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Abstract

To get information on the aroma profiles of both commercial dried red goji berries (Lycium barbarum L.) and black goji
berries (Lycium ruthenicum M.), key odor-active compounds in both commercial berries were elucidated. Sensory evalu-
ation revealed similar but weaker aroma profiles in black goji berries. By applying solvent-assisted flavor evaporation,
aroma fractionation, aroma extract dilution analysis, and gas chromatography analysis, 45 and 39 odor-active compounds
were detected in red and black goji berries, respectively, compared to the authentic references. Acetic acid was the pre-
dominant odor-active compound in both berries. Most of the key odor-active compounds were the same in both berries,
but their contents were significantly different (»<0.05). Among these odor-active compounds, 11 compounds were first
reported in goji berries. After aroma reconstitution, (£)-f-damascenone, (£)-2-nonenal, and (£,E)-2,4-nonadienal, etc. are
verified as the key odor-active compounds in red goji berries and responsible for cooked apple-like, green, and fatty, etc.
odors. While dried black goji berries displayed a distinct stronger fruity aroma. Most of the key odor-active compounds
in both berries were lipid derivatives generated from carotenoids and fatty acids. The results can be applied to the food
quality control of commercial goji products.

Keywords Red goji berry - Black goji berry - Solvent-assisted flavor evaporation - Key aroma - Fractionation - Aroma
recombination
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Introduction

Goji berry is the fruit of Lycium species (Solanaceae fam-
ily) [1]. Among ~ 100 different species of Lycium, red goji
berries (especially Lycium barbarum L.) and black goji
berries (Lycium ruthenicum M.) are regarded as the most
typical types of goji berries [1, 2]. In numerous traditional
medicinal monographs, the pharmacological properties of
goji berries were well-documented, such as nourishing the
liver and kidneys and benefiting eyesight [1, 3]. Modern
research reported the various biological functions of goji
berries and demonstrated similarities and differences in the
nutritional components between red and black goji berries,
including carotenoids [4, 5], fatty acids [2], anthocyanins
[6], and polyphenols [5].

Food flavor is a key criterion for food quality and relates
to the food market and customer consumption. So far, only
a few studies researched the flavor compositions of goji ber-
ries. In dried red goji berries, Kim et al. detected 130 vola-
tiles, including acids, alcohols, aldehydes, alkanes, etc [7].
Targeting the trace amounts and high-volatile compounds,
Chen et al. applied a combination of low-temperature
enrichment and headspace extraction to determine 57 vola-
tiles in dried red goji berries [8]. According to the principle
of encoding the key odor-active codes, only a small subset
of volatile components elicited the smell of a given food [9].
The odor-active compounds must be perceivable using odor-
ant receptors in the human olfactory system [9]. Thus, Lu et
al. applied aroma extract dilution analysis (AEDA) using
gas chromatography with olfactometry (GC/O) and found
only 15 volatiles with high flavor dilution (FD) factors in
red goji berries [10]. Similarly, among the 33 odor-active
compounds sniffed at by GC/O, (E)-2-heptenal, hexanal,
I-octen-3-0l, acetic acid, and 3-hydroxy-2-butanone were
found as the most contributing odor-active compounds and
donated mushroom-like, pungent, vinegar-like, green, and
grassy odor impressions to dried red goji berries [11]. How-
ever, most research has focused on the volatiles of goji ber-
ries, with identification relying solely on mass spectra rather
than comparisons with authentic reference data, potentially
compromising the accuracy of the results.

Although volatile compounds were abundant in types
and amounts in goji berries, among the reported numerous
volatiles in goji berry products, only<80 volatiles were
assigned as odor-active compounds in red goji berries [10].
For example, with the assistance of the human sensory sys-
tem, a sensory-guided investigation suggested that 17 of 83
volatile compounds had odor activity values (OAV)>1 in
red goji berry pulp [12]. Moreover, such comprehensive data
on odor-active compounds was limited to red goji berries.
Although a recent investigation indicated that red and black
goji berries were characteristic in the volatiles’ types and
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quantities and easily distinguished based on these volatiles
[13], very few investigations have reported the odor-active
compounds in black goji berries. At this point, the odor-
active compounds and the flavor comparison between red
and black goji berries were also not clear. Due to the com-
mercially dried goji berries were reported to be pretreated
with the physical or chemical approach and processed
with different drying processes all over the world [14], it
is meaningful to focus on the odor-active compounds in the
commercially dried goji berries. As the clarification of the
sensomics approach [15], odor-active compounds could not
be assigned as key odor-active compounds unless the natu-
rally occurring concentrations surpassed their odor thresh-
olds (OTs) in the food matrix and sensorial evaluated by
aroma reconstitution. Due to the lack of sensory evaluation,
the unique odor properties and the key odor-active com-
pounds of dried red and black goji berries are still unclear.

Therefore, we aimed at (i) the screening and compari-
son of the odor-active compounds in dried red and black
goji berries by comparative aroma extract dilution analy-
sis (cAEDA) using GC/O; (ii) determination of odor-active
compounds’ contents using (isotopically labeled) internal
standards; afterward, key odor-active components were
(iii) assigned from the calculation of the OAVs (the ratios
of the concentrations to their respective OTs); and further
(iv) validated by the aroma recombination tests and aroma
profile analysis (APA). These data are further used to char-
acterize the total set of key odor-active compounds in two
types of goji berries. Additionally, 2-acetyl-1-pyrroline,
2-propionyl-1-pyrroline, and trans-4,5-epoxy-(E)-2-dece-
nal were synthesized in our study because these references
were not commercially available. A detailed analysis of the
differences and relationships between the key odor-active
compounds in commercial dried red and black goji berries
can guide consumers in selecting products and support food
control and supervision efforts, particularly from the per-
spective of the overall aroma profile.

Materials and methods
Chemicals

The references and chemicals were commercially pur-
chased: 2-chloro-4,6-dimethoxy-1,3,5-triazine (CDMT,;
98%), diethyl ether (DEE; > 99.5%), phenol (=99%),
3-phenylpropanoic acid (99%), y-undecalactone (98%),
vanillin (99%) (Acros Organics; Thermo Fisher Scientific,
Nidderau, Germany); 2-acetylpyridine (98%), butanoic acid
(99%), decanoic acid (99%), dodecanal (95%), ethyl 3-meth-
ylbutanoate (98%), hexanal (98%), 2-methylbutanoic acid
(98%), 4-methylmorpholine (99%), J-nonalactone (98%),
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pentanoic acid (99%), phenylacetic acid (99%), tetrahydro-
furan (THF; > 99.8%) (Alfa Aesar, Karlsruhe, Germany);
3-isobutyl-2-methoxypyrazine (99.6%), (E,Z)-2,6-nonadi-
enal (96% mixture isomers), 1-octen-3-one (97.7%) (BLD
pharm, Karlsruhe, Germany); dichloromethane (DCM; for
HPLC), sodium hydrogen carbonate (NaHCO;; > 99%),
sodium hydroxide (NaOH; > 99%), 2-phenylethanol (99%)
(Carl Roth, Karlsruhe, Germany); acetic acid (>99%), maltol
(98%) (Fluka, Neu-Ulm, Germany); N, O-dimethyl hydrox-
ylamine (for synthsis) (Fluorochem, Hadfield, UK); sodium
sulphate (Na,SO,; specification as European Pharmacopoeia
(Reag. Ph. Eur.)) (Haberle Labortechnik, Lonsee, Germany);
L-proline (Ph. Eur.) (ITW Reagents, Darmstadt, Germany);
3-hydroxy-4,5-dimethyl-2(5H)-furanone (97.5%), (E)-p-
ionone (96%), linalool (98%), 2-methoxy-4-vinylphenol
(98%), 3-methylbutanoic acid (99%), (E,E)-2,4-nonadienal
(85%) (J&K scientific Ltd, Shanghai, China); silica gel 60
(0.04-0.063 mm) (Macherey-Nagel, Diiren, Germany);
decanal (97%), eugenol (Ph.Eur.), hydrochloric acid (HCI,
37%) (Merck, Darmstadt, Germany); di-tert-butyl dicar-
bonate (>98%), 3-chloroperbenzoic acid (<77%), (E)-f-
damascenone (1.1-1.4%), ethylmagnesium bromide (3.0 M
in DEE), 4-hydroxy-2,5-dimethyl-3(2H)-furanone (99%),
methylmagnesium bromide (3.0 M in DEE), y-nonalactone
(97%), octanal (99%), octanoic acid (>98%), 2-phenylethyl
acetate (99%), trifluoroacetic acid (99%) (Sigma-Aldrich
Chemie, Taufkirchen, Germany); m-cresol (>98%), hexa-
noic acid (>98%), 3-methyl-2,4-nonanedione (>97%),
nonanal (95%), (E)-2-nonenal (>95%) (TCI, Eschborn,
Germany); ethanol (for HPLC) (Th.Geyer, Renningen, Ger-
many); n-pentane (>99.7%, VWR, Darmstadt, Germany);
argon (99.996%), hydrogen (99.999%), liquid nitrogen,
nitrogen (99.95%) (Westfalen, Miinster, Germany).

The stable isotopically labeled references, [2H3]—Van—
illin, [*H,]-butanoic acid, ['*C,]-phenylacetic acid, and
[2H2]—3—methylbutanoic acid, were obtained from Prof.
Dr. Michael Granvogl. DEE was freshly distilled and sta-
bilized by adding potassium hydroxide (VWR, Darmstadt,
Germany).

Syntheses

Several odor-active compounds were not commercially
available. However, the precise identification should be
compared to the data with the authentic references. There-
fore, these odor-active compounds were synthesized as
mentioned below.

2-Acetyl-1-pyrroline (V in Fig. 1a) and 2-propionyl-1-
pyrroline (Vilin Fig. 1a)

As shown in Fig. 1a, V was synthesized in a four-step route
starting from L-proline (I in Fig. 1a) as in previous proce-
dures [16] with minor modifications.

N-(tert-butoxycabonyl)-L-proline(Il in Fig. 1a).

I (4 mmol) in 10 mL of DCM was supplemented with
12.5 mmol of 4-methylmorpholine and 6 mmol of di-terz-
butyl dicarbonate. The suspension was turned clear after
magnificently stirring for 2 h at room temperature to obtain
I1, followed by the supplementation of 10 mL of THF. The
solvent was exchanged for THF after concentration under
reduced pressure and adjusted to 20 mL with THF.

N-(tert-butoxycarbonyl)-L-proline-N’-methoxy-N -
methylamide (I1I in Fig. 1a).

The suspension with 6 mmol of 2-chloro-4,6-dime-
thoxy-1,3,5-triazine and II was reacted for 2 h on magnetic
stir at room temperature, followed by stirring with N,O-
dimethyl hydroxylamine (6.3 mmol) for a whole night at
room temperature. After filtering and washing with THF, the
mixture was then concentrated in a rotary evaporator before
the next step.

2-Acetyl-N-(t-butoxycarbonyl)-pyrrolidineert
Fig. 1a)

The THF solution containing III was drop-by-drop sup-
plemented with the excess amounts of methylmagnesium
bromide (12.5 mmol) and reacted at room temperature on a
magnific stir for 5 h under an argon atmosphere. After cool-
ing in crushed ice, the reaction was stopped by adding HCI
(5 mol/L) until pH 3. The suspension was then neutralized
with aqueous NaOH (5 mol/L), followed by separation with
DEE (3 x 100 mL) and a saturated NaHCO; solution (3 x 50
mL). After drying, the combined upper phase was evapo-
rated to dryness to yield IV in rotary evaporation.

2-Acetyl-1-pyrroline (V in Fig. 1a)

IV in 10 mL of DCM was supplemented with trifluoro-
acetic acid (3 mL) and stirred in an ice bath for 1 h. The sus-
pension was supplemented with 20 mL of DEE and aqueous
NaOH (5 mol/L) to adjust the pH to 7, then separated with
DEE (3x30 mL). The upper phase was combined, dried,
concentrated, followed by fractionated with stepwise elu-
tion as follows by water-cooled flash chromatography
(30 cm x 1 cm, 10-12 °C water circulation) packed with
activated silica gel (15 g): 50 mL n-pentane, 50 mL 90:10
n-pentane: DEE (v:v), 50 mL 80:20 n-pentane: DEE (v:v),
50 mL 70:30 n-pentane: DEE (v.:v), 50 mL 60:40 n-pentane:
DEE (v:v), 50 mL 50:50 n-pentane: DEE (v:v), 50 mL 40:60
n-pentane: DEE (v:v), and 50 mL DEE. The MS spectrum
of V was displayed in Fig. Sla. and ions (m/z values) with
intensity >5% were listed as follows:

av in

@ Springer



2146

European Food Research and Technology (2025) 251:2143-2160

-

/\/\/\/\/\

Vi

oH NMM, Boc,0, rt, 2h
>y
. chy <TFA 0°C, 1h OK% CH.MgBr., tt, Ar, 5h
N

Q\g TFA, 0°C, 1h (j\[ EtMgBr t, Ar, 5h

1. CDMT, it, 2h HsC
2. MeNHOMe, rt, 8h \ CH
OH o % N\O/ 3
Béc
]}
(a)
A~

o (b)

NN LiAlH,,

X

Fig.1 Synthesis routes of (a) 2-acetyl-1-pyrroline (V) and 2-propionyl-
1-pyrroline (VII), and (b) trans-4,5-epoxy-(£)-2-decenal (IX). NMM
4-methylmorpholine; Boc,0O di-fert-butyl dicarbonate;rf room temper-
ature; CDMT 2-chloro-4,6-dimethoxy-1,3,5-triazine; MeNHOMeN,O-

GC/MS (EI, 70 eV): m/z (rel int., %): 43 (100), 83 (61),
41 (595), 42 (27), 68 (23), 111 (19), 69 (18), 39 (13), 82 (7),
40 (7).

2-Propionyl-1-pyrroline (VII in Fig. 1a)

VII was formed using ethylmagnesium bromide instead
of methylmagnesium bromide and purified as mentioned for
the synthesis of V (Fig. S1b).

GC/MS (EI, 70 eV): m/z (rel int., %): 97 (100), 57 (97),
41 (68), 69 (66), 96 (36), 68 (18), 88 (9).

trans-4,5-Epoxy-(E)-2-decenal (IX in Fig. 1b)

IX was developed by epoxidation of (E, E)-2,4-decadi-
enal (VIII) using 3-chloroperbenzoic acid as previously
described [17] (Fig. 1b). VIII (3 mmol) in DCM (10 mL)
was dropwisely supplemented with 3-chloroperbenzoic acid
(3 mmol) in DCM (30 mL). The suspension was allowed to
stand for 1 h and stored in the freezer overnight. After twice
extracted with NaHCOj solution (0.5 mol/L, 50 mL each
time) and dried over Na,SO,, the organic phase was distilled
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dimethyl hydroxylamine; CH;MgBr methylmagnesium bromide; Ar
argon atmosphere; TFA trifluoroacetic acid; EtMgBr ethylmagnesium
bromide; MCPBA 3-chloroperbenzoic acid

to ~1 mL. The concentrate was loaded onto a water-cooled
column chromatography equipped with 15 g silica gel and
conditioned by 100 mL n-pentane:DEE (95:5, v:v) solu-
tion. Then, the concentrate was stepwise purified with the
n-pentane/DEE mixtures (v:v): 120 mL (90:10, fraction 1),
50 mL (80:20, fraction 2), and 120 mL (70:30, fraction 3).
The solvent of fraction 3 was distilled off to yield IX (Fig.
Slc), and cis-isomer was the side product (35%) (Fig. S1d).

GC/MS (EI, 70 eV): m/z (rel int., %): 68 (100), 81 (25),
39 (15), 41 (13), 43 (13), 55 (11), 69 (10), 57(6), 67 (6).

Materials

Respective ten kilograms of commercially dried red goji
berries (red or dark red hue, Lycium barbarum L.) and black
goji berries (purple-black hue, Lycium ruthenicum M.) were
originally harvested from China, online purchased from the
same manufacturer (Zhongning, Ningxia, China) in 2019,
and stored in dark at room temperature. The drying process
of both berries was claimed to be sun-dried at the early stage
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and subjected to hot-air drying to get final commercial-dried
products. Due to the residual moisture and high sugar con-
tents, the berries were ground with double the amount of
anhydrous Na,SO, in a Freezer/Mill (Spex CertiPrep 6800,
U.S.A) with liquid nitrogen to avoid artificial aroma varia-
tion and get a fine powder. The powder samples were stored
at—20 °C before the next steps.

Isolation of the volatiles

The sample powder (60 g, a mixture of 20 g dried goji ber-
ries and 40 g Na,SO,) was extracted overnight with DCM
(240 mL) at room temperature on magnetic stir. After filter-
ing, the residue was washed twice with DCM (60 mL each
time) for 1 h. The organic extracts were combined and sub-
sequently distilled using the SAFE technique [18] with a
constant temperature of 40 °C to eliminate the non-volatiles.
After drying over anhydrous Na,SO,, the distillate was con-
centrated to ~200 uL using a Vigreux column (50% 1 cm)
and a microdistillation apparatus at 53 °C.

Column chromatography

To prevent superimposition by more abundant volatile
compounds, the SAFE distillate in DCM (~50 mL) was
separated into biphasic with aqueous NaHCO; solution
(0.5 mol/L, 3x50 mL) [19]. The combined organic phase
was concentrated to ~1 mL (neutral/basic fraction, NBF),
and further separated on a water-cooled column as men-
tioned in Section “2-Acetyl-1-pyrroline (V in Fig. 1a) and
2-propionyl-1-pyrroline (VII in Fig. la)” depending on
the volatile polarity. After the test of pre-experiments, the
following gradients were used: 50 mL n-pentane (NBF1),
50 mL 90:10 n-pentane: DEE (v.v) (NBF2), 50 mL 80:20
n-pentane: DEE (v:v) (NBF3), 50 mL 50:50 n-pentane: DEE
(v:v) (NBF4), and 50 mL DEE (NBF5). Each portion was
dried and concentrated to ~200 pL. The combined aqueous
phase was supplemented with HCI solution (5 mol/L) until
pH 2, then extracted three times with DEE (100 mL each).
The organic phases were combined, dried, and concentrated
to ~200 uL (acidic fraction, AF).

Gas chromatograph with olfactometry (GC/O)

For the GC/O analysis, the deactivated capillary column
(5 m x 0.32 mm i.d.) was performed as the pre-column and
a polar or nonpolar capillary column (DB-FFAP or DB-5;
both 30 m x 0.32 mm i.d., 0.25 ym film thickness; J&W
Scientific, Agilent Technologies, Waldbronn, Germany) was
used as the main column as previously description [20]. The
sample (2 pL) was subjected to a cool-on-column inlet in
a gas chromatograph (type 5160, Carlo Erba Instruments,

Milano, Italy), which was kept at 40 °C for 2 min, then
heated to 230 °C at 6 °C/min, and stayed at 230 °C for
5 min. The gas flow was equally split to the flame ionization
detector (FID) and the sniffing port. The constant flow rate
was set as 1.6 mL/min. Both detector temperatures were set
at 230 °C. Each component was calculated as its retention
index (RI) with a mixture of C4-Cy or C4-C, g n-alkanes for
DB-FFAP or DB-5 column.

Comparative aroma extract dilution analysis
(cAEDA)

The concentrated SAFE distillate was 1:1 (v:v) stepwise
diluted with DCM and analyzed by GC/O to get the FD
factors for the screening of the important odor-active com-
pounds [21]. FD factor of each odor-active compound was
the highest dilution factor of the original SAFE distillate
when the smell can be perceived on GC/O. Each sample
was prepared and measured in triplicate, and the result was
averaged.

Gas chromatography with mass spectrometry (GC/
MS)

According to the method mentioned previously [20], a
Thermo Fisher Trace GC type 1300 system (Dreieich, Ger-
many) was equipped with a splitless inlet and a fused silica
capillary column (either DB-5 or DB-FFAP, both 30 m X
0.25 mm i.d., 0.25 um film thickness; J&W Scientific, Agi-
lent Technologies, Waldbronn, Germany) and connected
with a Thermo ISO 7000 single quadrupole mass spectrom-
eter (Dreieich, Germany). Injection volume, oven tempera-
ture, and flow rate were set as mentioned in Section “Gas
chromatograph with olfactometry (GC/O)”. The mass spec-
tra of compounds were generated in full scan (m/z 35-300)
and electron ionization (EI) mode at 70 eV. The MS transfer
line and ion source temperatures were set at 250 °C. Blank
runs were performed after three to ten samples to rule out
sample carryover and ensure analytical accuracy.

Two dimensional-gas chromatography with mass
spectrometry (2D-GC/MS)

The sample (1 uL) was injected through an on-column inlet
(purge flow of 5 mL/min) into the first Thermo Scientific
trace 1300 GC (Dreieich, Germany) that was equipped
with DB-FFAP fused silica capillary column and an FID
(250 °C) by a Thermo TriPlus RSH autosampler (Drei-
eich, Germany) [20]. The carrier gas (helium) was set at
a consistent flow rate of 3.7 mL/min. About 1 min of the
effluent was cut, flowed into the second Thermo Scientific
trace 1310 GC (Dreieich, Germany) equipped with a DB-5
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capillary column via a back trap which remained at 250 °C,
and then analyzed from 1.5 min by the MS. The MS param-
eters were as mentioned in Section “Gas chromatography
with mass spectrometry (GC/MS)”. The rest of the effluent
was detected and analyzed by the FID on the first GC. A
constant flow (helium) of 11.5 mL/min was set for the dean
switch. Both oven temperature programs of the two GCs
were set the same as mentioned in Section “Gas chromato-
graph with olfactometry (GC/O)”.

Quantitation of odor-active compounds in dried red
and black goji berries

The internal standards used for the quantitation were
selected as 2-methylvaleric acid (IS1, targeting the acids
and aldehydes), thymol (IS2, targeting the phenols and
alcohols), a-methyl-y-butyrolactone (IS3, targeting esters
and ketones), [*H;]-vanillin (targeting vanillin), [*H,]-buta-
noic acid (targeting butanoic acid), ['*C,]-phenylacetic acid
(targeting phenylacetic acid), and [*H,]-3-methylbutanoic
acid (targeting 2- and 3-methylbutanoic acid). The IS and
analytes (2-50 pg/mL) were prepared in DCM at concen-
tration ratios of 1:5, 1:3, 1:1, 3:1, and 5:1. The peak areas
(range of 10° to 108 count*min) were obtained from GC/MS
in selected ions-monitoring (SIM) mode. The concentration
ratios (x-axis) and the respective peak areas (y-axis) were
used for the calibration curves (Table 1). Considering the
data estimated from preliminary experiments, the internal
standards (each 2—50 pg) were equilibrated with goji berry
powder (30—150 g) for 30 min and then isolated the volatiles
from nonvolatiles as mentioned in Section “Isolation of the
volatiles”.

Sensory analyses

The sensory analysis of goji berries was performed with
the approval of the Ethics Committee of the University of
Hohenheim. A sensory panel of eight experienced aroma
evaluators (2531 years old) was involved in sensory analy-
ses at room temperature. The participants were aware of the
relevant risks and the purpose of the evaluation. They are
voluntarily participating. Moreover, all the used odor-active
compounds were approved by the European Union (EU)
and the European Food Safety Authority (EFSA).

Aroma profile analysis (APA)

The odor attributes were selected as cooked apple-like ((E)-
f-damascenone), mushroom-like (1-octen-3-one), hay-like
(3-methyl-2,4-nonanedione), fatty ((E)-2-nonenal), fruity
(ethyl 3-methylbutanoate), and floral ((£)-f-ionone). The
odor references were dissolved in ethanol and then diluted
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at a concentration of 100-fold of their OTs in water. For sen-
sory analyses, dried goji berry samples (5 g) were weighed
into a Teflon vessel. The panelists rated each odor inten-
sity in goji berry samples from 0 (no intensity) to 3 (strong
intensity) with an increment of 0.5.

Aroma reconstitution

The respective odorless matrix was prepared according to
the previous investigation with minor modifications [19].
The raw materials (~60 g dried red goji berries) were
extracted with three times the amounts of DCM (~ 180 mL)
for one week on the magnetic stir. The solvents were sepa-
rated, and the residues were extracted twice, as described
in Section “Isolation of the volatiles”. Afterward, the thor-
oughly washed residues were blown off the rest of the odor-
active compounds for over a month and used as the odorless
matrix. Based on the determined contents of the original goji
berry samples, all the odor-active components with OAVs
(the ratio of the determined concentration to the respective
OT)>1 were mixed in the respective odorless matrix. The
aroma evaluation of the recombinant (5 g) was executed
using the same procedure as mentioned in Section “Aroma
profile analysis (APA)”. at room temperature.

Statistical analysis

APA data and contents of commercially dried red goji ber-
ries and commercially dried black goji berries were esti-
mated for the differences by #-fest (Excel function TDIST,
Excel 2016). Significant differences were based on p<0.05.

Results and discussion

Overall aroma profiles of the original dried red and
black goji berries

The APA was executed to get the first impression of the
overall aroma profiles of commercially dried red and black
goji berries (Fig. 2). Both goji berries evoked compa-
rable odor descriptions and odor intensities, especially in
cooked apple-like, hay-like, and fruity. No odor intensity
of both berries had a significant difference (p>0.05, data
not shown). Fruity was the strongest odor description, and
mushroom-like was weakest in both goji berries. The main
variation between the aroma properties of the two goji ber-
ries was the stronger fatty smell detected in commercially
dried red goji berries. In contrast, commercially dried black
goji berries displayed more intensive odor notes of mush-
room-like and floral flavor.
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{ Fig. 2 Radar charts of aroma profiles of a commercially dried red goji
berries (RG) and b commercially dried black goji berries (BG) (in
solid line), and their respective reconstitutions (R-RG and R-BG) (in
dash line)

Aroma decoding of commercially dried red and
black goji berries

Identification of odor-active compounds in commercially
dried red goji berries

A drop of the distillate of commercially dried red goji ber-
ries on filter paper exhibited the overall smell of commer-
cially dried red goji berries, as agreed by panelists (n>3)
after the solvent evaporation. It showed via GC/O that 45
odor-active areas were found in commercially dried red
goji berries. Fourteen of the 45 odor-active areas had FD
factors of 32-4096 in DB-FFAP capillary column (Fig. 3a),
including seasoning-like and spicy odor note (40), caramel-
like (34), fatty, green (23), and vanilla-like, sweet (44),
etc. smelling regions. These volatiles were separated into
six fractions (AF and NBF1-5) by column chromatography
based on their polarities before analysis to prevent a possible
co-elution of volatiles during instrumental measurements.
Thirteen odor-active compounds were mainly detected in
AF (Table 2), and most of the odor-active compounds pre-
dominantly occurred in NBF3.

To get the first idea about the odor-active compounds in
commercially dried red goji berries, the odor qualities and
RIs on polar and nonpolar columns were compared to the
data reported in previous publications and recorded in a
self-owning database with >200 odor-active compounds.
Then, the suggested authentic references were used to com-
pare according to their RIs on both columns, odor qualities,
and odor intensity sniffed regarding the heights of the FID
signals. Afterward, the odor-active compounds were further
qualified by comparing the MS spectrum of the odor-active
compounds in the sample with those of the authentic refer-
ences using GC/MS in full scan mode recorded in MS-EI
(Fig. 3b). The odor-active compounds with high FD factors
in red goji berries were found as 3-hydroxy-4,5-dimethyl-
2(5H)-furanone (40), 4-hydroxy-2,5-dimethyl-3(2H)-fura-
none (34), (£, E)-2,4-nonadienal (23), and vanillin (44)
(Table 2).

Identification of odor-active compounds in commercially
dried black goji berries

To get a systematic comparison between the two types of
goji berries, the amount, workup of extracting, getting the
distillate, and concentrated final volume of commercially
dried black goji berries were as the same as those of com-
mercially dried red goji berries. The distillate underwent

cAEDA to get a clear difference between these two mac-
roscopic phenotypes according to the obtained FD chro-
matograms of commercially dried red and black goji berries
(Fig. 3c). Three odor-active compounds (4, 8, and 20) in
commercially dried red goji berries were undetectable in
commercially dried black goji berries.

Twelve odor-active areas showed FD factors of 32-2048
from DB-FFAP capillary column in commercially dried
black goji berries (Fig. 3¢). The most intensive odor notes
were caramel-like (4-hydroxy-2,5-dimethyl-3(2H)-fura-
none, 34), seasoning-like, spicy (3-hydroxy-4,5-dimethyl-
2(5H)-furanone, 40), and vanilla-like, sweet (vanillin, 44,).

The aroma classification procedure was suited for the
qualification of odor-active volatiles, including the minor
compounds in commercially dried black goji berries. The
aldehydes dominated in NBF2 and NBF3, and the phenols
were mainly detected in NBF5 (Table 2). These data indi-
cated that aroma classification procedure was suitable for
the complicate food matrix with goji berries as the examples.

The data from this study was compared with the avail-
able literature researching goji berry volatiles (Table 2). It
suggested that 11 compounds were first identified in red goji
berries. These findings are beneficial from the application
of olfactory-assisted identification (GC/O), aroma frac-
tionation, and 2D-GC/MS for getting clear MS spectra of
trace or superimposed aroma-active compounds. Previous
investigations that studied the volatiles in black goji berries
suggested variations in both types and amounts of volatile
compounds between commercially dried red and black goji
berries [13, 23]. Despite the color and shape differences of
both commercially dried red and black goji berries, they
shared numerous odor-active compounds in our study, espe-
cially the odor-active compounds with high flavor inten-
sities, offering similar notes of caramel-like (e.g. 31, 34),
seasoning-like and spicy (e.g. 40), vanilla-like (e.g. 44),
and fatty and green (e.g. 17, 23) odor notes. The authen-
tic references of three odor-active compounds, 7, 10, 32,
were not commercially available. The identification of these
compounds were compared in their odor qualities and Rls
to the previous publications and database and compared in
their MS spectra with the synthesized references according
to the previous descriptions [16], which can be referred for
the future studies.

Contents of odor-active components in
commercially dried red and black goji berries

The determination of the contents of odor-active compounds
was accomplished via the SAFE technique and internal
standards. Four of the important odor-active compounds
(21, 22, 43, 44) with FD>32 were precisely quantitated
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{ Fig. 3 a Flavor dilution (FD) chromatogram and b GC/MS chromato-
gram (full scan mode m/z 35-300) of the distillates obtained by extrac-
tion/SAFE distillation of commercially dried red goji berries. ¢ Flavor
dilution (FD) chromatograms and (d) GC/MS chromatograms (full
scan mode m/z 35-300) of the SAFE distillates commercially dried
black goji berries. (odor-active compounds with RI>1000 and FD fac-
tors>32 are displayed) (numbers refer to Table 2)

using the corresponding isotopically labeled references as
the internal standards.

The results (Table 3) revealed that acetic acid (14,
vinegar-like, 26,300 pg/kg), hexanoic acid (28, sweaty,
1490 pg/kg), butanoic acid (21, sweaty, 619 pg/kg), (E)-
2-nonenal (17, fatty, green, 410 pg/kg), and pentanoic
acid (25, sweaty, fruity, 244 pg/kg) were the predominant
odor-actives in commercially dried red goji berries. Chen
et al. reported that acetic acid was the most abundant vola-
tile (48% of total volatile content) in commercially dried
red goji berries [8], which was consistent with our study.
Hexanoic acid and pentanoic acid were also previously
found in high amounts in red goji berries [10]. Furthermore,
high amounts were also found in maltol (31, caramel-like,
122 pg/kg), 2-phenylethanol (29, floral, honey-like, 109 pg/
kg), and vanillin (44, vanilla-like, sweet, 104 pg/kg).

With consistency in commercially dried red goji ber-
ries, acetic acid (14, vinegar-like, 19,900 pg/kg) was the
predominant odor-active compound in commercially dried
black goji berries. The odor-active compounds with high
amounts were assigned as maltol (31, caramel-like, 472 pg/
kg), 2-phenylethanol (29, floral, violet-like, 462 pg/kg), and
decanal (15, soapy, citrus-like, 218 pg/kg). These constitu-
ents were more abundant in commercially dried black goji
berries than in commercially dried red goji berries.

The trace compounds, 4-hydroxy-2,5-dimethyl-3(2H)-
furanone (34, caramel-like, ~1.96-3.90 pg/kg), 2-phenyl-
ethyl acetate (26, honey-like, floral, ~0.69-1.12 ng/kg),
3-hydroxy-4,5-dimethyl-2(5H)-furanone (40, seasoning-
like, spicy, ~3.27-4.59 ng/kg). These constituents were
identified in our study for the first time. The synthesized
trans-4,5-epoxy-(E)-2-decenal was used after determining
its synthesized concentration in stock solution (Table S1)
and the authentic reference was first used for the identifica-
tion and quantitation in goji berries.

OAV:s of odor-active compounds in commercially
dried red and black goji berries

The importance of odor-active compounds in the water
matrix was calculated by the content determined in goji
berry samples divided by its OT in the water matrix and
evaluated as OAV. OAV suggests the contribution of odor-
active compounds to the overall aroma profile. Compounds
with OAV>1 indicate they have the potential to be selected
as the key aroma in food. The contents of 23 odor-active

compounds surpassed their OTs in commercially dried red
goji berries (Table 3). (F)-f-Damascenone, evoked a cooked
apple-like smell and presented the highest OAV (13,000),
followed by a mushroom-like odor impression (1-octen-3-
one, 1300), a fatty odor impression ((E)-2-nonenal, 1640,
(E, E)-2,4-nonadienal, 240), and a floral odor impression
((E)-p-ionone, 190) in red goji berries. With the high OAV
(120), ethyl 3-methylbutanoate probably played a crucial
role in the fruity-smelling note for red goji berries. Com-
pared to the previous investigation [10], only 18 odor-active
compounds, fewer compared with our finding, were deter-
mined OAV>1 in red goji berries. Whereas 19 odor-active
compounds determined OAVs>1 in black goji berries were
considered to influence the aroma profile of black goji ber-
ries. High OAVs was obtained for 1-octen-3-one (620), (E)-
2-nonenal (180), and (E,E)-2,4-nonadienal (120), which
played critical roles in the mushroom-like and fatty smells
of black goji berries. Ethyl 3-methylbutanoate (OAV 180)
and (E)-p-ionone (OAV 390) were regarded as the key fruity
and floral odor contributors to black goji berries.

In our study, more odor-active compounds with OAVs> 1
were detected in red goji berries than in black goji berries.
The odor-active compounds with high OAVs also evoked
a stronger smell in red goji berries than in black goji ber-
ries. These differences might result from complicated rea-
sons, such as the precursors and growth conditions (see
Section “Comparison of the key odor-active compounds in
commercially dried red and black goji berries”).

Aroma reconstitution

APA and cAEDA data initially reflected the correlations
between the aroma profiles of commercially dried red and
black goji berries. After further identification and quantita-
tion experiments, the odor-active compounds were more
detailed and estimated by calculating OAVs. The OAV data
indicated six backbone flavor descriptors were dominated in
commercially dried red and black goji berries, i.e., cooked
apple-like, fatty, floral, fruity, hay-like, and mushroom-like.
All compounds with OAVs>1 were prepared in the deter-
mined concentrations in the aroma reconstitution. They
supported the aroma reconstitution for substantiation of the
obtained data in this study (Fig. 2) that the compounds with
OAVs>1 were assigned as key odor-active compounds in
both berries. The most intensive odor quality was fruity in
red and black goji berries reconstitutions. Cooked apple-
like and fruity odor attributes in reconstitutions were simi-
lar to their original samples, but hay-like odor attribute
was weaker in both aroma reconstitutions. Mushroom-like
odor note was the only odor note that was judged signifi-
cantly stronger (¢-test, TDIST function in Microsoft Excel,
p<0.05) in red goji berries reconstitutes than the original
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red goji berries. Even though the aroma recombination has
many limitations in replicating the original complexity
regarding the complicated food matrix, the aroma recom-
bination results verified compounds with OAVs>1 as the
key odor-active compounds in commercially dried red and
black goji berries.

Comparison of the key odor-active compounds in
commercially dried red and black goji berries

Two typical C,;-norisoprenoids, (E)-f-damascenone and
(E)-p-ionone, are reported as the key odor-active com-
pounds in fruits such as raspberries [30] and apricots [17].
In particular, (E)-f-damascenone is rich in Lycium plants,
and its glucosidic precursor was isolated and analyzed in
Lycium plants [31]. C,;-norisoprenoids are known to be
formed from carotenoids. Specifically, neoxanthin was
reported as the precursor of f-damascenone, and f-carotene
was the precursor of S-ionone in fruit [32]. To our knowl-
edge, red goji berries are rich in carotenoids (~5.9-11 mg
GAE/g FW), while black goji berries are lack of carotenoids
(~0.40 mg GAE/g FW) [5]. Neoxanthin and S-carotene were
~9.6-59 png/g DW and 80410 pg/g DW, respectively, in
red goji berries [5]. While these carotenoids accounted for
~270 and ~19 pg/g DW in black goji berries [5]. Previous
investigations reported that carotenoids could be biosynthe-
sized in both types of goji berries, but black goji berries can-
not develop the chromoplast, which stores most carotenoids
[4]. It causes carotenoids to be continuously degraded and
little to accumulate in black goji berries [4]. Although the
drying process impacts the lipids little, C,;-norisoprenoids’
content accumulates through enzymatic reduction and gly-
cosylation in acidic media [32].

With mushroom-like and fatty odor impressions, 1-octen-
3-one, (E)-2-nonenal, and (FE,E)-2,4-nonadienal were
assigned as the crucial aroma-active components in both
red and black goji berries (Fig. 4). These compounds are
mainly formed from unsaturated fatty acids, such as palmi-
toleic acid (16:1n-7, possible precursor of (£)-2-nonenal),
linoleic acid (18:2n-6, possible precursor of 1-octen-3-one
and (E)-2-nonenal), linolenic acid (18:3n-3, possible pre-
cursor of (E,F)-2,4-nonadienal), and arachidonic acid (20:4,
possible precursor of 1-octen-3-one and (£)-2-nonenal), by
autooxidation, photooxidation, or enzymatic oxidation [33—
35]. Although the fatty acids patterns were reported quite
similar in both types, less fatty acids contents were in red
goji berries compared to black goji berries [2, 36]. While the
OAV data suggested that these fatty acid derivatives were
more pronounced in red goji berries than in black goji ber-
ries (Table 3).

The fruity odor impression in red and black goji berries
was mainly represented by ethyl 3-methylbutanoate, which

@ Springer

was generated from the amino acid (i.e. leucine) and the
responding branched short-chain fatty acid (i.e. 3-methyl-
butanoic acid) in fruit [37, 38]. The contents and OAV data
indicated that ethyl 3-methylbutanoate and 3-methylbuta-
noic acid were slightly more pronounced in black goji ber-
ries than in red goji berries.

Conclusion

Combining instrumental analysis with the human sensory
system is more sensitive than instrumental detectors. SAFE
resulted in a relatively comprehensive extraction of volatile,
GC/O was beneficial for the perception of the compounds
with low OTs, and aroma fractionation and 2D-GC/MS were
useful for getting the clear MS spectra for the identification.
These promoted the detection of 45 odor-active compounds
in commercially dried red and black goji berries. Among
these, 11 compounds (2, 24, 26, 31, 32, 34,35, 40, 43—45)
were first reported as goji berry components in our study,
and 11 compounds (3,14, 17, 23, 27, 32, 34, 39, 40, 43, 44)
were with high FD factors (>32) in both commercially dried
red and black goji berries. The (semi-)quantitation results
showed more abundant odor-active compounds in red goji
berries than in black goji berries. The OAV data reflected
that 23 and 20 odor-active compounds surpassed their OTs
in commercially dried red and black goji berries, respec-
tively. The aroma profile of red goji berries was similar but
stronger than the aroma profile of black goji berries. The
evident variations in the presence of lipid derivatives were
detected in both types of goji berries.

Aroma fractionation has the potential to enrich trace
compounds and separate co-eluting compounds. It can offer
the reference for further flavor analysis and an economic
choice that gets rid of the expensive precise and advanced
instruments for aroma analysis (e.g. gas chromatography
with ion mobility spectrometry, time-of-flight, Orbitrap
analyzers, or tandem mass spectrometry). Many studies on
goji aroma have focused on the volatiles [7, 8, 10, 11, 12,13,
23, 26, 25], most of which contribute little on the overall
aroma profile. Utilizing the human olfactory sense to dis-
tinguish odor-active compounds can effectively prevent the
omission of trace but crucial compounds, such as the ones
synthesized (7, 10, 32) and identified for the first time (2,
24,26, 31, 32, 34, 35, 40, 43—-45) in this study. The analysis
will be going on the fresh and dried goji berries with differ-
ent processing methods to provide more information on the
food quality and control for the goji market.
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Table 2 The odor qualities, retention indices (RIs), flavor dilution (FD) factors, and the eluted fractions of odor-active compounds in commercially

dried red and black goji berries

No.* Compound Odor quality RI® FD factor®  Fractiond Lit.°
DB-5 FFAP RG BG
1 Ethyl 2-methylbutanoate Fruity 847 1049 2 2 AF \
2 Ethyl 3-methylbutanoate Fruity, blueberry-like 853 1066 2 8 NBF3
3 Hexanal Green, grassy 802 1078 32 32 NBF3 1, ii, iii, v,vi, vii, viii, X
4 Unknowr/ Malty, sweaty 1149 2 NBF2
5 Octanal Citrus-like, green 1004 1283 16 2 NBF3 ix, X
6 1-Octen-3-one Mushroom-like 978 1295 16 32 NBF2 iii, vii, X
7 2-Acetyl-1-pyrroline® Popcorn-like, roasty 909 1314 32 16  NBFS5
8 (E)-2-Heptenal® Green, fatty 958 1319 2 NBF2 ii
9 Nonanal Citrus-like, soapy 1106 1386 1 4 NBF3  vii, ix
10  2-Propionyl-1-pyrroline® Popcorn-like, roasty 1021 1410 2 1 NBF5
11  Ethyl cyclohexanecarboxylate® Fruity, sweet 1136 1414 4 8 NBF2
12 (E)-2-Octenal Fatty, nutty 1060 1425 8 1 NBF3 i, vi, vii, X
13 2-Ethyl-3,5-dimethylpyrazine® Earthy 1077 1436 2 4 NBF3
14  Acetic acid Vinegar-like 1444 128 256 AF i, ii, vi ix
15  Decanal Soapy, citrus-like 1208 1491 16 16 NBF3  iii, v,vii
16  3-Isobutyl-2-methoxypyrazine® Earthy, green bell pepper-like 1177 1516 16 4 NBF3
17  (E)-2-Nonenal Fatty, green 1161 1529 32 32 NBF3 iii, 1v, Vi, vii
18 Linalool Citrus-like, floral 1112 1536 1 2 NBF4 iii, iv, vii, X,Xi
19 (F, Z)-2,6-Nonadienal® Cucumber-like 1155 1581 4 16 NBF2 i, viix
20  2-Acetylpyridine Roasty 1034 1601 1 NBF4  iii
21  Butanoic acid Sweaty <800 1621 128 1 AF i, Vi, X
22 2-, and 3-Methylbutanoic acid Sweaty 841 1662 64 16 AF iii, v,vi, xii
23 (E,E)-2,4-Nonadienal Fatty, green 1218 1697 1024 256 NBF2  xii
24  3-Methyl-2,4-nonanedione Hay-like, aniseed-like, fish-like 1262 1715 4 16 NBF5
25  Pentanoic acid Sweaty, fruity 881 1731 2 2 AF v, vii
26  2-Phenylethyl acetate Honey-like, floral 1256 1816 4 4 NBF3 xiil
27  (E)-p-Damascenone Cooked apple-like 1382 1817 256 32 NBF2 x
28 Hexanoic acid Sweaty 980 1838 8 2 AF i, vi, vii, x,xii
29  2-Phenylethanol Floral, honey-like 1115 1908 4 2 NBF5 1, ii, iii, xi
30 (E)-f-lonone Floral, violet-like 1483 1933 16 32 NBF4 ii, v, vi, xi, xii
31 Maltol Caramel-like 1128 1966 8 16 AF
32 trans-4,5-Epoxy-(E)-2-decenal Metallic 1382 1993 256 128 NBF4
33  Phenol Ink-like, phenolic 975 2005 8 1 NBF4  xiv
34  4-Hydroxy-2,5-dimethyl-3(2H)-furanone Caramel-like 1158 2033 2048 2048 AF
35  y-Nonalactone Coconut-like 1362 2033 32 16  NBF5
36  Octanoic acid Carrot-like, musty 1166 2053 4 2 AF iii
37  m-Cresol Smoky, phenolic 1130 2089 1 8 NBF5 x
38 Eugenol Clove-like 1357 2166 1 1 NBF4  x
39  2-Methoxy-4-vinylphenol Smoky, clove-like 1311 2197 32 128 NBF5  iii, vi
40  3-Hydroxy-4,5-dimethyl-2(5H)-furanone Seasoning-like, spicy 1100 2198 4096 2048 AF
41  y-Undecalactone Peach-like 1576 2262 1 2 NBF5 x
42 Decanoic acid Soapy, musty 1360 2266 2 8 AF i, X
43  Phenylacetic acid Honey-like, beeswax-like 1241 2561 32 64 AF
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Table 2 (continued)

No.* Compound Odor quality RI° FD factor® Fraction Lit.°
DB-5 FFAP RG BG

44  Vanillin Vanilla-like, sweet 1401 2572 1024 1024 AF

45  3-Phenylpropanoic acid Floral, cinnamon-like 1346 2629 4 2 AF

#The order of the odor-active compounds was according to the elution order on DB-FFAP column

PRetention index; each RI was calculated based on the retention times and carbon atoms of adjacent alkane references
°FD factor, flavor dilution factor; RG, red goji berry; BG, black goji berry

dFractionation was carried out on the water-cooled column chromatography

“The odor-active compounds were reported in goji berries in the listed literature; i [22],; ii [11],; iii [7],; iv [23],; v [13],; vi [24],; vii [10],; viii
[25],; ix [8],; x [12],; xi [26],; xii [27],; xiii [28],; xiv [29]

fOdor-active compounds only can be perceived on sniffing port, no available references or MS spectrums for further identification in our study

£0dor-active compounds can only be identified by comparing the odor quality and RIs on both DB-5 and DB-FFAP columns to the authentic
references, the low MS signal was unable to get a clear spectrum in our study
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Table 3 The contents, relative standard deviations (RSD), odor thresholds (OTs), and odor activity values (OAVs) of the odor-active compounds

measured in commercially dried red goji berries (RG) and commercial dried black goji berries (BG)

Compound Content (ug/kg)® RSD %" OT (ug/kg)” 0AV!

RG BG RG BG RG BG
(E)-p-Damascenone 76.2 12 0.006 13,000
(E)-2-Nonenal 410 46.2%%* 11 14 0.25 1640 180
1-Octen-3-one 20.2 9.88*** 8 5 0.016 1300 620
(E,E)-2,4-Nonadienal 15.1 7.24%* 10 10 0.062 240 120
(E)-p-lonone 4.03 8.11%** 11 6 0.021 190 390
Ethyl 3-methylbutanoate 2.83 3.64%* 14 7 0.023 120 160
3-Methyl-2,4-nonanedione 4.66 28 0.046 101
Acetic acid 263,000 199,000%** 5 13 5600 47 36
Linalool 1.37 5.53%* 5 12 0.087 16 64
trans-4,5-Epoxy-(E)-2-decenal 2.7 2.21 10 2 0.22°¢ 12 10
Decanoic acid 334 26.2% 4 13 3.5¢ 10 7
Decanal 84.1 2]9%** 14 4 9.3 9 24
y-Undecalactone 9.83 20.8%** 6 2 2.1 5 10
Nonanal 11.4 25.3%* 9 15 2.8 4 9
Hexanal 8.44 11.1%* 12 9 24 4 5
2-Acetylpyridine 9.73 8 3.9¢ 2
y-Nonalactone 21.1 232 3 9 9.7 2 2
Vanillin 104 15.5%** 6 13 53 2 <1
3-Hydroxy-4,5-dimethyl-2(5H)-furanone 3.27 4.59%* 15 0 1.7 2 3
2-Methoxy-4-vinylphenol 25.5 29.7 10 14 21¢ 1 1
Eugenol 2.08 2.80%* 11 1 1.8 1 2
Octanoic acid 200 37.1%%* 5 12 190 1 <1
Octanal 3.48 6.43%* 9 11 3.4 1 2
2-Phenylethanol 109 462%** 2 12 140 <1 3
Butanoic acid 619 157*** 7 9 1000 <1 <1
Phenylacetic acid 37.7 35.7 8 2 68 <1 <1
Hexanoic acid 1490 1971%** 13 12 4800 <1 <1
m-Cresol 4.17 11.0%** 12 7 15 <1 <1
2-, and 3-methylbutanoic acid 72.7 41.7%%* 7 6 490 <1 <1
3-Phenylpropanoic acid 9.61 11.2%* 7 1 120 <1 <1
4-Hydroxy-2,5-dimethyl-3(2H)-furanone 1.96 3.90%* 3 14 25 <1 <1
Maltol 122 472%** 12 5 5000 <1 <1
Pentanoic acid 244 82.0%** 4 14 11,000 <1 <1
Phenol 28.3 120%** 14 14 3400¢ <1 <1
2-Phenylethyl acetate 0.668 1.12%* 2 12 360 <1 <1

*The contents of odor-active compounds were average in 2—4 experiments; * indicated that the significant difference between RG and BG with
p<0.05; ** indicated that the significant difference between RG and BG with p<0.01; *** indicated that the significant difference between RG

and BG with p<0.001

YRSD relative standard deviations

“Odor thresholds (OTs) in water matrix were obtained from the Leibniz database: https:/www.leibniz-lsb.de/datenbanken/leibniz-Isbtum-odo

rant-database/odorantdb/

d0dor activity values (OAVs) of odor-active compounds were the ratios of the concentrations and the corresponding OTs

°The odor thresholds (OTs) were from the in-house database in our institute in the water matrix
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Fig. 4 Heatmap of the OAVs of odor-active compounds in red goji berry samples (RG1-3) and black goji berry samples (BG1-3)
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