
	5-butyltetrahydro-2-furanone
	8
	*

	
	8
	heptanoic acid
	2
	

	
	9
	3,5-dihydroxy-6-methyl-2,3-dihydro-4H-pyran-4-one
	8
	*


Note:
‘ a′ : Number of correct judgments from twelve panelists.
‘b′ : ‘*’ significant (p < 0.05); ‘* *’ highly significant (p < 0.01); ‘* **’ very highly significant (p < 0.001).

CHANGES OF KEY ODOR ACTIVE COMPOUNDS AFTER BAKING

	As mentioned above, the key odor active compounds that both existed in raw and baked red jujube were 1-(2,6,6-trimethyl-1,3-cyclo- hexadien-1-yl)— 2-buten-1-one, 5-butyltetrahydro-2-furanone,  and hexanoic acid. Hexanoic acid and 5-butyltetrahydro-2-furanone were identified for the first time as odor active compounds associated with jujube or processed jujube. The concentration of 5-butyltetrahydro-2- furanone and hexanoic acid in both raw and baked red jujube was close to each other, leading to the OAV of 4.2 and 2.0, respectively (Table  1).  1-(2,6,6-trimethyl-1,3-cyclohexadien-1-yl)—2-buten-1-one presented the highest OAV among the key odor active compounds of both raw and baked red jujube, which indicated its significant influence on the overall aroma. 1-(2,6,6-trimethyl-1,3-cyclohexadien-1-yl)—2-buten-1-one might partly be formed from the biogeneration and cleavage of carotenoids, as well as thermal degradation of neoxanthin (Yang et al., 2013; Sefton et al., 2011). The increase of 1-(2,6,6-trimethyl-1, 3-cyclohexadien-1-yl)— 2-buten-1-one in the baking process of red jujube was also found in the thermal treatment of apple, which also indicated that the formation of 1-(2,6,6-trimethyl-1,3-cyclo- hexadien-1-yl)— 2-buten-1-one could be enhanced by heat treatment (Schreier et al., 1978).
Benzeneacetaldehyde, heptanal, and pentanoic acid were confirmed as the specific odor active compounds of raw red jujube. Meanwhile, the odor description of benzeneacetaldehyde and pentanoic acid was fruity and sour, which might lead to the stronger intensity of fruity and sour attributes in sensory quality. Benzeneacetaldehyde might be formed from glucose and amino groups in raw red jujube, through the steps of amino groups Amadori rearrangement and enolization. The form dideoxyglucosones will further form benzeneacetaldehyde after the phenylalanine Strecker degradation (Liu et al., 2021). However, benzeneacetaldehyde was no longer detected in the baked samples (Table 1), which might be due to its conversion to the corresponding acid during thermal processing (Wibowo et al., 2015). A similar thermal-induced decrease in the concentration of benzeneacetaldehyde was also observed in sugarcane juice heated at 90–110 ◦C (Wang et al., 2020). Heptanal was also identified as one of the odor active compounds with citrus and green odor in jujube puree, which might formed in the lipid oxidation in jujube (Zhu and Xiao, 2018). Pentanoic acid existed in raw red jujube (cv.Junzao) with sour odor description. 
Limonene, benzaldehyde, 5-methyl-2-furancarboxaldehyde, and DDMP were identified as the specific odor active compounds of baked red jujube, of which 5-methyl-2-furancarboxaldehyde might contribute more to the caramel attribute, benzaldehyde contributed to the roast related aroma. As one of the terpenes that widely existed in nature, limonene was quantified both in raw and baked red jujube (Vieira et al., 2018). Gershenzon et al. reported that a monoterpene synthase forms limonene by cyclization of a ubiquitous precursor of the monoterpenes, geranyl diphosphate (Gershenzon et al., 1989). However, the concentration of limonene in baked red jujube was over five times that in raw red jujube. Thus limonene contributed more to the aroma of the baked samples. Benzaldehyde was also identified as one of the odor active compounds in red jujube (Ziziphus jujuba Mill. cv. ‘Jinsixiaozao’, ‘Youzao’, and ‘Yuzao’) (Zhu and Xiao, 2018). However, it was not detected in the cultivar of ‘Junzao’ that was analyzed in this project (Table 1). Benzaldehyde was quantified as 0.11 μg/g in the baked samples and contributed to the burnt sugar flavor. As one of the products deriving from roasting process, 5-methyl-2-furancarboxaldehyde has also been identified with odor description of caramel, burnt sugar, and roasted related aroma, expected to bring about changes in sensory attributes of caramel and roast (Zhang et al., 2018). The formation of 5-methyl-2-furancarboxaldehyde was attributed to the reaction process of dehydration, halogenation, and hydrogenation of carbohydrates like fructose or starch, which might also be the reason for the formation of 5-methyl-2-furancarboxaldehyde in baked red jujube (Feng et al., 2020). 3, 5-Dihydroxy-6-methyl-2,3-dihydro-4H-pyran-4-one, an o-heterocyclic compound, formed from the cleavage and polymerization of glucose or the 2,3-enolization from 1-deoxyglucosone in the Maillard reaction, is widely distributed in thermal treated food like roasted palm kernel, heated pear (Zhang et al., 2018; Hwang et al., 2013). In terms of odor description, 3,5-dihydroxy-6-methyl-2,3-dihydro-4H-pyran-4-one was taste bitter when it was accompanied by impurities formed from glucose (Li et al., 2019). However, 3,5-dihydroxy-6-methyl-2,3-dihy- dro-4H-pyran-4-one derived from maltol could also be tasteless as recently reported by Chen et al., 2021.
 
Conclusion

	In all, though there were some modifications in the methods for extraction, quantitation, and identification of the key odors, the results could still reveal the baking-induced changes in the red jujube aroma profile. Seventy and sixty-seven VOCs were identified in raw and baked red jujube respectively, by HS-SPME-GC-MS-O. The molecular sensory science of sensory evaluation, AEDA, OAVs, recombinaiton test, and omission test were applied for the identification of key odor active compounds. Six compounds including heptanal, benzeneacetaldehyde, 1-(2,6,6-trimethyl-1,3-cyclohexadien-1-yl)—2-buten-1-one, hexanoic acid, 5-butyltetrahydro-2-furanone, and pentanoic acid contributed significantly to the overall aroma of raw red jujube, while 5-methyl-2- furancarboxaldehyde, 1-(2,6,6-trimethyl-1,3-cyclohexadien-1-yl)—2-buten-1-one, benzaldehyde, limonene, hexanoic acid, 5-butyltetrahy- dro-2-furanone,  and  3,5-dihydroxy-6-methyl-2,3-dihydro-4H-pyran-4-one were the key odorants for baked red jujube. The baking process enhanced the intensity of sweet note and gave rise to caramel and roast-related notes, which might be caused by the existence of 5-methyl-2-furancarboxaldehyde and benzaldehyde. Although the molecular sensory sciences has been applied successfully for the elucidation of baking induced key odors changes’ in red jujube, the odor threshold of the VOCs in raw and baked red jujube matrix still needed to be studied to achieve more accurate data for jujube aroma profile.

CRediT authorship contribution statement

	Yening Qiao: Methodology, Investigation, Writing — original draft. Qinqin Chen: Funding acquisition, Writing — review & editing. Min Gou: Data analysis, Software. Zhenzhen Liu: Funding acquisition, Review. Giorgia Purcaro: Formal analysis, Writing — review & editing. Xinwen Jin: Funding acquisition, Review. Xinye Wu: Software, Formal analysis. Jian Lyu: Funding acquisition, Formal analysis. Jinfeng Bi: Conceptualization, Funding acquisition. All authors have read and agreed to the published version of the manuscript.

Data availability

	The data that has been used is confidential.

Acknowledgments

	The funding support of the Science and Technology Cooperation Project of Xinjiang Production and Construction Corps (2021BC007), Agricultural Science and Technology Innovation Team Program, Xin- jiang Academy of Agricultural and Reclamation Science (2022-2024) and Financial Fund of Institute of Food Science, Technology, Nutrition and Health (Cangzhou), CAAS (CAAS-IFSTNH-CZ-2022–02) are greatly appreciated by the authors.

Appendix A. Supporting information

	Supplementary data associated with this article can be found in the online version at doi:10.1016/j.jfca.2023.105320. 

References

Bi, S., Wang, A., Lao, F., Shen, Q., Liao, X., Zhang, P., Wu, J., 2021. Effects of frying, roasting and boiling on aroma profiles of adzuki beans (Vigna angularis) and potential of adzuki bean and millet flours to improve flavor and sensory characteristics of biscuits. Food Chem. 339, 127878.

Brown, R., Mustoe, C., 2014. Demonstration of a standard dilution technique for standard addition calibration. Talanta 2014 (122), 97–100.

Chen, Z., Xi, G., Fu, Y., Wang, Q., Cai, L., Zhao, Z., Liu, Q., Bai, B., Ma, Y., 2021. Synthesis of 2,3-dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one from maltol and its taste identification. Food Chem. 361, 130052.

Feng, Y., Cai, Y., Sun-Waterhouse, D., Cui, C., Su, G., Lin, L., Zhao, M., 2015. Approaches of aroma extraction dilution analysis (AEDA) for headspace solid phase microextraction and gas chromatography–olfactometry (HS–SPME–GC–O): Altering sample amount, diluting the sample or adjusting split ratio? Food Chem. 187, 44–52.

Feng, Y., Li, Z., Long, S., Sun, Y., Tang, X., Zeng, X., Lin, L., 2020. Direct conversion of biomass derived L-rhamnose to 5-methylfurfural in water in high yield. Green. Chem. 22 (18), 5984–5988.

Galindo, A., Noguera-Artiaga, L., Cruz, Z., Burló, F., Hernández, F., Torrecillas, A., Carbonell-Barrachina, Á., 2015. Sensory and physico-chemical quality attributes of jujube fruits as affected by crop load. LWT-Food Sci. Technol. 63, 899–905.

Gershenzon, J., Maffei, M., Croteau, R., 1989. Biochemical and histochemical localization of monoterpene biosynthesis in the glandular trichomes of spearmint (Mentha spicata). Plant Physiol. 89 (4), 1351–1357.

Giungato, P., Di, G.A., Palmisani, J., Marzocca, A., Mazzone, A., Brattoli, M., Giua, R., Gennaro, G., 2018. Synergistic approaches for odor active compounds monitoring and identification: state of the art, integration, limits and potentialities of analytical and sensorial techniques. TrAC Trends Anal. Chem. 107, 116–129.

Guadagni, D., Buttery, R., Okano, S., Burr, H., 1963. Additive effect of sub-threshold concentrations of some organic compounds associated with food aromas. Nature 200 (4913), 1288–1289.

Hwang, I.G., Kim, H.Y., Woo, K.S., Lee, S.H., Lee, J., Jeong, H.S., 2013. Isolation and identification of the antioxidant DDMP from heated pear (Pyrus pyrifolia Nakai). Prev. Nutr. Food Sci. 18, 76–79.

Jelen, H., 2012. Food Flavors: Chemical, Sensory and Technological Properties. CRC Press,, Boca Raton, FL, pp. 413–438.

Jourdren, S., Saint-Eve, A., Pollet, B., Panouillé, M., Lejeune, P., Guichard, E., Déléris, I., Souchon, I., 2017. Gaining deeper insight into aroma perception: An integrative study of the oral processing of breads with different structures. Food Res. Int. 92, 119–127.

Kays, S., Wang, Y., 2020. Thermally induced flavor compounds. HortScience 35 (6), 1002–1012.

Li, H., Li, L., Zhang, Z., Wu, C., Yu, S., 2021. Sensory evaluation, chemical structures, and threshold concentrations of bitter-tasting compounds in common foodstuffs derived from plants and maillard reaction: A review. Crit. Rev. Food Sci. Nutr. 1–41.



Li, H., Wu, C., Tang, X., Yu, S., 2019. Insights into the regulation effects of certain phenolic acids on 2,3-dihydro-3,5-dihydroxy-6-methyl-4(H)-pyran-4-one formation in a microaqueous glucose-proline system. J. Agric. Food Chem. 67, 9050–9059.

Liu, D., Ye, X., Jiang, Y., 2016. Chinese Dates: A Traditional Functional Food. CRC press,, Boca Raton, FL, pp. 6–9.

Liu, J., Wan, P., Xie, C., Chen, D., 2021. Key aroma-active compounds in brown sugar and their influence on sweetness. Food Chem. 345, 128826.

Liu, H., Xu, Y., Wen, J., An, K., Wu, J., Yu, Y., Zou, B., Guo, M., 2021. A comparative study of aromatic characterization of Yingde Black Tea infusions in different steeping temperatures. LWT- Food Sci. Technol. 143, 110860.

Marcinkowska, M., Frank, S., Steinhaus, M., Jelen, H., 2021. ). Key odorants of raw and cooked green kohlrabi (Brassica oleracea var. Gongylodes L.). J. Agric. Food Chem. 69 (41), 12270–12277.

Pati, S., Tufariello, M., Crupi, P., Coletta, A., Grieco, F., Losito, I., 2021. Quantification of volatile compounds in wines by HS-SPME-GC/MS: Critical issues and use of multivariate statistics in method optimization. Processes 9 (4), 662.

Pu, Y., Ding, T., Lv, R., Cheng, H., Liu, D., 2018. Effect of drying and storage on the volatile compounds of jujube fruit detected by electronic nose and GC-MS. Food Sci. Technol. Res. 24 (6), 1039–1047.

Rashwan, A.K., Karim, N., Shishir, M.R.I., Bao, T., Lu, Y., Chen, W., 2020. Jujube fruit: A potential nutritious fruit for the development of functional food products. J. Funct. Foods 75, 104205.

Ren, L., Ma, J., Lv, Y., Tong, Q., Guo, H., 2021. Characterization of key off-odor compounds in thermal duck egg gels by GC-olfactometry-MS, odor activity values, and aroma recombination. LWT - Food Sci. Technol. 143, 111182.

Rosenfeld, P.E., Henry, C.L., Dills, R.L., Harrison, R.B., 2001. Comparison of odor emissions from three different biosolids applied to forest soil. Water, Air, Soil Pollut. 127 (1), 173–191.

Schieberle, P., Hofmann, T., 2011. Mapping the combinatorial code of food flavors by means of molecular sensory science approach. Chem. Funct. Prop. Food Compon. 413–438.

Schreier, P., Drawet, F., Schmid, M., 1978. Changes in the composition of neutral volatile components during the production of apple brandy. J. Sci. Food Agric. 29 (8), 728–736.

Sefton, M., Skouroumounis, G., Elsey, G., Taylor, D., 2011. Occurrence, sensory impact, formation, and fate of damascenone in grapes, wines, and other foods and beverages. J. Agric. Food Chem. 59, 9717–9746.



Song, J., Bi, J., Chen, Q., Wu, X., Lyu, Y., Meng, X., 2019. Assessment of sugar content, fatty acids, free amino acids, and volatile profiles in jujube fruits at different ripening stages. Food Chem. 270, 344–352.

Srivastava, R., Bousquières, J., Cepeda-Vázquez, M., Roux, S., Bonazzi, C., Rega, B.,
2018. Kinetic study of furan and furfural generation during baking of cake models. Food Chem. 267, 329–336.

UNI ISO 4120 Norm, Sensory Analysis - Methodology -Triangle Test, 2021.

Varlet, V., Knockaert, C., Prost, C., Serot, T., 2006. Comparison of odor-active volatile compounds of fresh and smoked salmon. J. Agric. Food Chem. 54 (9), 3391–3401.

Vieira, A., Beserra, F., Souza, M., Totti, B., Rozza, A., 2018. Limonene: aroma of innovation in health and disease. Chem. -Biol. Interact. 283, 97–106.

Wang, J., Gambetta, J.M., Jeffery, D.W., 2016. Comprehensive study of volatile compounds in two Australian rose wines: aroma extract dilution analysis (AEDA) of extracts prepared using solvent-assisted flavor evaporation (SAFE) or headspace solid-phase extraction (HS-SPE). J. Agric. Food Chem. 64 (19), 3838–3848.

Wang, L., Deng, W., Wang, P., Huang, W., Wu, J., Zheng, T., Chen, J., 2020. Degradations of aroma characteristics and changes of aroma related compounds, PPO activity, and antioxidant capacity in sugarcane juice during thermal process. J. Food Sci. 85 (4), 1140–1150.

Wang, L., Zhu, J., Wang, Y., Wang, X., Chen, F., Wang, X., 2018. Characterization of aroma-impact compounds in dry jujubes (Ziziphus jujube Mill.) by aroma extract dilution analysis (AEDA) and gas chromatography-mass spectrometer (GC-MS). Int. J. Food Prop. 21 (1), 1844–1853.

Wibowo, S., Grauwet, T., Kebede, B.T., Hendrickx, M., Van Loey, A., 2015. Study of chemical changes in pasteurised orange juice during shelf-life: A fingerprinting kinetics evaluation of the volatile fraction. Food Res. Int. 75, 295–304.

Wojdyło, A., Figiel, A., Legua, P., Lech, K., Carbonell-Barrachina, Á. A., Hernández, F., 2016. Chemical composition, antioxidant capacity, and sensory quality of dried jujube fruits as affected by cultivar and drying method. Food Chem. 15, 170–179.

Yang, Z., Baldermann, S., Watanabe, N., 2013. Formation of damascenone and its related compounds from carotenoids in tea. Tea in Health and Disease. Prevention 31, 375–386.

Zhang, R., Sun, X., Vidyarthi, S.K., Wang, F., Zhang, Y., Pan, Z., 2021. Characteristics of fatty acids in the Chinese jujube fruits (Ziziphus jujuba Mill.). J. Agric. Food Res. 4, 100129.

Zhang, W., Leong, S.M., Zhao, F., Zhao, F., Yang, T., Liu, S., 2018. Viscozyme L pretreatment on palm kernels improved the aroma of palm kernel oil after kernel roasting. Food Res. Int. 107, 172–181.

Zhu, J., Xiao, Z., 2018. Characterization of the major odor-active compounds in dry jujube cultivars by application of gas chromatography-olfactometry and odor activity value. J. Agric. Food Chem. 66, 7722–7734.

Zhu, J., Wang, L., Xiao, Z., Niu, Y., 2018. Characterization of the key aroma compounds in mulberry fruits by application of gas chromatography-olfactometry (GC-O), odor activity value (OAV), gas chromatography-mass spectrometry (GC-MS) and flame photometric detection (FPD). Food Chem. 245, 775–785.

[bookmark: _bookmark17][bookmark: _bookmark43][bookmark: _bookmark45][bookmark: 2.2.3_Microwave-assisted_extraction][bookmark: 2.2.4_Solid-phase_extraction][bookmark: 2.3_HPLC-PDA_instrumentation_and_method][bookmark: 2.4_Extraction_method_validation][bookmark: _bookmark6][bookmark: 3_Results_and_discussion][bookmark: _bookmark14][bookmark: _bookmark10][bookmark: _bookmark11][bookmark: 3.3_Quantification_of_oxygen_heterocycli][bookmark: 4_Conclusion][bookmark: CRediT_authorship_contribution_statement][bookmark: _bookmark12][bookmark: Data_availability][bookmark: _bookmark13]


[bookmark: Declaration_of_competing_interest]
image3.jpeg
roast

caramel

roast

caramel

our

SO N B O o0

floral

sour

floral

(b)

sweet

fruity

sweet

fruity

—raw red jujube
— recombination model

— baked red jujube

—— recombination model




image2.jpeg
sour www

9

8

7
%%% roast : sweet %%

4

3 o -

2 r ' raw red jujube

—— baked red juube

%% caramel fruity s

floral %%




image1.png
¢ LIEGE

université





